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Editorial

Evaluation of Long-Term Response to Biological Therapy in
Severe Asthma and Considerations for Treatment Adjustment

Jordan Giordani 1, Alessandro Pini 2 and Laura Pini 1,3,*

1 Department of Clinical and Experimental Sciences, University of Brescia, 25123 Brescia, Italy
2 Department of Emergency, Anaesthesiological and Resuscitation Sciences, University Cattolica Sacro Cuore,

00168 Rome, Italy
3 ASST Spedali Civili di Brescia, 25123 Brescia, Italy
* Correspondence: laura.pini@unibs.it; Tel.: +39-030-399-6263

Assessing long-term responses to biological therapies for severe asthma is critical for
optimizing patient management and improving clinical outcomes. The literature provides
a significant amount of data from long-term and real-life studies, which are essential for
evaluating the durability, efficacy, and impact of these treatments over time. Long-term
studies focus on the sustained effects of biological agents, while real-world studies offer
insights into their effectiveness in everyday clinical settings, enhancing our understanding
of treatment impacts on patient populations [1].

Recent advancements in the airway remodeling field have further refined the eval-
uation of biological therapies. Notably, Omalizumab, an anti-IgE monoclonal antibody,
has been shown to inhibit IgE-mediated extracellular matrix (ECM) deposition and re-
duce reticular basement membrane thickness and fibronectin deposition [2]. Similarly,
Mepolizumab, an anti-IL-5 agent, has improved airway remodeling by reducing eosinophil
counts and tenascin expression [3]. Benralizumab, an anti-IL-5R agent, has been observed
to diminish eosinophil counts associated with reductions in airway smooth muscle mass [4].
Dupilumab, an IL-4 receptor antagonist, has shown promise in preventing eosinophil
infiltration into lung tissue, with ongoing studies evaluating its impact on lung function
and structure [5]. At the same time, Tezepelumab, targeting thymic stromal lymphopoietin
(TSLP), has demonstrated reductions in airway inflammation and remodeling in animal
models, although human studies are still in progress [6].

An important recent therapeutic development is Depemokimab, a long-acting mono-
clonal antibody targeting IL-5. The phase III clinical trials SWIFT-1 and SWIFT-2 demon-
strated that biannual Depemokimab administration led to a 54% reduction in exacerbations
compared to placebo, along with the sustained suppression of type 2 inflammation, and
improved the quality of life in patients with severe eosinophilic asthma [7].

In addition, more recent studies have investigated the use of Benralizumab during
acute phases of severe asthma. A study published in The Lancet Respiratory Medicine showed
that a single Benralizumab injection during an exacerbation reduced the need for additional
treatments by 30% compared to oral steroids, with fewer side effects and the potential for
at-home administration [8].

The long-term response to biological therapies can also be evaluated through their im-
pact on the natural history of severe asthma. Patients who respond positively to treatment
may experience two distinct outcomes upon discontinuation: a recurrence of symptoms or
sustained remission. The XPORT study, a multicenter randomized controlled trial, reported
that 33% of patients who discontinued Omalizumab experienced exacerbations compared

J. Clin. Med. 2025, 14, 2623 https://doi.org/10.3390/jcm14082623
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to 52% in the placebo group, indicating a potential for sustained disease control [9]. Fur-
thermore, a prospective study by Vennera et al. found that 60% of patients maintained
long-term benefits up to four years after Omalizumab discontinuation [10]. Conversely,
Haldar et al. reported an increase in exacerbations related to eosinophilia in patients who
discontinued Mepolizumab after 12 months [11]. However, the COSMO study indicated
that a 12-week Mepolizumab discontinuation did not significantly affect asthma control, as
measured by the Asthma Control Questionnaire (ACQ5) [12]. These findings underline the
variability in patient responses after biological therapy discontinuation.

Identifying candidates for biological therapy discontinuation necessitates a nuanced
approach. When considering treatment adjustment or discontinuation, patients can be cate-
gorized into super-responders, partial responders, and non-responders. Super-responders
may exhibit minimal residual symptoms, stable lung function without the need for oral
corticosteroids (OCSs), and low fractional exhaled nitric oxide (FeNO) and eosinophil
levels during treatment [13,14]. In contrast, partial and non-responders may require a
reassessment of their treatment regimen. Real-world data from the ISAR registry and the
CHRONICLE study indicated that approximately 79% of patients continued their current
biologic therapy, while 10% discontinued and 11% switched to another biologic [15]. The
decision to switch is often prompted by inadequate clinical response, adverse events, or
patient preferences regarding treatment administration [16].

The assessment of response to biological therapy should be based on multiple out-
comes: symptom improvement, rescue medication use, lung function, reduction in OCS,
quality of life, and healthcare resource utilization [17]. A patient may be classified as a non-
responder after 4–6 months of treatment if there is minimal clinical improvement, no steroid
use reduction, and persistent eosinophilia or T2-low inflammation. Factors contributing
to non-response may include disease mechanisms not targeted by the chosen biologic,
comorbidities, poor adherence, or the presence of drug-neutralizing antibodies [18].

Currently, there are no specific guidelines on the timing and criteria for switching
between biologics, but it is generally recommended that treatment is reassessed after
4–12 months. In many cases, switching directly from one biologic to another (e.g., from
Omalizumab to Mepolizumab) has been shown to be safe, even without a wash-out
period [19,20].

In conclusion, the long-term response to biological therapies has revolutionized the
management of severe asthma, improving long-term outcomes and offering personalized
treatment strategies. The Special Issue “Clinical Advances in Allergy and Asthma: Issues,
Strategies, and Future Directions” primarily aims to provide innovative insights and
increase readers’ awareness of the new frontiers gradually opening up in treating severe
asthma. In this context, biologic therapies are the most promising and clinically effective
vanguard. The advances achieved so far and the possibility of tailored diagnostic and
therapeutic approaches open up the possibility of leading patients toward the ambitious
goal of clinical remission.
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Abstract: Background: Indirect comparison among biologics in severe asthma (SA) is a challenging
but desirable goal for clinicians in real life. The aim of the study is to define characteristics of a
biologic-treated T2-driven-SA population and to evaluate the effectiveness of biologic treatments
in a real-world setting by variation in intra/inter-biologic parameters in an up to 4-year follow-
up. Methods: Demographic, clinical, functional, and biological characteristics were evaluated
retrospectively in 104 patients recruited until July 2022 at baseline (T0) and over a maximum of
4 years (T4) of biologic therapy (omalizumab/OmaG = 41, from T0 to T4, mepolizumab/MepoG =
26, from T0 to T4, benralizumab/BenraG = 18, from T0 to T2, and dupilumab/DupiG = 19, from T0
to T1). Variations of parameters using means of paired Delta were assessed. Results: At baseline,
patients had high prevalence of T2-driven comorbidities, low asthma control test (ACT mean 17.65 ±
4.41), impaired pulmonary function (FEV1 65 ± 18 %pred), frequent exacerbations/year (AEs 3.5
± 3), and OCS dependence (60%). DupiG had lower T2 biomarkers/comorbidities and AEs, and
worse FEV1 (57 ± 19 %pred) compared to other biologics (p < 0.05). All biologics improved ACT,
FEV1%, FVC%, AEs rate, and OCS use. FEV1% improved in MepoG and BenraG over the minimal
clinically important difference and was sustained over 4 years in OmaG and MepoG. A significant
RV reduction in OmaG (T4) and DupiG (T1), and BenraG normalization (T2) of airflow limitation
were found. We observed through inter-biologic parameters pair delta variation comparison a
significant nocturnal awakenings reduction in BenraG vs. OmaG/MepoG, and neutrophils reduction
in BenraG/DupiG vs. OmaG. Conclusions: Indirect comparison among biologics unveils clinical
and functional improvements that may mark a different effectiveness. These results may highlight
the preference of a single biologic compared to another with regard to specific treatable traits.

Keywords: severe asthma; indirect comparison; biologics; omalizumab; mepolizumab; dupilumab;
benralizumab; precision medicine; treatable traits

1. Introduction

Severe asthma (SA) is a complex and heterogeneous disease presenting several clinical
phenotypes driven by multiple molecular endotypes and affecting 5–10% of asthmatic
patients [1]. At present, asthma phenotypes can be divided into two main groups based
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on the underlying inflammatory process: Type-2 (T2) High, representing approximately
70% of SA cases and associated with an eosinophilic inflammatory profile in induced
sputum, and T2-Low [2]. The majority of all currently approved biologics for uncontrolled,
moderate-to-severe asthma, target components of the T2 inflammatory pathway. Oma-
lizumab suppresses the activity of IgE, mepolizumab binds IL-5, benralizumab blocks
IL5Rα, whereas dupilumab inhibits the activity of IL-4 and IL-13. All biologics reached,
in both a randomized controlled trial (RCT) and real-life studies (RLS), the expected out-
comes in reducing airway eosinophilic inflammation, asthma exacerbation (AEs) rates, and
improving lung function and symptoms scores [3]. Only recently, tezepelumab, a human
monoclonal antibody that binds specifically to thymic stromal lymphopoietin (TSLP) and
targets multiple disease pathways, including T2-low severe asthma, was adopted in clinical
practice [4].

Although designed on different biologic targets, the indications for the clinical use of
biologics to severe, T2, asthmatic patients frequently overlap, turning the choice for the
best biologic treatment into a challenge [5]. At present no direct “head-to-head” trials of
comparison between biologics in SA are available, while indirect methods, such as indirect
treatment comparison (ITC), were explored. They compare the efficacy of each treatment
based on selected endpoints in cohorts of patients with same defined selected clinical and
inflammatory phenotypes, using different statistical methods. None of the studies using
ITC succeeded in matching patient characteristics and many can be criticised because of
arbitrary inclusion and exclusion criteria [6]. Moreover, ITC relied strictly on controlled
data only from RCTs; accordingly, they are not generalizable and may underestimate the
true treatment efficacies [7]. Recently, Taha Al-Shaikhly and colleagues demonstrated the
relatively superior efficacy of Dupilumab in reducing AEs compared with anti-IL-5 and
anti-IgE biologics in real life. However, head-to-head controlled RLS are still needed [8].

The great heterogeneity of T2 SA population supports the existence of distinct subtypes
of T2 SA which could preferentially respond to a single biologic [9,10]. Pragmatic algorithms
to guide the choice of biologic based on sub-endotypes of T2 asthma were suggested,
remaining largely speculative from an evidence-based perspective [11]. With the upcoming
of a great deal of data coming from RLS, the concept of clinical treatable traits within the
T2, SA patients emerged, allowing a precision medicine approach [12]. A treatable trait is
defined as a phenotypic or endotypic characteristic that can be successfully targeted with
treatment. Each trait, such as comorbidities, lung function, or asthma symptoms could be a
preferential target for one specific biologic. Thereafter, biomarkers in SA were explored
with the aim of identifying the treatable trait and prediction of response to treatments [13].
Concomitantly, molecular phenotyping validated the recognition of biological endotypes
that represent treatable mechanisms which need to be linked to biomarkers according to
precision medicine approaches [14].

We aimed to compare retrospectively clinical, functional, and biological characteristics
in a cohort of SA patients before and during treatment with four different biologic agents
(omalizumab, mepolizumab, benralizumab, or dupilumab) in order to bring out those traits
marking a different effectiveness. The evaluation of parameter variations over time for
each biologic lets us define the “intra-biological” and the “inter-biological” changes in real
life as a measure of indirect comparison.

2. Materials and Methods

2.1. Patients and Study Design

This monocentric, retrospective, observational, and real-life study was conducted
at San Luigi Gonzaga University Hospital with the approval of the local ethical commit-
tee (Protocol number 4478/2017, approved on 20 March 2017) in accordance with the
Declaration of Helsinki. The study involved 88 SA patients who gave written informed
consent and who accessed our Severe Asthma and Rare Lung Disease Unit from January
2007 to July 2022. SA was defined according to ATS/ERS Guidelines [1]. All patients
presented with T2 inflammation and were prescribed a biologic agent according to regional
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criteria for prescription (Table S1). T2 inflammation was defined if at least one of the
following elements were present: peripheral blood eosinophils (PBE) ≥ 300/mcl, FENO
≥ 30 ppb, total IgE ≥ 100 UI/mL, or documented atopy through prick test or specific IgE
measurement [15]. Patients were divided into four groups based on the biologic prescribed:
omalizumab group (OmaG), mepolizumab group (MepoG), benralizumab group (BenraG),
and dupilumab group (DupiG). Four patients included in the study were treated off-label
with omalizumab, due to lack of available alternative biologics in the market at the time of
prescription.

2.2. Baseline Descriptive Clinical, Functional, and Biological Characteristics

For each patient, we reported the following data: age, sex, age of asthma onset
(<18 y/o: early-onset/>18 y/o: late-onset), BMI, history of smoke, comorbidities, atopy
for seasonal or perennial allergens (animal dander or house dust mites), atopy for molds
demonstrated by diagnostic tests (prick or specific IgE), HRCT characteristics (bronchiecta-
sis, mucus plug, emphysema, and thickening of the bronchial walls), ER visits for asthma
exacerbations, intubation due to asthma attacks, and number of exacerbations that required
OCS burst in the previous year. We also reported maintenance treatment defining ICS dose,
OCS dose, LABA, and LAMA. ICS was expressed as beclomethasone equivalent HFA (BDP
HFA dose, mcg). OCS dependence patients were defined as patients who have at least
one between the following characteristics: need of chronic treatment with OCS for more
than 6 months in the previous year (chronic OCS) or number of asthma exacerbations that
required at least 3 days of treatment with OCS ≥ 3/year in the previous year (OCS bursts
≥ 3/year). To assess asthma symptoms, an asthma control test (ACT) [16] was proposed
to each patient at every follow-up visit. Activity limitations and nocturnal symptoms
were evaluated through the first two questions of the ACT. Asthma was defined as “non
controlled” if ACT score was ≤19 and as “controlled” if ACT was ≥20 [17]. Pulmonary
function was assessed performing spirometry and/or plethysmography (Vmax Encore 62,
Carefusion, Würzburg, Germany) with or without a post-bronchodilator test. The following
spirometric data were collected: absolute FEV1, FEV1 %pred., absolute FVC, FVC %pred.,
absolute IT, IT %pred., absolute RV, RV %pred., absolute FVC post BD, absolute Delta FVC
post BD, Delta FVC %post BD, absolute FEV1 post BD, absolute Delta FEV1 post BD, Delta
FEV1 %post BD, DLCO %pred., and DLCO/Va %pred. We also evaluated the percentage
of patients that showed reversibility of FEV1 (reversible) and the percentage of patients
with fixed obstruction of the Tiffeneau index, after a bronchodilator test in accordance
with ATS/ERS Guidelines [18]. Biological collected data included total IgE (UI/mL), total
(cells/mcl), and percentage count of leukocytes, neutrophils, peripheral blood eosinophils
PBE, fibrinogen levels (mg/dl) [19], and FENO values (ppb). FENO was measured with
the single breath technique using FENO + (Medisoft, Sorinnes, Belgium). The presence of
one or more biomarkers defining T2 inflammation, as defined in the methods section, was
analyzed for each group of biologic-treated patients.

2.3. Collection of Variables for “Intra and Inter Biologics” Comparison over Time

We evaluated the variation in clinical, functional, and biological continuous variables
in patients who were prescribed a biologic over 4 years (T1 = first year, T2 = second year,
T3 = third year, and T4 = fourth year) in OmaG and MepoG, 2 years (T1 and T2) in BenraG,
and 1 year (T1) in DupiG. OCS chronic treatment discontinuation or reduction over years
was assessed.

Data from patients that switched from a biologic to another or more (N = 16) were
collected before each start, so that a patient could be considered more than once in the
analysis of comparison within and among biologics over years (N = 104). A wash-out
period of 3 months was considered.
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2.4. Statistical Analysis

Descriptive analysis and baseline comparisons were analysed using Graph Pad Prism
software (version 9.0; GraphPad Software Inc., San Diego, CA, USA) and SPSS Statistic
Version 28 (IBM Corp, Armonk, NY, USA). Descriptive analysis results are expressed as
means ± SDs for continuous variables and as number/percentage for categorical variables.
Python Version 3.8 was used for the A T paired sample test to evaluate the variation
in Delta parameters for each year of treatment. The normality of the distributions was
evaluated with D’Agostino and Pearson Test. The ROUT method detected outliers to be
excluded. The Anova test (with Tukey post hoc test) or Kruskal–Wallis H-test (with Dunn
post hoc test) were used to compare continuous variables, while the F Fisher test is used
to compare categorical variables. Welch T test was performed to compare parameters at
baseline between biologics, over years for each biologic and over years between biologics.
p values of less than 0.05 were considered statistically significant.

3. Results

3.1. General Characteristics at Baseline of Severe Asthma Biologic-Treated Patients

The summary of general baseline characteristics is reported in Tables 1 and 2. At
baseline the analysis of demographic characteristics did not show any significant difference
between the groups.

Table 1. Baseline demographic and clinical characteristics of patients treated with different biologics.
Results are expressed as mean ± standard deviation or as number with relative percentage.

Demographic Characteristics

Overall Omalizumab Mepolizumab Benralizumab Dupilumab

N Patients (%) 88 (56.05%) 41 (46%) 23 (26.1%) 15 (17%) 9 (10%)

Sex: female n (%)/male n (%)
38(43.2%)

/50 (56.8%)
16(39.0%)
/25(61%)

10(43.5%)
/13(56.5%)

9(60.0%)
/6(40%)

3(33.3%)
/6(66.7%)

Age (Years) 62.58 ± 11.92 64.24 ± 16.58 65.68 ± 14.82 60.87 ± 10.54 69.56 ± 16.0

BMI (Kg/m2) 27.07 ± 5.44 28.4 ± 5.758 25.41 ± 4.39 27.76 ± 5.82 28.65 ± 4.46

Never smoker n (%) 48 (54.5%) 22 (53.7%) 13 (56.5%) 6 (40.0%) 7 (77.8%)

Current smoker n (%) 2 (2.3%) 1 (2.4%) 1 (4.3%) 0 (0.0%) 0 (0.0%)

Ex smoker n (%) 38 (43.2%) 18 (43.9%) 9 (39.1%) 9 (60.0%) 2 (22.2%)

P/Y (Current + ex) 17.8 ± 14.1 15.79 ± 11.84 12.70 ± 16.12 22.00 ± 12.19 37.00 ± 21.21

Early onset (year) n (%) 20 (22.7%) 13 (31.7%) 5 (21.7%) 1 (6.7%) 1 (11.1%)

Age of onset (years) 33.39 ±16.56 36.67 ± 15.89 31.96 ± 19.50 32.71 ± 19.09 39.33 ± 24.41

Comorbidities

ASA intolerance n (%) 16 (18.2%) 9 (22.0%) 5 (21.7%) 1 (6.7%) 1 (11.1%)

Rhinitis n (%) 68 (77.3%) 34 (82.9%) §§§ 21 (91.3%) §§§ 11 (73.3%) § 2 (22.2%)

Sinusitis (with or without polyps) n
(%)

50 (56.8%) 25 (61.0%) 17 (73.9%) 8 (53.3%) 6 (66.7%)

Nasal polyposis n (%) 33 (37.5%) 11 (26.8%) 10 (43.5%) 7 (46.7%) 5 (55.6%)

Bronchiectasis n (%) 8 (9.1%) 2 (4.9%) 2 (8.7%) 4 (26.7%) *§ 0 (0.0%)

GERD n (%) 20 (22.7%) 5 (12.2%) 5 (21.7%) 6 (40.0%) 4 (44.4%) *

OSAS n (%) 4 (4.5%) 1 (2.4%) 1 (4.3%) 1 (6.7%) 1 (11.1%)

Obesity n (%) 24 (27.3%) 8 (19.5%) 11 (47.8%) * 3 (20.0%) 2 (22.2%)

Diabetes n (%) 7 (8%) 3 (7.3%) 1 (4.3%) 1 (6.7%) 2 (22.2%)

Hypertension n (%) 24 (27.3%) 11 (26.8%) 8 (34.8%) 4 (26.7%) 1 (11.1%)

MI n (%) 3 (3.4%) 1 (2.4%) 0 (0.0%) 0 (0.0%) 2 (22.2%)

Heart failure n (%) 4 (4.5%) 1 (2.4%) 0 (0.0%) 1 (6.7%) 2 (22.2%)

Arrhythmias n (%) 6 (6.8%) 4 (9.8%) 0 (0.0%) 1 (6.7%) 1 (11.1%)
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Table 1. Cont.

SAD n (%) 10 (11.4%) 6 (14.6%) 3 (13.0%) 0 (0.0%) 1 (11.1%)

VCD n (%) 2 (2.3%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 2 (22.2%)

EGPA n (%) 0 (0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Osteoporosis n (%) 12 (13.6%) 8 (19.5%) 2 (8.7%) 1 (6.7%) 1 (11.1%)

Past pneumoniae n (%) 15 (17%) 6 (14.6%) 5 (21.7%) 3 (20.0%) 1 (11.1%)

ABPA n (%) 2 (2.3%) 2 (4.9%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Chronic pain n (%) 4 (4.5%) 2 (4.9%) 1 (4.3%) 0 (0.0%) 1 (11.1%)

Arthropathies n (%) 6 (6.8%) 1 (2.4%) 3 (13.0%) 2 (13.3%) 0 (0.0%)

Familiarity n (%) 16 (18.2%) 7 (17.1%) 2 (8.7%) 4 (26.7%) 3 (33.3%)

Atopy n (%) 64 (72.7%) 41 (100.0%) 12 (52.2%) **** 7 (46.7%) **** 4 (44.4%) ****

Monosesitize n (%) 12 (13.6%) 5 (12.2%) 3 (13.0%) 2 (13.3%) 2 (22.2%)

Polysensitized n (%) 52 (59.1%) 35 (85.4%) 9 (39.1%) *** 7 (46.7%) ** 1 (11.1%) ****

Seasonal allergen n (%) 52 (59.1%) 33 (80.5%) 10 (43.5%) ** 8 (53.3%) * 1 (11.1%) ****/#

Perennial allergen n (%) 49 (55.7%) 35 (85.4%) 6 (26.1%) **** 4 (26.7%) **** 4 (44.4%) **

Alternaria n (%) 7 (7.95%) 6 (14.6%) 1 (4.3%) 0 (0.0%) 0 (0.0%)

Aspergillus n (%) 16 (18.18%) 11 (26.8%) 4 (17.4%) 0 (0.0%) * 1 (11.1%)

Specific IgE n (%) 13 (14.8%) 8 (19.5%) 4 (17.4%) 0 (0.0%) 1 (11.1%)

Prick test n (%) 6 (6.8%) 6 (14.6%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Treatment/Clinical outcome

BDP HFA dose, mcg 702.30 ± 216.00 673.17 ± 244.97 650.00 ± 174.93 783.33 ± 154.35 *◦ 757.89 ± 216.84

LABA n (%) 88 (100%) 41 (100%) 23 (100%) 15 (100%) 9 (100%)

LAMA n (%) 33 (37.5%) 12 (29.3%) 10 (43.5%) 6 (40.0%) 5 (55.6%)

Chronic OCS n (%) 24 (27.3%) 9 (22%) 8 (34.8%) 4 (26.7%) 3(33.3%)

OCS bursts ≥ 3/year n (%) 44 (50%) 17 (41.5%) 15 (65.2%) 9 (60.0%) 3 (33.3%)

OCS bursts ≥ 3/year and Chronic
OCS n (%)

15 (17.04%) 4 (9.7%) 6 (26.08%) 3 (20%) 2 (22.2%)

OCS dependence n (%) 53 (60.2%) 22 (53.7%) 17 (73.9%) 10 (66.7%) 4 (44.4%)

Biologic switches n (%) 16 (18%) 8 (19.5%) 5 (21.7%) 2 (13.3%) 1 (11.1%)

ACT score 17.65 ± 4.41 19.37 ± 2.97 16.69 ± 4.84 * 17.61 ± 4.98 15.42 ± 4.55 **

Controlled (ACT ≥ 20) n (%) 37 (42%) 26 (63.4%) 5 (21.7%) ** 5 (33.3%) 1 (11.1%) **

Not controlled (ACT ≤ 19) n (%) 51 (58%) 15 (36.6%) 18 (78.3%) ** 10 (66.7%) 8 (88.9%) **

Activity limitations 3.09 ± 1.24 3.19 ± 1.08 3.12 ± 1.24 3.44 ± 1.46 2.84 ± 1.21

Nocturnal symptoms 3.94 ± 1.40 4.52 ± 0.87 3.85 ± 1.46 3.82 ± 1.59 3.95 ± 1.58

Exacerbations/year 3.55 ± 2.94 3.15 ± 3.07 4.27 ± 2.91 4.00 ± 2.83 2.58 ± 1.95 ◦

ER visits n (%) 33 (37.5%) 13 (31.7%) 8 (34.8%) 7 (46.7%) 5 (55.6%)

Intubation n (%) 1 (1.1%) 1 (2.4%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

BMI: Body mass index, P/Y: pack/years, ASA intolerance: Aspirin intolerance, GERD: gastroesophageal re-
flux disease, OSAS: obstructive sleep apnea syndrome, MI: myocardial infarction, SAD: social anxiety disorder;
VCD: vocal cord dysfunction, EGPA: eosinophilic granulomatosis with polyangiitis, ABPA: allergic bronchopul-
monary aspergillosis, BDP HFA dose: beclomethasone mcg equivalent dose hydrofluoroalkane, LABA: long
acting beta agonist; LAMA: long-acting muscarinic antagonist, OCS: oral corticosteroids, ACT: asthma control test,
and ER: emergency room. Significance vs. omalizumab: * < 0.05, ** < 0.001, *** < 0.0001, **** < 0.00001, significance
vs. mepolizumab: ◦ < 0.05, significance vs. benralizumab: # < 0.05, and significance vs. dupilumab: § < 0.05,
§§§ < 0.0001.
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Table 2. Baseline functional and biological characteristics of patients treated with different biologics.
Results are expressed as mean ±standard deviation.

Functional Parameters/Biomarkers

Overall Omalizumab Mepolizumab Benralizumab Dupilumab

T0 T0 T0 T0 T0

FVC abs. (L) 2.75 ± 1.01 2.76 ± 1.04 2.79 ± 1.05 2.95 ± 0.99 2.37 ± 0.60 #

FVC % pred. 86.88 ± 17.98 89.02 ± 18.91 83.50 ± 16.67 93.56 ± 22.56 83.05 ± 19.70

FEV1 abs. (L) 1.701 ± 0.71 1.67 ± 0.63 1.72 ± 0.86 1.87 ± 0.75 1.32 ± 0.51 *#

FEV1 % pred. 65.50 ± 17.73 65.08 ± 15.71 62.88 ± 19.41 72.67 ± 21.08 57.21 ± 18.89 #

IT abs. 59.43 ± 12.34 59.19 ± 13.47 58.59 ± 11.70 60.24 ± 14.47 53.58 ± 13.11

IT % pred. 72.74 ± 14.78 69.50 ± 13.71 74.46 ± 15.65 75.29 ± 18.95 67.78 ± 15.90

RV abs. (L) 3.09 ± 1.11 3.08 ± 1.04 3.18 ± 1.03 3.22 ± 1.45 3.13 ± 1.14

RV % pred. 147.70 ± 47.37 159.11 ± 46.37 148.73 ± 45.27 139.72 ± 49.73 150.94 ± 44.80

FVC post BD abs.
(L)

3.02 ± 1.16 3.03 ± 1.2 2.95 ± 1.24 3.22 ± 1.11 2.57 ± 0.66 #

FVC Delta abs.
post BD (L)

0.30 ± 0.24 0.33 ± 0.28 0.27 ± 0.21 0.25 ± 0.22 0.23 ± 0.17

FVC Delta % post
BD

11.11 ± 8.3 11.92 ± 9.24 9.12 ± 7.18 7.36 ± 7.23 8.05 ± 9.17

FEV1 post abs. (L) 1.93 ± 0.85 1.95 ± 0.76 1.82 ± 1.10 2.05 ± 0.85 1.53 ± 0.6 *#

FEV1 Delta abs.
post BD (L)

0.23 ± 0.19 0.24 ± 0.17 0.23 ± 0.19 0.18 ± 0.22 0.21 ± 0.18

FEV1 Delta %
post BD

15.01 ± 9.70 15.58 ± 8.35 15.66 ± 9.72 10.49 ± 12.76 16.16 ± 9.36

DLCO % 85.50 ± 20.16 87.71 ± 9.94 78.42 ± 23.13 85.38 ± 26.87 76.60 ± 13.94

DLCO/Va % 100.20 ± 22.13 102.86 ± 19.62 93.70 ± 20.64 101.30 ± 30.07 98.00 ± 22.40

FENO (ppb) 40.34 ± 29.42 35.47 ± 27.81 52.73 ± 33.00 39.96 ± 24.39 31.13 ± 22.94 ◦

Total IgE (UI/mL) 215.50 ± 180.40 323.45 ± 261.19 307.65 ± 421.13 466.07 ± 461.11 327.75 ± 649.39

Leucocytes
absolute count

(cells/mcl)
8124.00 ± 2121.00 8190.00 ± 1951.47 7771.65 ± 1822.44 8248.75 ± 1923.05 9152.63 ± 2546.82

Neutrophils (%) 55.00 ± 10.00 55.12 ± 9.19 52.95 ± 10.77 54.54 ± 8.11 58.55 ± 11.33

Neutrophils
absolute count

(cells/mcl)
4513.00 ± 1676.00 4588.46 ± 1583.27 4058.47 ± 1566.19 4570.62 ± 1274.58 5266.84 ± 1930.38

Eosinophils (%) 5.90 ± 4.45 5.44 ± 4.06 7.02 ± 4.13 7.00 ± 5.57 3.59 ± 2.59 ◦◦#*

Eosinophils
absolute count

(cells/mcl)
436.30 ± 294.70 426.79 ± 310.28 560.38 ± 312.03 563.89 ± 468.83 296.84 ± 193.16 ◦#*

Fibrinogen
(mg/dL)

355.00 ± 94.42 356.62 ± 95.72 363.40 ± 112.49 327.29 ± 86.61 366.86 ± 79.42

FEV1: Forced expiratory volume in 1 s; FVC: forced vital capacity, abs: absolute, post BD: post bronchodilators,
pred.: predicted, IT: Tiffenau index, RV: residual volume, DLCO: diffusion capacity for carbon monoxide, and
FeNO: exhaled nitric oxide. Significance vs. omalizumab: * < 0.05, Significance vs. Mepolizumab: ◦ < 0.05,
◦◦ < 0.001, significance vs. benralizumab: # < 0.05.

OmaG were all atopic with prevalent polysensitization to both seasonal and perennial
allergens while it was about 50% for the other groups with a very low number (11.1%) of
polysensitized in DupiG (p < 0.00001).
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Concerning comorbidities, OmaG had less bronchiectasis on chest HRCT compared
to BenraG (p < 0.05), less prevalence of obesity and GERD (p < 0.05) compared to MepoG,
and presented a more controlled asthma of MepoG and DupiG (p < 0.01). DupiG had less
rhinitis compared to other groups (p < 0.001) and a lesser mean number of AEs (p < 0.05 vs.
MepoG). BenraG took higher doses of ICS compared to OmaG and MepoG (p < 0.05).

At baseline, DupiG had worse pulmonary function compared to OmaG and BenraG.
In particular, FVC abs. and FEV1 abs/ %pred. both pre and post BD were significantly
inferior in DupiG (p < 0.05) compared to BenraG, while FEV1 abs. pre and post BD were
significantly inferior compared to OmaG (p < 0.05).

Lower basal FENO values compared to MepoG (p < 0.05) and lower count of PBE as
compared to others (p < 0.05) were reported in DupiG.

3.2. T2 Phenotyping Patients

The majority of patients (86.3%) had at least two positive T2 biomarkers at baseline.
DupiG patients reported a significantly lower rate of 3–4 T2 positive biomarkers compared
to BenraG and MepoG (Table 3).

Table 3. Distribution of expression of T2 biomarkers in patients treated with different biologics.

T2 Biomarkers

(n)
Overall

(88)
Omalizumab

(41)
Mepolizumab

(23)
Benralizumab

(15)
Dupilumab

(9)

1–2 biomarker n
(%)

39 (44.3%) 20 (48.8%) 7 (30.4%) 5 (33.3%) 7 (77.7%) ◦#

3–4 biomarkers n
(%)

49 (55.6%) 21 (51.2%) 16 (69.5%) 10 (66.6%) 2 (22.2%) ◦#

Significance vs. mepolizumab: ◦ < 0.05, significance vs. benralizumab: # < 0.05.

3.3. Analysis of “Intra-Biologic” Parameters over Years

The number of SA patients for each bio group decreased over time, as shown in
Table S2, for lost in follow-up, outbreak of pandemic SARS-CoV-2, or different starting
point of biologics. The number and sequence of switches from a biologic to another is
represented in Figure S1.

As shown in Table 4, OmaG showed a significant reduction in ICS mean dose (p <
0.05) at T4, an improvement in ACT, a significant reduction in AEs (from 3.15 to 1.0; p <
0.001 at T1), and an increase in FEV1 and FVC % pred. already evident from T1 (from 65.08
to 72.87 and from 89.02 to 97.02, respectively p < 0.05). A reduction in RV %pred. emerged
at T4 (from 159.11 to 113.0, p < 0.05). Anti-IgE did not affect FENO values nor PBE count,
while total IgE levels increased.

MepoG showed from T1 a significant progressive improvement in ACT (p < 0.000.1
at T3), activity limitations (p < 0.0001 at T3), and nocturnal symptoms (p < 0.05). MepoG
dramatically reduced the number of AEs at T1 (from 4.27 to 1.08, p < 0.0001) with greater
effects to T4 (0.44) and improved pulmonary function starting from T2 with the highest
value at T3 (ΔFEV1 %pred. 24%; p < 0.01, absolute delta +610 mL, and FVC %pred.
p < 0.00001). At T4 post-FVC BD reversibility decreased (p < 0.001). MepoG significantly
reduced PBE count at T1 (p < 0.00001) with further reduction over years, while it did not
affect FENO values nor total IgE.

BenraG increased ACT at T1 (p < 0.05) and reduced AEs (4.0 vs. 0.89, p < 0.001). An
improvement of FEV1 (+850 mL/+25.4%) and IT (from 60.2 to 72.0) was clearly evident at
T2 with normalization of IT abs. (p < 0.05). Anti IL5-Rα did not influence FENO or total
IgE values, while it reduced PBE count starting from T1 with a total suppression at T2
(p < 0.00001). We also observed a significant mean reduction in the neutrophils absolute
count at T2 (from 4570 to 3115, delta −955/mcl; p < 0.001) and a trend toward a concomitant
reduction in fibrinogen values (from 327.3 to 294.0).
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DupiG improved ACT score, activity limitations and nocturnal symptoms (p < 0.001)
at T1. It was able to decrease the number of AEs (2.58 vs. 0.42, p < 0.0001) and RV abs (delta
−660 mL; p < 0.05). An improvement in delta changes in FEV1 was observed, although
not statistical significance (+260 mL, +7.26%). It did not affect FENO or IgE values while
showing an increase in PBE count which was not statistically significant.

3.4. Analysis of “Inter-Biologic” Parameters over Years

Table 5 shows the “inter-biologic” comparison of means of paired Delta change for
each variable over years.

BenraG and DupiG improved ACT at T1 more than OmaG (p < 0.05, p < 0.001, respec-
tively), while MepoG improved ACT at T3 more than OmaG (Figure 1A). BenraG reduced
nocturnal asthma symptoms more than both OmaG and MepoG at T2 (p < 0.05, Figure 1B).
The AEs reduction was similar among biologics but more pronounced at T3 in favor of
MepoG vs. OmaG (p < 0.05, Figure 1F) of MepoG than DupiG at T1. OmaG improved more
IT% pred. from T2 to T4 (p < 0.01 at T3) compared to MepoG with a trend of amelioration
with regard to FVC %pred. in favor of MepoG to OmaG at T3 (Figure 1C, E). Only DupiG
showed an improved FVC Delta% post BD at T1 compared to OmaG (Figure 1D). We
observed a significant downward trend in the neutrophil count both for BenraG and DupiG
compared to OmaG at T1 (Figure 1G, p < 0.05). Finally, PBE was significantly reduced
starting from T1 for MepoG and BenraG while augmented in DupiG (Figure 1H).
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Figure 1. Solid lines represent the trend of mean paired Delta values calculated from each time point
towards T0. Shaded areas cover 95% IC. (A) ACT: asthma control test, (B) nocturnal symptoms,
(C) TI % pred.: Tiffeneau index, (D) FVC Delta % post BD, (E) FVC% pred., (F) exacerbations/year,
(G) neutrophils, and (H) eosinophils absolute count.
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3.5. OCS Chronic Treatment

At baseline, there were no differences in the prevalence of patients with chronic OCS
treatment (Table 1). Overall, at T1, discontinuation of OCS was reached of 16/31 (51.6%),
with the best yield for OmaG (66%) and MepoG (63.6%). At T4, 60% (N = 5) of patients in
the OmaG withdrew OCS, while all patients interrupted OCS maintenance treatment at
T3 in MepoG and at T2 in BenraG. The proportion of patients interrupting chronic OCS in
DupiG was 28.5% at T1, while 28.5% reduced chronic OCS therapy by 50% (Figure 2A–D
and Table S3).

Figure 2. (A–D) Graphics showing for each biologic agent the number of patients who sus-
pended/maintained OCS chronic treatment over years (T0–T4). (A) Omalizumab, (B) mepolizumab,
(C) benralizumab, and (D) dupilumab.

4. Discussion

This retrospective study compared clinical, functional, and biological characteristics
in a cohort of SA patients before and during treatment with omalizumab, mepolizumab,
benralizumab, and dupilumab. Baseline characteristics of SA biologic-treated patients
revealed that DupiG likely included more patients with mixed phenotype (77% of patients
with only 1 or 2 T2-positive biomarkers) compared to other groups, maybe due to less
stringent prescription criteria with respect to T2 biomarkers. Actually, DupiG had less
rhinitis and high GERD at baseline. The “intra-biologic” analysis confirmed, as in other RLS,
the effect of all biologics on the expected outcomes; in all the four groups, AEs decreased
significantly, ACT, FEV1%, and FVC% improved, while OCS were progressively withdrawn
from T1 to T4.

In our study, omalizumab ameliorated ACT, although not reaching MID (improvement
of ≥3) [20] activity limitations and decreased AEs already at T1. We observed a lung
function improvement from T1 and RV reduction at T4, in line with observations from the
INNOVATE study and RLS [21,22]. Other clinical observations regarding RV reduction
are inconclusive [23]. Omalizumab seems to have a “deflating” action that occurs after
a prolonged period of therapy (T4). In fact, IgE stimulates bronchial epithelial cells to
synthesise growth factors involved in airway remodeling, such as TGF-β, smooth muscle
cells proliferation, the release and production of pro-inflammatory agents, extracellular
matrix proteins, and the synthesis of type I and III collagen [24,25]. We also observed
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progressive FVC improvement, but FVC Delta abs./% post bronchodilator reduced, which
is explained by the limited further “reversibility” effect after normalization of lung function.
Omalizumab did not affect FENO values nor PBE count. Anti-IgE real-life experiences
are now more than 5 years and, in some studies, associated with an observed FENO
reduction. However systematic review showed conflicting data on FENO modulation
by omalizumab, remaining unclear [26]. The increase in total IgE, occurred due to the
formation of IgG-IgE immune complexes, which are erroneously considered in the count
by the automatic counter.

Mepolizumab showed a significant effect on ACT already at T1, which was long
lasting until T4. The effect on AEs reduction was dramatically positive from T1 with further
improvement up to T4, in line with both RCT and RLS results [27–30]. We showed an
increase already at T2 in FVC absolute value. The effect of mepolizumab on lung function is
controversial and generally slight. According to MENSA and MUSCA trials, mepolizumab
improved FEV1 when compared to placebo at 24 and 32 weeks, respectively [27,31], while
in RLS, it showed an increase in FEV1 abs. of 230 mL at 12 months [32]. Although not
statistically significant, the progressive decrease in RV suggests a slow improvement in
dynamic hyperinflation. This anti-remodeling action is likely due to the reduction in TGF-
β1 eosinophil BAL-derived synthesis mediated by mepolizumab [33]. ICS, FENO, and total
IgE values did not variate over years. In RLS, the effect of mepolizumab on FENO was
slow and mild with a mean reduction of 14.33 ppb [32] but, similarly to the current study,
it was not evident in other studies [34].

In what regards benralizumab, ACT and AEs ratio improved already at T1. At T2,
a significant increase in FEV1 and IT was evident. Despite RCT reporting an increase in
FEV1 ranging from 80 mL at 3 months to 125 mL at 14th months [35,36], RLS extended this
finding to +300 mL and +400 mL improvement at 48 and 96 weeks, respectively [37]. We
confirmed this evidence reporting even a more pronounced effect at T2, this correspond-
ing to a reversion from fixed obstruction to normal function (IT from 60 to 72). To our
knowledge, our observation is one of the few regarding normalization of lung function
with biologics [38]. These results prove the role of IL-5 in guiding the SA demodeling
effect [39]. Total FENO and IgE values did not change significantly during treatment, while
PBE reduced to zero at T2, as expected. A significant mean reduction in neutrophil count
and fibrinogen value was observed at T2, suggesting an anti-inflammatory long-term effect
of Benralizumab. Recent studies demonstrated that IL-5R shares the β-chain with the
GM-CSF receptor and was found on neutrophils infiltrating lungs and other anatomical
sites of mice as well as on neutrophils in the BAL of children with refractory asthma [40,41].
We hypothesised that neutrophils reduction might be explained by benralizumab-induced
direct killing of these cells through FcγRIIIa receptor-mediated binding to NK cells, and by
GM-CSF receptor inhibition at a progenitor cell level.

The observation of dupilumab was limited at 1 year. ACT improvement was sig-
nificant, as well as the AEs reduction, in line with previous RLS and RCT [29,42,43].
An improvement in lung function is present with a concomitant significant reduction in
absolute RV. Based on our observation, dupilumab may have a predominant effect in
demodeling, blocking IL-13 pathways. IL-13 causes contraction and proliferation of smooth
muscle cells and is the main inducer of subepithelial fibrosis due to fibroblast proliferation
and collagen production [44]. Surprisingly, at T1, no significant improvement in FENO was
observed. However, approximately 50% of DupiG are “switchers” with possibly reduced
baseline FENO values compared to naïve patients.

Here, we add during our Intra-biologic observation relevant and new effects on lung
function. Some biologics give an improvement in FEV1% over the minimal clinically
important difference [45] or are sustained for a very long time. Others have desufflating
effects, as suggested from RV improvement. In our study, all patients received a high ICS
dose at baseline (Table 1) that remained unchanged during the follow-up, therefore not
significantly influencing the effects of biologics on lung function.
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The “inter-biologic” analysis by comparing means of paired Delta change for each
variable represents an indirect method of comparison. It is, to our knowledge, a never-
explored method of comparison among biologics in SA. Benralizumab and dupilumab
improved ACT at T1 and mepolizumab at T3, more than omalizumab, probably because
OmaG showed higher ACT values at baseline. In addition, benralizumab reduced nocturnal
asthma symptoms more than both omalizumab and mepolizumab at T2, this could be
considered a specific “biologic-treated treatable trait”. The effect on AEs reduction is
significant for all biologics with the only differences at T3 in favor of mepolizumab vs.
omalizumab and at T1 of mepolizumab vs. dupilumab. This latter finding can be explained
by the presence of numerous “switchers” in DupiG, presenting at baseline a lesser number
of AEs. Dupilumab improved FVC Delta% post BD at T1 more than OmaG, sustaining
the anti-remodelling action on small airways with partial recovery of FVC reversibility
post BD [44]. On the contrary, benralizumab-induced increase in RV at T1 compared with
OmaG, could be explained by a lesser effect on small airway disease in severe asthma in a
real-life setting [46].

Discontinuation of OCS chronic treatment is an expected goal of biologic treatment
in SA. Overall, it was reached in about 50% of patients. OmaG discontinued OCS up
to T4 in 60% of patients. As far as RLS are concerned, approximately 50% of patients
discontinued OCS chronic therapy at 1 or 4 years [22,47]. In what regards mepolizumab,
at T1, 63.63% of patients discontinued OCS, up to 100% at T3. The OCS-sparing effect of
mepolizumab is attested also in RLS with a 62% chronic OCS-treated patients reduction
at 2 years [33]. In our study, the discontinuation rate at T3 is higher than data reported
in literature. All BenraG OCS-treated patients discontinued therapy at T2, confirming the
82% complete OCS cessation at 36 months of therapy previously observed [30]. Here, only
28.5% DupiG suspended OCS at T1, definitively less than expected [43]; it is likely that
OCS maintenance in this cluster is a clue of a more difficult-to-treat asthma in a potentially
overlapped phenotype, often switching from an unsuccessful different biologic [8].

Our study presents some limitations. First, the present study is retrospective. Re-
sults from RLS of biologic-treated SA patients are strongly dependent on the population
selected and on the physician attitudes in the choice of treatment. Patients’ and physicians’
preferences may regard less frequent dosing, SC administration, and faster onset, as well
as cost/insurance coverage and convenience issues. In the present study, the group of
physicians was the same over years and patients were always involved in the treatment
choice [48]. The choice of a biologic was not generally guided according to predefined
specific biomarker level (although the presence of high blood peripheral eosinophils may
often lead to the use of IL-5 or IL-5R inhibitors, as well as high FENO to anti IL4/IL-13 R).
The reduction in the number of patients over years due to different starting time, loss in
follow-up (pandemic SARS-CoV-2), or interruption, has limited statistical yield.

5. Conclusions

Our study underlined the differential beneficial effects of biologic treatments towards
peculiar clinical, functional, and biological outcomes over years. The particularity of this
work resides in the comparison between biologics using means of paired Delta, an indirect
method of comparison able to unveil the superiority of a peculiar pathway targeting
treatment in regard to a specific “trait”. This method could be useful to identify a specific
“biologic-treated treatable trait” that can guide the choice among different biologics at
baseline. The identification of different patient groups or traits with greater expected
efficacy for a biologic remains as one of the greatest unmet needs in SA treatment.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/jcm13164750/s1, Table S1: Regional criteria for prescription of biologic
treatment; Table S2: Number of evaluated patients at T1, T2, T3, T4 for each biologics and the total
number of patients at each Time point; Table S3: Number of evaluated patients at T1, T2, T3, T4 for
each biologics and the total number of patients at each Time point. Figure S1: Number and sequence
of treatments for all biologic switchers (N = 16).
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Abstract: Background: The objective of this study was to evaluate, the clinical benefit of benral-
izumab in patients with uncontrolled severe asthma associated with chronic rhinosinusitis with
nasal polyposis (CRSwNP). Methods: The study included patients with uncontrolled severe asthma
associated with CRSwNP who started therapy with benralizumab. Pulmonary function, eosinophilia,
IgE, comorbidity, changes in the Asthma Control Test (ACT), Asthma Control Questionnaire (ACQ),
Visual Analogue Scale (VAS), Quality of Life (AQLQ), VAS (obstruction, drip, anosmia, facial pres-
sure), SNOT-22, decrease or withdrawal of steroids and other medication, hospital admissions and
emergency visits were analysed. The FEOS scale and EXACTO were employed in the assessment of
response. Results: We analyzed 58 patients who completed minimal treatment at 12 months. After
treatment with benralizumab, exacerbations were reduced by 82% (p < 0.001), steroid cycles by 84%
(p < 0.001), emergencies visit by 83% p < 0.001) and admissions by 76% (p < 0.001), improving all the
scales for asthma control, (p < 0.001). In terms of lung function, differences were observed in FVC%
(p < 0.001), FEV1% (p < 0.001), and FEV1/FVC% (69.5 ± 10 vs. 74 ± 10, p < 0.001). In relation to
CRSwNP, differences were observed in SNOT-22 (54.66 ± 17 vs. 20.24 ± 9, p < 0.001), VAS obstruction
(7.91 ± 1 vs. 1.36 ± 1, p < 0. 001), VAS drip (7.76 ± 1 vs. 1.38 ± 1, p < 0.001), VAS anosmia (7.66 ± 1
vs. 1.38 ± 1, p < 0.001) and VAS facial pressure (7.91 ± 1 vs. 1.22 ± 1, p < 0.001). The mean FEOS
score after treatment was 73 ± 14. A complete response/super response was achieved in 33 patients
(57%), good response in 16 (28%) and partial response in 9 (15%). Conclusions: The administration
of benralizumab to patients with uncontrolled severe asthma associated with CRSwNP has been
demonstrated to improve nasal symptoms, asthma control and lung function. This resulted in a
reduction in the need for oral steroids, maintenance and rescue medication, emergency room visits,
and hospital admissions, with 57% of patients achieving the clinical remission criteria.

Keywords: asthma; benralizumab; polyposis; rhinosinusitis

1. Introduction

Despite improvements in the diagnosis and treatment of asthma, approximately
5–10% of patients develop a severe form of the disease, of whom 50% are considered
uncontrolled [1,2].

Chronic rhinosinusitis (CRS) affects the nasosinusal mucosa, which may or may not
present with nasal polyposis (NP). This is characterised by chronic inflammation with
hyperplasia of the sinus mucosa into the nasal cavity. Up to 40% of patients with uncon-
trolled severe asthma associate chronic rhinosinusitis with nasal polyposis (CRSwNP), with
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higher severity, more exacerbations and poorer quality of life compared to those without
polyposis [3,4].

These two disorders frequently coexist on a common anatomical, immunological,
histopathological and pathophysiological basis. Typically, type 2 (T2) inflammation, defined
by augmented tissue and peripheral blood eosinophil levels, is the underlying mechanism
in asthma with CRSwNP. This process is mediated by T lymphocytes (predominantly T
helper type 2), innate lymphoid cells (ILC2) and mast cells, which activate the production
of interleukin-5 (IL-5) and the proliferation and differentiation of its receptor (IL-5R). The
IL-5R receptor is a heterodimer comprising an IL-5Rα ligand-specific α-subunit and a
β-subunit that is common to other cytokine receptors [5].

The differentiation of asthma phenotypes has gained increasing importance due to the
progress in individualized treatment approaches and the emergence of biological agents.
T2 asthma is triggered by allergens, pollutants, and microorganisms that are captured
by dendritic cells leading to the release of interleukin (IL)-25, IL-33, and thymic stromal
lymphopoietin (TSLP) from bronchial epithelial cells. These cytokines activate type 2 innate
lymphoid cells (ILC2), which play a crucial role in initiating type 2 immune responses.
Elevated levels of T helper 2 cell (Th2)-related cytokines such as IL-4, IL-5, IL-13 along with
immunoglobulin E (IgE) characterize T2 asthma. Non-T2 asthma lacks clear biomarkers [1].

The discovery of the molecular mechanisms involved in the pathogenesis of asthma
has enabled the development of anti-eosinophilic biologic therapies targeting IL-5
(mepolizumab and reslizumab) or its receptor (benralizumab). Dupilumab is a kind of
humanized monoclonal antibody that specifically targets the α subunit of the IL-4 and
IL-13 receptors, effectively inhibiting the immune effects mediated by IL-4 and IL-13.
Tezepelumab’s role in management of type-2 low asthma and potentially non-type 2
asthma is an exciting prospect, however, further studies need to be conducted to explore
the mechanisms of these improvements and determine the efficacy of treatment. These
therapies have been shown to be efficacy in patients with uncontrolled severe asthma,
improving quality of life by reducing exacerbations, improving lung function and reducing
systemic corticosteroids (SCS) consumption. Furthermore, they have a good safety
profile [6,7].

Benralizumab is a humanised monoclonal antibody that binds to the α-subunit of
the IL-5 receptor through its Fab domain, thereby competing against IL-5 binding to its
receptor. Furthermore, the afucosylated Fc domain enables binding to the Fc region of the
RIIIa receptor on NK cells, macrophages and neutrophils. This results in the activation
of cellular cytotoxicity directed at eosinophils, which induces their apoptosis and causes
a near-complete depletion [8]. This depleting effect has also been confirmed in induced
sputum in a real-life study in which 85% of patients presented a sputum eosinophil count
of <3% after 6 months of treatment. [9].

Given that suboptimal control of CRSwNP is associated with reduced asthma control
and quality of life, there is a need for the development of new therapeutic approaches. A
systematic review evidenced that dupilumab, mepolizumab and benralizumab produced
sustained long-term improvement in smell in patients with CRSwNP [10].

Benralizumab has been demonstrated to be effective in the control of uncontrolled
severe asthma associated with CRSwNP. A randomised, double-blind, placebo-controlled
trial, despite a small sample size, suggested a positive effect in the treatment of CRSwNP
with benralizumab. This was evidenced by a statistically significant reduction in nasal
polyp size, sinus occupancy, symptoms and improved sense of smell in the majority of
patients (83%) [11]. In another study, quality of life and lung function were significantly
improved in asthmatic patients with CRSwNP compared to patients with asthma without
polyposis [12]. Furthermore, in the CALIMA study, it was concluded that the association
of T2 asthma with NP was a predictor of response to anti-IL-5 antibodies in asthma [13].
The phase III OSTRO evaluated the efficacy of benralizumab in symptomatic CRSwNP
despite intranasal corticosteroid therapy and a history of CRS or NP surgery evidenced
a reduction in nasal obstruction and improvement in olfaction compared to placebo in
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patients with CRSwNP [14]. Similarly, the subgroup of patients in the ANDHI study
with nasal polyps and asthma treated with benralizumab developed an improvement in
both asthma and 22-item Sino-Nasal Outcome Test (SNOT-22), with greater improvements
observed in patients with higher scores (greater NP involvement) [15].

The objective of this study was to evaluate, in real life, the clinical benefit of benral-
izumab in patients with uncontrolled severe asthma associated with CRSwNP. Specifically,
we assessed the impact of benralizumab on nasal obstruction parameters, as well as on the
reduction of hospitalisations, emergency room visits, asthma control and lung function.
In addition, we aimed to estimate the clinical remission of severe asthma in patients with
CRSwNP-associated asthma after treatment.

2. Materials and Methods

2.1. Type of Study

A single-centre, observational, prospective and real-life study was conducted on
patients with uncontrolled severe asthma who initiated treatment with benralizumab
through a joint dispensing protocol with a hospital pharmacy service.

2.2. Study Period

January 2019 to September 2023.

2.3. Population

The study included all patients ≥ 18 years old with eosinophilic uncontrolled severe
asthma and CRSwNP. who were prescribed benralizumab. Uncontrolled severe asthma was
defined as a condition that necessitates high-dose inhaled corticosteroids (ICS)/long-acting
ß2-adrenergic agonists (LABA) or adjunctive medications such as leukotriene modulators
and oral corticosteroids (OCS) for adequate control [1,3].

The following sociodemographic characteristics were assessed: age, sex, body mass
index (BMI), smoking status, age of asthma onset, and atopy. Additionally, the levels of
immunoglobulin E (IgE) and other biologics previously administered for un-controlled
severe asthma were evaluated.

2.4. Inclusion Criteria

All patients met the criteria for uncontrolled severe asthma with CRSwNP and received
30 mg benralizumab subcutaneously every 4 weeks for the first 3 doses and then every
8 weeks, starting at T0, for at least 12 months (T12). All patients were clinically assessed
in their usual visit regimen at periods between 3 and 6 months between the baseline visit
(T0) and the final evaluation visit (T12). All patients had eosinophil counts of ≥150 cells
per microlitre (μL) with maintenance treatment with oral glucocorticoids or a history of at
least 300 eosinophils/μL in the previous 12 months. Benralizumab was administered when
patients had at least two exacerbations in the year prior to onset and uncontrolled severe
asthma symptoms.

Exacerbations were defined as a loss of control requiring the administration of oral
glucocorticoids for at least three days and/or emergency department visits and/or hospi-
talisations and/or primary care consultations due to respiratory symptoms. In patients
on maintenance oral glucocorticoids, exacerbation was defined as a doubling of the main-
tenance steroid dose for three days. All patients received a combination of high-dose
inhaled corticosteroids (IGCs) and a long-acting beta agonist (LABAs) or a triple regimen of
IGCs, LABAs and long-acting antimuscarinics (LAMAs), which could include a leukotriene
inhibitor. All patients used an additional controller (short-acting β2-agonists [SABA])
on demand.

CRSwNP was diagnosed by an ear, nose and throat (ENT) specialist in accordance
with the Spanish Consensus on the Management of Chronic Rhinosinusitis with Nasal
Polyps (POLINA Guide 2023) as the presence of two or more symptoms, one of which must
be nasal congestion and/or anterior/posterior rhinorrhoea, plus facial pain/pressure or
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reduced/loss of smell, for more than 12 weeks [16]. Furthermore, endoscopic signs of nasal
polyps and/or mucopurulent discharge and/or oedema in the middle meatus and/or
computed tomography (CT) changes of the middle meatus or sinuses were observed.

All patients underwent nasal examination, endoscopy and sinus computed tomogra-
phy (CT) when appropriate and had a history of sinus surgery. All patients were using IGC
and nasal antihistamines.

2.5. Efficacy Monitoring

The assessment of asthma symptom control, oral glucocorticoid dose, exacerbations
and forced expiratory volume in 1 s (FEV1) was conducted at baseline and at scheduled
visits at 6 and 12 months after baseline. Spirometry was performed in accordance with
the Spanish Society of Pulmonology and Thoracic Surgery (SEPAR) criteria [17], with
reversibility testing conducted in all patients prior to benralizumab initiation.

The self-administered Asthma Control Test (ACT) [18] and Asthma Control Question-
naire (ACQ) [18] were employed to monitor symptoms at baseline and throughout the
course of treatment, while the mini–Asthma Quality of Life Questionnaire (miniAQLQ)
was utilized to assess quality of life.

The SNOT-22 questionnaire [19] was used to assess the response in CRSwNP. SNOT-22
was developed for use in chronic rhinosinusitis and assesses the symptoms and functional
and emotional consequences of chronic rhinosinusitis through responses to 22 items using
a 6-category scale, from 0 (no problem) to 5 (problem as bad as it can be). Greater scores
indicate a poorer outcome (range 0–110).

A visual analogue scale (VAS) was also employed to assess nasal obstruction, rhinor-
rhea, anosmia, and facial pressure. The scale ranged from 0 to 10, with 0–3 being classified
as mild, >3–7 moderate, and >7–10 severe. The higher the score, the greater the subjective
burden of CRSwNP symptoms, and the lower the score, the lesser the burden [16].

The response to biological treatment between T0 and T12 was evaluated using the
FEOS scale [20] and the degree of asthma control using the multidimensional EXACTO
scale, which classifies patients into four categories: non-response, partial response, good
response, and complete response/super-responder, based on exacerbations, ACT, oral
glucocorticoids, and FEV1 according to changes from T0 [21].

2.6. Statistical Study

A statistical study was conducted to analyse the data. The baseline or outcome
numerical variables were presented as mean and standard deviation or as median and
interquartile range. All differences were assessed by comparing values at T0 with T12
using either the Student’s t-test (for paired data) or the Wilcoxon test, depending on the
normality of the data. A p-value of less than 0.05 was considered statistically significant for
all parameters recorded. All statistical analyses were conducted using SPSS version 18.

2.7. Ethical Considerations

The study was conducted in accordance with the ethical principles. Written informed
consent was obtained from all patients included in the study. The study was approved by
the ethics committee.

3. Results

Fifty-eight patients were analysed in the study, all of whom completed treatment with
benralizumab at 12 months. Of the patients studied, 6 (10%) had previously been treated
with omalizumab. The baseline characteristics of the patients are shown in Table 1.

An overall 93% of patients had at least one comorbidity, with rhinitis being the most
frequent (Figure 1).

Twenty-two patients (37.9%) were identified as current smokers. The treatment admin-
istered to patients consisted of one or more drugs. All patients were prescribed high-dose
IGCs, 98% LABAs, 88% SABAs, 45% montelukast, 45% LAMAs, 21% antihistamines, 57%
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anti-leukotrienes, 1.7% xanthines and 5% maintenance oral glucocorticoids. In total, 76%
of patients received nasal corticosteroids in combination with local and/or systemic an-
tihistamines. In terms of lung function, a comparison of baseline and after treatment
values revealed statistically significant improvements in FVC%, FEV1% and FEV1/FVC%
(Figure 2).

Table 1. General characteristics of the patients included in the study (n = 58). BMI: Body Mass Index.
IgE: Inmunoglobulin E. FEV1: forced expiratory volume in 1 s. FVC: Forced Vital Capacity. ACT:
Asthma Control Test. ACQ: Asthma Control Questionnaire. VAS: Visual Analogue Scale. SNOT-22:
22-item Sino-Nasal Outcome Test. AQLQ: Asthma Quality of Life Questionnaire. ENT: Ear, Nose
and Throat.

Baseline Characteristics Value/Mean ± Standard Deviation

Mean age (years) 55 ± 14

BMI (Kg/m2) 27 ± 8

Sex 64% women, 36% men

Eosinophils, cel/μL 786 ± 504

IgE (UI/mL) 361 ± 807

Atopy/allergy 17 patients

FEV1 (Liters and %) 2.45 ± 0.8 (84 ± 18%)
FEV1/FVC (%) 69.5 ± 10 (%)
FVC (liters and %) 3.47 ± 1.01 (97 ± 16%)

ACT // ACQ// VAS 15 ± 2 // 3 ± 1 // 7.5 ± 1

SNOT-22 55 ± 17

VAS:
Obstruction 8 ± 1
Runny nose 7.8 ± 1
Anosmia 7.6 ± 1
Facial pressure 7.8 ± 1

Mini-AQLQ 2.4 ± 0.4

Number emergency visits / year 2.62 ± 2.7

Number of hospital admissions/year 0.84 ± 2

Days of hospital admission 3 ± 8

Global exacerbations 5.6 ± 5

Oral glucocorticoid cycles 3.16 ± 3

Time of treatment (months) 14.4 ± 8

Previous ENT surgery (one or more)

Total: 55% (32)
One: 47% (15)
Two: 31% (10)
Three or more: 22% (7)

Moreover, significant changes were also observed in punctuation of ACQ (3.19 ± 1 vs.
1.1 ± 0.81, p < 0.001), ACT (15.33 ± 1.59 vs. 22.48 ± 2, p < 0.001), mini-AQLQ (2.4 ± 0.38 vs.
5.3 ± 0.84, p < 0.001) and VAS (7.57 ± 1 vs. 2.1 ± 1, p < 0.001) and VAS (7.57 ± 1 vs. 2.1 ± 1,
p < 0.001) (Figure 3).

With regard to CRSwNP, significant differences were observed in the punctuation
of SNOT-22 after the treatment (55 ± 17 vs. 20 ± 9, p < 0.001). Furthermore, there was
a significant improvement in VAS obstruction, VAS drip, VAS anosmia and VAS facial
pressure (8 ± 1 vs. 1 ± 1, p < 0.001).
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Figure 1. Comorbidities of the patients under study.

Figure 2. A comparison of respiratory function before and after treatment. (a) FVC% (Forced Vital
Capacity expressed in %); (b) FEV1% (Forced Expiratory Volume in the 1st second expressed in %)
and (c) FEV1/FVC ratio in %.

We compared post-treatment SNOT-22 response by groups with response < 40 points
or a difference of less than 12 points from baseline, according to the presence of atopy or
not, and by eosinophil level < 500 cells/μL or greater than 500 cells/μL.

In this regard, 35 patients (60%) had negative and 23 (40%) positive pricks or RAST
and 16 patients (29%) had less than 500 eosinophils and 42 (71%) more than 500 eosinophils).
When comparing the two groups, 8 patients (15%) had a score over 40 post treatment, of
which 7 (30%) were atopic and 1 (3%) non-atopic (chi square 4.705, p = 0.032), indicating a
better response in non-atopic patients.
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Figure 3. Changes in punctuation of the scales after the treatment. (a) ACQ (Asthma Control
Questionnaire); (b) Mini-AQLQ (Asthma Quality of Life Questionnaire); (c) ACT (Asthma Control
Test) and (d) VAS (Visual Analogue Scale).

Regarding eosinophils, with less than 500 cells/μL, 9 (56%) presented change in SNOT-
22 < 12 versus 6 (14%) in the group with more than 500 cells/μL (chi square 4.214, p = 0.04),
indicating better response with greater eosinophilia.

In the year prior to the initiation of benralizumab, 33% of patients had been hospi-
talised, 70% had visited the emergency department, and 72% had received courses of oral
glucocorticoids. The mean number of exacerbations per patient per year was 5.6 ± 5. After
treatment with benralizumab, exacerbations were reduced by 82% (5.6 ± 5 vs. 1 ± 2.5,
p < 0.001), the number of steroid cycles by 84% (3, 16 ± 3 versus 0.5 ± 1, p < 0.001),
emergency department visits by 83% (2.62 ± 2.7 versus 0.45 ± 1, p < 0.001) and hospital
admissions by 76% (0.84 ± 1 versus 0.2 ± 0.8, p < 0.001) (Figure 4).

Figure 4. A comparison of the incidence of global exacerbations, the number of oral corticosteroid
courses administered, the number of emergency department visits and the number of hospitalisations
before and after benralizumab treatment.
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The mean FEOS score after treatment was 73 ± 14. According to the multidimensional
EXACTO scale, 33 patients (57%) achieved a complete or super-response, 16 (28%) a good
response, and 9 (15%) a partial response (Figure 5).

Figure 5. Consensus response EXACTO (Exacerbations, ACT, systemic corticosteroids and
FEV1-Obstruction) to benralizumab treatment: partial response, good response or com-
plete/superresponder.

The adverse effects observed were minor: transient fever in 5 patients, odynophagia
in 4, headache in 2, with no major adverse effects requiring discontinuation of treatment.

4. Discussion

The coexistence of uncontrolled severe asthma and CRSwNP has been demonstrated
to exert a deleterious influence on asthma control and quality of life. This highlights the
necessity for the development of novel additional treatment options to provide adequate
control of uncontrolled severe asthma associated with CRSwNP [1].

In the case of CRSwNP, the POLINA guidelines recommend the use of individual
or global assessment scores of nasal symptoms to measure the response to treatment.
These may be measured using a VAS or a semi-qualitative score, as well as a register of
exacerbations and measurement of SNOT-22. In contrast, with regard to uncontrolled
severe asthma, the Spanish Guideline on the Management of Asthma (GEMA) indicate that
the response to treatment should be evaluated based on the number of exacerbations, the
reduction or withdrawal of pharmacological treatment necessary for control (especially oral
glucocorticoids), subjective asthma control rating scales (ACT, ACQ, VAS and AQLQ), and
the impact on lung function as measured by FEV1 [1]. These criteria have been evaluated in
this study and found to be comparable to those of published trials such as CANONICA [2]
and OSTRO [14], as well as other real-life studies [22,23].

The characteristics of the patients in our study were similar to those of recently pub-
lished studies. Specifically, our population had a mean age of 56 years and a higher
percentage of women, as in OSTRO [14] and CANONICA [2], as well as elevated levels
of eosinophils and IgE. This is consistent with the findings of the aforementioned stud-
ies, which suggest that eosinophils may play an important role in the pathogenesis of
uncontrolled severe asthma with CRSwNP, representing a potential therapeutic target.
With regard to lung function, the mean FEV1 was found to be compatible with obstructive
pathology, and ACQ was elevated, indicating poor asthma control. It was noteworthy
that a high proportion of patients were receiving oral corticosteroids and that there was a
significantly increased annual exacerbation rate and SNOT-22.

In relation to uncontrolled severe asthma, our study demonstrated a statistically
significant improvement in lung function, subjective asthma control and quality of life,
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as well as a reduction in the annual global exacerbation rate of 82%. These findings are
comparable to those of the CANONICA study, which observed a 0.5 L improvement in
FEV1, a reduction in ACQ of 1.69 points, and a significant reduction in annual asthma
exacerbations [2]. With regard to the response of asthma to biologic therapy, a notably
high score was achieved on the FEOS scale, as well as on the multidimensional EXACTO
scale. Furthermore, in terms of clinical remission, 57% of patients exhibited a complete
response or super-response. These results are comparable to those obtained in a recently
published article on the response and remission of uncontrolled severe asthma with biologic
therapy [24]. With respect to CRSwNP, a reduction of 25 points was observed on the SNOT-
22 scale, with a mean value of 20 points after treatment. This is higher than that shown
in studies such as OSTRO (−6.23 points) [14] and similar to that of CANONICA (−20
points) [2]. Although the POLINA guidelines do not establish a specific SNOT-22 value to
be considered a response to treatment with a biologic, most authors use a reduction of 8.9
points with respect to baseline and SNOT-22 below 30 points as an important variation in
terms of response to treatment, which is consistent with the findings of our study [2,16,25].
In our study, patients with a higher degree of eosinophilia and a lower component of atopy
presented better nasal response, although without differences in asthma control.

Patients with uncontrolled severe asthma typically require treatment with oral gluco-
corticoids, which, in the case of association with CRSwNP, may be increased and persistent.
Given that long-term administration of oral glucocorticoids may lead to adverse effects,
it is important to reduce their consumption. Regarding to the impact of benralizumab
on oral corticosteroid consumption, the ZONDA trial demonstrated that benralizumab
administration resulted in a 75% reduction in oral glucocorticoids use [26]. The results
demonstrated a more favourable outcome, with a reduction of 84% in the maintenance oral
glucocorticoid use compared to those observed in the ANANKE real-life study, where a
64% reduction in oral glucocorticoid use was observed [22].

An essential aspect of our study is that it is a real-life study, which allows us to
complement the information collected in the literature to date. This is because our work
includes a heterogeneous group of patients who have been followed and treated in a way
that is adjusted to daily clinical practice. In our case, the study included a large number of
patients (n = 58) collected in a single centre and with a uniform work system throughout
the follow-up of patients during the study, which can be interpreted as a strength.

This can be compared with other multicentre real-life studies. On the one hand, two
Italian studies with a small patient sample: one comprising 59 patients with uncontrolled
severe asthma of which 34 had CRSwNP [27] and another with 10 patients with uncon-
trolled severe asthma and CRSwNP [28]. Additionally, there are larger-scale real-life studies
with greater patient numbers, such as the ANANKE study with 110 patients [22], Nolasco
et al. with 79 patients [29] and Pini et al. with 108 patients [30]. Despite the differences
in the samples, all of the studies presented similar results and conclusions regarding the
efficacy of benralizumab in patients with uncontrolled severe asthma and CRSwNP.

Given that the results of our study show a very significant efficacy in the control of
uncontrolled severe asthma NCSA and associated CRSwNP, other published clinical trials
such as SIROCCO [31] and CALIMA [13], as well as real-life studies comparing the efficacy
of benralizumab in asthma patients with and also agree that nasal polypo-sis is a consistent
predictor of response to benralizumab in terms of asthma control outcomes, with better
outcomes in patients with associated CRSwNP. Additionally, benralizumab has shown
to be demonstrated more cost-effective (52.21 quali-ty-adjusted life years [QALYs]) than
mepolizumab (51.39 QALYs) and dupilumab (51.30 QALYs) [32].

Limitations of our study include the fact that the only information we have on CR-
SwNP in patients is their diagnosis by an ENT specialist, although we do not have precise
information on imaging techniques before and after the study, but the number of previous
nasal surgical treatments.
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ENT specialist also work in real life and the study was not designed as a prospective
study including all objective data such as imaging techniques or smell tests but as a clinical
study carried out in routine clinical practice and this should be taken into con-sideration.

In conclusion, benralizumab demonstrated efficacy in improving nasal symptoms as
measured by SNOT-22, as well as in reducing obstruction, drip, anosmia and facial pressure
parameters. Furthermore, it was associated with a significant reduction in the number
of hospital admissions and emergency department visits, as well as a reduction in oral
corticosteroid consumption. Additionally, benralizumab was associated with improved
lung function in patients with uncontrolled severe asthma with CRSwNP, with two-thirds
of patients achieving complete asthma remission.
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Abstract: Background: Benralizumab has been shown to restore good control of severe eosinophilic
asthma (SEA). Robust data on benralizumab effectiveness over periods longer than 2 years are
scarce. Methods: This retrospective multicentric study was conducted on 108 Italian SEA patients
treated with benralizumab for up to 36 months. Partial and complete clinical remission (CR) were
assessed. Data were analyzed with descriptive statistics or using linear, logistic, and negative binomial
mixed-effect regression models. Results: At 36 months, benralizumab reduced the exacerbation
rate by 89% and increased the forced expiratory volume in 1 second (FEV1) (+440 mL at 36 months,
p < 0.0001). Benralizumab improved asthma control as well as sinonasal symptoms in patients with
chronic rhinosinusitis with nasal polyposis (CRSwNP). Up to 93.33% of patients either reduced or
discontinued OCS; benralizumab also decreased ICS use and other asthma medications. Overall,
84.31% of patients achieved partial or complete CR. Conclusions: Benralizumab improved asthma
and sinonasal outcomes up to 36 months. These findings support the potential of benralizumab to
induce CR, emphasizing its role as a disease-modifying anti-asthmatic drug for the management of
SEA. Further research is warranted to expand these findings by minimizing data loss and assessing
benralizumab’s long-term safety.
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1. Introduction

Severe asthma (SA) is a debilitating chronic disorder that affects approximately 10%
of asthma patients worldwide [1–3]. Due to its heterogeneous nature, distinct phenotypes
and endotypes have been identified and prompted the sub-classification of the disease
according to clinical characteristics and functional and inflammatory parameters [4]. Severe
eosinophilic asthma (SEA) is one of the predominant subtypes of SA [5,6]; its pathophysi-
ology is defined by an extensive type 2 (T2) inflammatory process mainly driven by the
proliferation and activation of eosinophils. Accordingly, eosinophil number is increased
in blood and sputum of SEA patients; other key characteristics are a scarce respiratory
function that further deteriorates over time, and recurrent and/or life-threatening exacer-
bations [7–9]. Given the high burden of its manifestations and the poor prognosis, SEA has
a devastating impact on patients’ quality of life (QoL), which can be further aggravated by
the presence of comorbidities, among which chronic rhinosinusitis with nasal polyposis
(CRSwNP) is one of the most frequently observed [10,11].

The recommended background therapies, which include inhaled corticosteroids (ICS)
and a second controller (usually a long-acting beta2-agonist [LABA]) [12] are not always
effective in managing SEA symptoms. Based on their potent anti-inflammatory action, oral
corticosteroids (OCS) have been traditionally added to background medications in cases
of inadequate asthma control, to prevent exacerbations. However, given the cumulative
risk of significant adverse effects and mortality associated with their usage, even moderate
dosages of OCS should be avoided [12–16].

The development of several biological therapies has represented a giant step forward
in the treatment of T2-high SA. Six biologics have thus far received approval (omalizumab,
mepolizumab, reslizumab, benralizumab, dupilumab, tezepelumab); by targeting distinct
pathways involved in the pathophysiology of the disease, they ensure superior efficacy and
safety than OCS [17]. Based on their different mechanism of action (MoA), each one of
these pharmacological agents is expected to be more successful in patients whose asthma is
predominantly sustained by the corresponding inflammatory endotype. However, SA patients
frequently show overlapping T2-high features [18]; as a result, precise pheno-endotypization
is required to identify the driving pathway of the disease and anticipate the most effective
biologic treatment.

Overall, the great clinical outcomes displayed by SA patients treated with biologic
therapies have highlighted the potential of reaching a status of remission from the disease.
To clarify this concept, a consensus on the criteria that define clinical remission (CR),
both complete (cCR) and partial (pCR), was recently reached by a panel of experts from
the Severe Asthma Network Italy (SANI) study group, allowing for the standardized
assessment of patients regardless of the biological treatment received [19,20].

Benralizumab is a monoclonal antibody (mAb) approved for the treatment of SEA [21].
It is a humanized afucosilated immunoglobulin (Ig) Gk1 mAb that binds both interleukin
5 receptor alpha (IL-5Rα) and Fc gamma receptor IIIa (FcγRIIIa), expressed abundantly by
eosinophils and natural killer (NK) cells, respectively. The simultaneous recognition of the
two receptors allows benralizumab to activate antibody-dependent cell-mediated cytotoxicity
(ADCC), a process through which NK cells induce the apoptosis of eosinophils [22,23]. The
consequent nearly complete depletion of eosinophils differentiates benralizumab from the anti-
IL-5 mAbs mepolizumab and reslizumab [24], and determines the well-established efficacy
of benralizumab in SEA patients [25]. In a recent study, benralizumab has been shown to
have profound immunological effects that are not limited to eosinophil apoptosis but include
an increase in NK cell proliferation, maturation and cytotoxic activity, and the modulation
of T cell subsets. Intriguingly, the number of circulating CD3 + T cells and activated NK
cells significantly correlated with improvement in lung function parameters in benralizumab-
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treated SEA patients [26]. These results deepen our understanding of benralizumab MoA,
which appears to be more complex than what was traditionally thought. These data suggest
that the improvement in respiratory outcomes mediated by benralizumab may be due to a
profound immunological modulation that takes place even in the absence of eosinophils.

To date, the 5-year-long MELTEMI trial represents the longest study evaluating the
effects of benralizumab on SEA patients; the results indicated that benralizumab was safe
and effective in eliminating exacerbations in up to 59% of patients during the entire exten-
sion period (BORA and MELTEMI studies, up to 4 years of treatment) [27]. Few real-life
studies have investigated the benralizumab effectiveness over 20-month–4-year-long peri-
ods [25,28–33]. A marked and long-lasting reduction in exacerbations has been consistently
shown across all studies, with impressive results obtained from the Italian ANANKE study,
showing reductions of 94.9% and 96.9% in all and severe annual exacerbation rate (AER),
respectively, after 96 weeks of treatment [25]. Positive outcomes have also been demonstrated
in lung function and OCS reduction; however, the extent and the durability of benralizumab
effectiveness on respiratory outcomes for periods longer than 2 years is still uncertain [31,33].
Recently published data from the phase IV randomized clinical trial (RCT) SHAMAL revealed
that the benralizumab treatment was associated with a substantial reduction in the dose of
background ICS, showcasing an additional clinical benefit of the anti-IL-5R therapy [34]. This
Italian multicentric retrospective study includes a cohort of 108 SEA patients treated with
benralizumab for up to 3 years. The data show changes in multiple clinical outcomes and
provide a comprehensive analysis, as well as novel evidence, of the long-term effectiveness
of benralizumab.

2. Materials and Methods

This is an observational retrospective study; data were collected from 9 Italian SANI
centers specialized in the treatment of SA (Brescia, Catania, Modena, Montebelluna, Padova,
Varese, Verona, Siena, Rome, Italy).

SA was diagnosed according to the European Respiratory Society (ERS) and the Amer-
ican Thoracic Society (ATS) guidelines [1]. Benralizumab was prescribed to adult patients
as per Italian clinical practice, according to the eligibility and reimbursement criteria dic-
tated by the therapeutic plan and previously established by the Italian regulatory drug
agency (Agenzia Italiana del Farmaco, AIFA, Rome, Italy). To be eligible for benralizumab
treatment, patients must have had any blood eosinophil count (BEC) ≥300 cells/μL in
the absence of OCS treatment; such a BEC value may have been measured at any time
before benralizumab initiation. In addition to this criterion, patients must meet one of the
two following conditions: (1) at least two exacerbations in the previous 12 months despite
maximum dose of inhaled therapy (steps 4–5 of the GINA document) and treated with
systemic steroid or requiring hospitalization; (2) continuous OCS treatment received during
the previous year in addition to maximal inhaled therapy [35]. Benralizumab was given
subcutaneously at a dose of 30 mg; after the first three doses, which were administered
every four weeks, benralizumab was administered every eight weeks.

A total of 108 patients were enrolled between January 2018 and February 2021; follow-
up visits took place at 6, 12, 24, and 36 months after benralizumab initiation. Personal
information including socio-demographic, clinical, functional and laboratory data were
recorded as per clinical practice immediately before benralizumab initiation (i.e., at baseline)
and during follow-up visits. Data were retrospectively collected from medical charts
between April and June 2023. More specifically, the baseline characteristics included
age, gender, body mass index (BMI), smoking habit, age at asthma diagnosis, age at
benralizumab initiation, comorbidities, use and dose of asthma therapies (background
inhaled medications, OCS, biologics received prior to benralizumab use), laboratory tests
(BEC, IgE, fractioned exhaled nitric oxide [FeNO]), exacerbations (expressed as AER), as
determined by treating physicians, and pre- and post-bronchodilator (BD) lung function
parameters including forced expiratory volume in 1 second (FEV1), and forced vital capacity
(FVC). All respiratory measurements are pre-BD, unless otherwise specified.

39



J. Clin. Med. 2024, 13, 3013

Various patient reported outcomes (PROs) were also used to assess patients’ asthma con-
trol (asthma control test, ACT, asthma control questionnaire-6, ACQ), and QoL (asthma quality
of life questionnaire, AQLQ). The severity of sinonasal symptoms was specifically investigated
in comorbid patients with CRSwNP using visual analogue scale (VAS) and sinonasal outcome
test 22 (SNOT-22). The absolute differences in AER between 0 and 12 months and between
0 and 36 months were computed. Changes in laboratory parameters, AER, lung function
parameters, PROs, background therapies, and OCS were evaluated over time. The number
and percentages of patients reaching either pCR or cCR (defined according to the criteria
detailed by Canonica et al. [19]) were determined at 12, 24 and 36 months; CR was calculated
for each time point either from the corresponding previous time point (i.e., from baseline
to 12 months; from 12 months to 24 months; and from 24 months to 36 months) or from
baseline. pCR was defined by three criteria: (1) no use of OCS, accompanied by two of the
following: either (1) good asthma control defined by ACT score ≥ 20; and/or (2) elimination
of exacerbations; and/or (3) pulmonary stability. cCR was achieved by patients who met all
four of the following criteria: (1) no use of OCS; (2) good asthma control defined by ACT score
≥ 20; (3) elimination of exacerbations; and (4) pulmonary stability [19].

Informed consent was obtained from all patients involved in the study. This was a
SANI study; the study was conducted in conformity with the Declaration of Helsinki and
was approved by the Central Ethics Committee for the SANI Network.

Statistical Analyses

For descriptive analyses, continuous variables were given as the mean with standard
deviations (SD), or a median with range or interquartile range (IQR) and categorical
variables were expressed as the number of subjects (n) and percentage values.

Possible over-dispersion for count values was assayed using a formal test based on the
code from Gelman and Hill (2007) [36]. Linear, logistic, and Poisson mixed-effect regression
models were performed on the continuous, dichotomy, and count values, respectively, to
evaluate changes in AER, lung function, PROs scores, OCS, and use of asthma medication
over time. Regression coefficients, odds ratios (ORs), and exponential regression coefficients
associated with each outcome were calculated with 95% confidence intervals (CI) for each fac-
tor.

The center and subject variability were considered to be random effects in all mixed-
effect regression models. The likelihood ratio test was used as a test of statistical significance
and p-values were adjusted for multiple comparisons using the Holm correction method.

Differences, with a p-value less than 0.05, were selected as significant. Data were
acquired and analyzed in R version v4.3.1 software environment [37].

3. Results

3.1. Patients’ Characteristics at Baseline

The demographics, biochemical, and clinical characteristics of the study participants at
baseline are summarized in Table 1. Briefly, a total of 108 patients (59.26% female, mean age
55.96 years) took part in this study; the population was highly comorbid, with 94 patients
(87.04%) with at least one comorbidity. Chronic rhinosinusitis (CRS), and specifically CRSwNP,
was the most common comorbidity, being present in 65 patients (60.19%). A total of 28 out
of 104 patients (26.96%) had bronchiectasis and 4 out of 96 patients (4.71%) had eosinophilic
granulomatosis with polyangiitis (EGPA). The mean age at asthma diagnosis was 35.68 years
(15.95). All patients used ICS and LABA as background therapies, the mean ICS dose
used by patients was high (1006.93 mcg/day (402.56)) and the majority of patients required
additional asthma medications, including long-acting muscarinic antagonists (LAMA) (79
out of 107 patients, 73.83%), anti-leukotrienes (anti LT) (52 out of 107 patients, 48.60%),
theophylline (6 out of 106 patients, 5.66%). OCS were taken by 67 patients (62.04%) at a mean
dose of 7.95 mg/day (7.42); a total of 41 patients used the OCS dose higher than 5 mg/day
(61.19%). Of note, benralizumab was the first biologic therapy used in 89 patients (82.41%),
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while 19 patients were switched to benralizumab after being treated with other biologics
(either omalizumab or mepolizumab).

Table 1. Demographic, social, and clinical characteristics of patient population at baseline. Data
refer to n = 108 patients, unless otherwise specified, and are expressed as the number of subjects
(percentage), mean (SD), or median (range) as appropriate.

Characteristics at Baseline Patient Population

Age (years) 55.96 (11.38)
Sex (female) 64 (59.26%)
BMI (kg/m2)

Underweight/normal weight 46 (42.59%)
Overweight 46 (42.59%)
Obese 16 (14.81%)

Smoking status
Non-smokers 78 (72.22%)
Previous smokers 29 (26.85%)
Current smokers 1 (0.93%)

Comorbidities 94 (87.04%)
CRS 67 (62.62%)
CRSwNP 65 (60.19%)
Allergic rhinitis 57 (52.78%)
Gastroesophageal reflux disease (GERD) 39 (36.11%)
Bronchiectasis (n = 104) 28 (26.96%)
EGPA (n = 96) 4 (4.71%)
Eosinophilic esophagitis (n = 93) 1 (1.08%)

Age at asthma diagnosis (years) (n = 106) 35.68 (15.95)
ICS dose (mcg/day) (n = 87) 1006.93 (402.56)

<500 8 (9.20%)
≥500 and <1000 44 (50.57%)
≥1000 35 (40.23%)

LAMA (n = 107) 79 (73.83%)
Anti LT (n = 107) 52 (48.60%)
Theophylline (n = 106) 6 (5.66%)
SABA and/or ICS/LABA as needed (times per day) (n = 88) 3.10 (4.19)
OCS 67 (62.04%)
OCS dose (prednisone equivalent) (mg/day) (n = 67) 7.95 (7.42)

≤5 mg/day 26 (38.81%)
>5 mg/day 41 (61.19%)

Biologic switch (n = 98)
Naïve 89 (82.41%)
Switched 19 (17.59%)

BEC (cells/mm3) (n = 104) 600 (28–3350)
FeNO (ppb) (N = 55) 61.95 (55.66)
Total serum IgE (IU/mL) (n = 91) 209 (4.9–1940)
AER (n = 107) 3.84 (3.18)
Exacerbation phenotype (n = 45)

Bacterial 24 (53.33%)
Viral 7 (15.56%)
Non-infectious 14 (31.11%)

Lung function
FEV1 (L/min) (n = 101) 1.94 (0.83)
FVC (L) (n = 90) 3.30 (1.00)
FEV1 (% pred.) (n = 86) 74.50 (20.68)
FVC (% pred.) (n = 91) 93.97 (20.73)
FEV1/FVC (n = 91) 54.11 (24.87)

Asthma PROs
ACT score (n = 104) 14.41 (5.08)
ACQ score (n = 39) 2.33 (1.25)
AQLQ score (n = 31) 3.76 (1.45)

CRSwNP PROs
VAS (n = 60) 5.14 (3.13)
SNOT-22 score (n = 57) 47.21 (20.67)

Biochemical analyses revealed that patients had a median BEC of 600 cells/mm3

(28–3350) (n = 104), a median total IgE level of 209 IU/mL (4.9–1940) (n = 91), and a mean
FeNO of 61.95 ppb (55.66) (n = 55). The frequency of asthma exacerbations approached
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four events/year, with a mean AER of 3.84 (3.18) (n = 107); the phenotype of exacerbations
was assessed in 45 patients, among which 14 (31.11%) had exacerbations of non-infectious
nature, whereas the rest of patients experienced either viral (15.56%) or bacterial-induced
(53.33%) exacerbations. Patients were also characterized by suboptimal lung function,
showing a mean FEV1/FVC ratio of 54.11 (24.87) (n = 91), a mean FEV1 of 1.94 L (0.83)
(n = 101), and a mean predicted FEV1 of 74.50% (20.68) (n = 86).

Overall, asthma was uncontrolled despite the use of multiple medications, and pa-
tients’ QoL was poor, as demonstrated by the low scores achieved in various PROs, includ-
ing ACT (n = 104), ACQ (n = 39) and AQLQ (n = 31) (mean values of 14.41, 2.33 and 3.76,
respectively). VAS (n = 60) and SNOT-22 (n = 57) were administered to comorbid patients
with CRSwNP and showed a mean score of 5.14 (3.13) and 47.21 (20.67), respectively,
indicative of moderate sinonasal symptom severity [38].

3.2. Benralizumab Reduced Exacerbations and Inflammatory Markers

Patients experienced a significant and remarkable reduction in AER throughout the
three years of treatment with benralizumab (p < 0.0001, Figure 1A); baseline AER declined
from a mean of 3.84 (3.18) to 0.26 (0.83) (0.07, 95% CI 0.05:0.10) already after 6 months of
treatment and remained low at all time points, reaching 0.43 (0.93) (0.11, 95% CI 0.08:0.16)
at 36 months. Compared with the baseline, the decline in AER amounted to 93%, 95%, 91%,
and 89% at 6, 12, 24, and 36 months, respectively.

Figure 1. Change in AER (A) and BEC (B) during the treatment with benralizumab. Data were recorded
at baseline and at 6, 12, 24, and 36 months. Mean (SD), n values and exponential beta regression
coefficients (i.e., ratio) with 95% CI, or median (IQR) and n values are reported for each time point.

Consistent with its anti-eosinophilic effect, benralizumab treatment induced an almost
complete depletion of BEC that was sustained over time, with a median BEC of 0 (0:50)
displayed at all time points (Figure 1B). The drop in BEC was accompanied by a persistent
reduction in FeNO, which decreased from a mean of 61.95 ppb (55.66) at baseline to
42.27 ppb (32.31) at 36 months (p = 0.0001, Table S1).

3.3. Benralizumab Improved Lung Function

Patients treated with benralizumab ameliorated their lung function throughout the
36-month period, with a significant increment observed in FEV1 (p < 0.0001) (Figure 2). The
mean volume of FEV1 increased from 1.94 L (0.83) at baseline to 2.38 L (0.79) at 36 months
(+440 mL), with the maximal value of 2.41 L (0.88) recorded at 12 months (Figure 2A),
while percentage of predicted FEV1 peaked at 36 months (87.62%, with a mean increase of
13.12% from baseline) (12.38, 95% CI 8.14:16.62) (Figure 2B). Variations in other respiratory
measurements are reported in Table S1.
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Figure 2. Change in FEV1 volume (A) and percentage of predicted (B) during the treatment with
benralizumab. Data were recorded at baseline and at 6, 12, 24, and 36 months. Mean (SD), n values
and regression coefficients (i.e., estimate) with 95% CI are reported for each time point.

3.4. Benralizumab Increased Asthma Control and QoL

Asthma control and QoL significantly ameliorated during benralizumab treatment,
with net improvements observed already at 6 months after the start of the treatment
(Figure 3A). In detail, the mean ACT score was 14.41 (5.08) at baseline and increased to
21.66 points (4.50) at 6 months (7.18, 95% CI 6.35:8.01); the ACT score remained either stable
or further increased throughout the treatment period, indicating a durable good control
of asthma. In addition, benralizumab enhanced the patients’ QoL as determined by the
significant changes of both ACQ and AQLQ scores over time (mean ACQ: from 2.33 to 0.73,
p < 0.0001; mean AQLQ: from 3.76 to 5.33, p = 0.0001) (Figure 3B,C).

Figure 3. Change in ACT (A), ACQ (B), and AQLQ (C) scores during the treatment with benralizumab.
Data were recorded at baseline and at 6, 12, 24, and 36 months. Mean (SD), n values and regression
coefficients (i.e., estimate) with 95% CI are reported for each time point.
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3.5. Benralizumab Alleviated Sinonasal Symptoms in Comorbid Patients

Beyond the asthma control improvement, benralizumab also decreased the severity
of sinonasal symptoms in the subset of comorbid patients with CRSwNP. The mean VAS
score significantly declined over the treatment period (p = 0.0007), decreasing from 5.14
(3.13) at baseline to 3.29 (3.20) at 36 months (−1.39, 95% CI −2.11:−0.66) (Figure 4A). In
parallel, the mean SNOT-22 score also significantly dropped (p < 0.0001) from 47.21 (20.67)
at baseline to 24.27 (16.69) at 36 months (−22.02, 95% CI −27.55:−16.49) (Figure 4B).

Figure 4. Change in VAS (A) and SNOT-22 (B) score during the treatment with benralizumab. Data
were recorded at baseline and at 6, 12, 24, and 36 months. Mean values (SD), n and regression
coefficients (i.e., estimate) with 95% CI are reported for each time point.

3.6. Benralizumab Decreased the Use of OCS

As shown in Figure 5, a significant reduction in OCS use was observed over time
(p < 0.0001). The mean dose of OCS decreased to 3.18 mg/day (6.52) at 6 months (−6.73,
95% CI −8.55:−4.91) and continued to decline, reaching a mean dose of 1.80 mg/day (6.02)
at 36 months (−8.35, 95% CI −10.40:−6.29). A total of 39 out of 64 (60.94%) eliminated the
use of OCS already after 6 months from the start of benralizumab, and 38 out of 45 patients
(84.44%) remained free from OCS at 36 months. Only three patients (6.67%) maintained (or
increased) the baseline OCS dose, showing no reduction at 36 months (Table 2).

Table 2. Extent of OCS dose reduction achieved by patients during the treatment with benralizumab.
Data are expressed as n (%).

Extent of OCS Reduction Month 6 (n = 64) Month 12 (n = 47) Month 24 (n = 43) Month 36 (n = 45)

Any reduction 52 (81.25%) 41 (87.23%) 39 (90.7%) 42 (93.33%)
≥90% 39 (60.94%) 34 (72.34%) 34 (79.07%) 38 (84.44%)
≥75% 42 (65.62%) 38 (80.85%) 37 (86.05%) 39 (86.67%)
≥50% 50 (78.12%) 41 (87.23%) 38 (88.37%) 42 (93.33%)
≥25% 51 (79.69%) 41 (87.23%) 39 (90.7%) 42 (93.33%)

No reduction 12 (18.75%) 6 (12.77%) 4 (9.3%) 3 (6.67%)
Elimination 39 (60.94%) 34 (72.34%) 33 (76.74%) 38 (84.44%)
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Figure 5. Change in OCS dose in the overall patient population and in patients with baseline OCS
dose > 5 mg/day during the treatment with benralizumab. Data were recorded at baseline and at 6,
12, 24, and 36 months. Mean (SD), n values and regression coefficients (i.e., estimate) with 95% CI are
reported for each time point.

The change in OCS use was also investigated in patients grouped according to their
baseline OCS dose (≤5 mg/day or >5 mg/day) (Figure 5 and Table S2). The overall
population and the subgroup of patients with a baseline OCS dose >5 mg/day showed
a similar OCS reduction pattern, with mean OCS doses of 1.80 (6.02) and 1.88 (5.63) at
36 months, respectively (Figure 5). An almost identical percentage of patients discon-
tinued OCS at 36 months regardless of the baseline OCS dose (85.71% of patients with
OCS ≤ 5 mg/day and 83.33% of patients with OCS > 5 mg/day) (Table S2).

3.7. Benralizumab Reduced the Need for Asthma Background Medication

The daily ICS dose used by patients decreased progressively over time, from a mean
of 1006.93 (402.56) at baseline (n = 87) to a mean of 800.04 (394.89) at 36 months (n = 70),
with an overall reduction of 20.55%. Accordingly, the percentage of patients taking a low
dose of ICS (<500 mcg/day) increased from 9.20% at baseline to 32.86% at 36 months, and
a significant reduction in the required dose of ICS was observed over time (p = 0.0010,
Table 3). In particular, the chances of patients requiring a medium ICS dose (≥500 and
<1000 mcg/day) at 12, 24, and 36 months were reduced by 78%, 83%, and 89% compared
with baseline (0.22 [0.07:0.71], 0.17 [0.06:0.55], and 0.11 [0.02:0.68], respectively), and the
chances of requiring a high ICS dose (≥1000 mcg/day) at 6, 12, 24, and 36 months were
reduced by 87%, 90%, 91%, and 85% compared with baseline (0.13, 95% CI 0.02:0.77; 0.10,
95% CI 0.02:0.57; 0.09, 95% CI 0.01:0.54), and 0.15 (95% CI 0.05:0.47), respectively) (Table 3).
Benralizumab treatment not only lowered the ICS dose but also decreased the need for
other asthma medications, such as the use of as-needed relievers SABA or ICS/LABA
(p < 0.0001), LAMA (p = 0.0008), anti LT (p < 0.0001), and theophylline (p = 0.0070) (Table 3).
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Table 3. Change in asthma medication use during the treatment with benralizumab. Descriptive
statistics with a summary output of mixed-model on asthma medications other than OCS (ICS, SABA
or ICS-LABA as needed, LAMA, anti LT, and theophylline) recorded at baseline and during the
treatment with benralizumab. Mean (SD) and n values or n (percentage) and the beta regression
coefficient (or OR where appropriate) with 95% CI are reported for each time point.

Parameter Baseline Month 6 Month 12 Month 24 Month 36 p-Value

ICS dose
(mcg/day)

1006.93 (402.56)
n = 87

895.09 (420.65)
n = 85

853.93 (408.02)
n = 68

841.47 (411.64)
n = 70

800.04 (394.89)
n = 70

ICS dose
(mcg/day) 1006.93 (402.56) 895.09 (420.65) 853.93 (408.02) 841.47 (411.64) 800.04 (394.89) 0.0010 †

<500 8 (9.20%) 17 (20.00%) 19 (27.94%) 21 (30.00%) 23 (32.86%)
≥500 and <1000 44 (50.57%) 43 (50.59%) 32 (47.06%) 32 (45.71%) 31 (44.29%)
≥1000 35 (40.23%) 25 (29.41%) 17 (25.00%) 17 (24.29%) 16 (22.86%)
* 1 0.37 (0.12:1.13) 0.22 (0.07:0.71) 0.17 (0.06:0.55) 0.11 (0.02:0.68)
# 1 0.13 (0.02:0.77) 0.10 (0.02:0.57) 0.09 (0.01:0.54) 0.15 (0.05:0.47)

SABA or
ICS-LABA as
needed (times
per day)

3.10 (4.19) 0.35 (0.96) 0.2 (0.6) 0.43 (1.42) 0.38 (1.85)
<0.00010 −2.72

(−3.37:−2.07)
−2.78

(−3.51:−2.06)
−2.59

(−3.3:−1.89)
−2.73

(−3.43:−2.04)
n = 88 n = 85 n = 61 n = 67 n = 71

LAMA

0.0008
No 28 (26.17%) 29 (28.16%) 28 (29.17%) 34 (40%) 38 (44.19%)
Yes 79 (73.83%) 74 (71.84%) 68 (70.83%) 51 (60%) 48 (55.81%)

1 0.50 (0.13:1.85) 0.29 (0.07:1.12) 0.13 (0.03:0.53) 0.04 (0.01:0.20)
n = 107 n = 103 n = 96 n = 85 n = 86

Anti LT

<0.0001
No 55 (51.40%) 56 (54.9%) 55 (57.89%) 57 (67.06%) 59 (68.6%)
Yes 52 (48.60%) 46 (45.10%) 40 (42.11%) 28 (32.94%) 27 (31.4%)

1 0.48 (0.16:1.40) 0.22 (0.07:0.70) 0.06 (0.02:0.23) 0.06 (0.02:0.23)
n = 107 n = 102 n = 95 n = 85 n = 86

Theophylline

0.0070
No 100 (94.34%) 100 (99.01%) 95 (98.96%) 82 (96.47%) 84 (100%)
Yes 6 (5.66%) 1 (0.99%) 1 (1.04%) 3 (3.53%) 0 (0%)

1 0.01 (0:0.68) 0.01 (0:0.38) 0.08 (0.01:1.14) 0 (0:Inf)
n = 106 n = 101 n = 96 n = 85 n = 84

† p value estimated by fitting a multinomial log-linear model corrected for center and patients variability * ICS dose
contrast, ≥500 and <1000 mcg/day versus <500 mcg/day; # ICS dose contrast, ≥500 1000 and <1000 mcg/day
versus <500 mcg/day.

3.8. Benralizumab Promoted the Achievement of CR

Figure 6 shows the number and percentage of patients who achieved any CR, including
pCR and cCR, at 12, 24, and 36 months (from the corresponding previous time point). A
total of 36 out of 46 patients (78.26%) reached CR (either pCR, 8.70% or cCR, 69.57%) after
12 months; the rate of CR further increased at the following time points, with 90.00% and
84.31% of patients in CR at 24 and 36 months, respectively. When pCR and cCR were
considered separately, the percentage of patients in pCR steadily increased from 8.70%
at 12 months to 15.69% at 36 months, while most patients were in cCR from 12 months
onwards (69.57% at 12 months, 77.50% at 24 months, and 68.63% at 36 months). The
percentage of patients who did not achieve any kind of CR dropped from 21.74% at 12
months to 10.00% and 15.69% at 24 and 36 months, respectively (Figure 6). We also
considered the percentage of patients who reached CR from baseline to each time point;
as shown in Figure S1, similar results were obtained (at 36 months, 85.71% of patients
achieved any CR, with 12.50% patients in pCR and 73.21% patients in cCR).
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Figure 6. Number and percentage of patients who achieved and did not achieve CR (either pCR or
cCR) at 12, 24, and 36 months during the treatment with benralizumab (from a previous time point).

4. Discussion

This study provides a comprehensive analysis of benralizumab effectiveness by retro-
spectively evaluating a total of 108 Italian patients with SEA treated for up to 36 months.
Even though a high number of real-life studies have thus far evaluated the effectiveness of
benralizumab on SEA patients, to our knowledge this is the first study conducted on more
than 100 SEA patients treated over a period longer than 2 years. The longest real-life study
(up to 48 months) was published by Numata and colleagues; however, only 23 SEA pa-
tients were initially included and fewer were followed for the entire period [33]. Similarly,
Caminati and colleagues evaluated asthma outcomes in 68 mepolizumab-switched patients
treated with benralizumab for a median period of 31 months [30]. In a more recent work,
Fyles et al. considered a population of 81 SEA patients treated with either mepolizumab or
benralizumab for up to 36 months; however, the majority of data were presented for the
overall population, and thus, it is not possible to extrapolate the clinical improvements
experienced by benralizumab-treated patients for each single outcome [31].

The baseline clinical characteristics reveal a severely compromised SEA patient popu-
lation. The presence of circulating eosinophils (600 cells/mm3), the high AER (3.84), the
suboptimal FEV1/FVC and FEV1 (predicted: 74.50%), and the low scores of various PROs
(with a mean ACT score: 14.41) confirm the poor control of the disease. In addition, the high
percentages of patients taking OCS and experiencing comorbidities, including CRSwNP in
60.19% patients, bronchiectasis in almost 27% patients, and EGPA in 4.71% patients, further
corroborate the high disease burden in our benralizumab-treated population. Nevertheless,
the elevated number of comorbidities did not seem to impair the overall effectiveness of the
anti-IL-5R. Additionally, benralizumab may also induce favorable outcomes in CRSwNP,
bronchiectasis and EGPA; for these conditions, RCTs evaluating benralizumab efficacy
are either currently ongoing (NCT04157335, NCT05006573) or terminated (NCT04157348),
with positive effects demonstrated in EGPA patients [39].
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The results from this long-term study reinforce the remarkable effectiveness of ben-
ralizumab in minimizing the number of exacerbations while maintaining minimal BEC
throughout the study period. Benralizumab rapidly decreased the frequency of exacer-
bations, with a reduction in AER that persisted throughout the 36-month period (AER
reduction ranging from 89% at 36 months to 95% at 12 months). Although the phenotype
of exacerbations was determined in a small subgroup of patients at baseline only, we
may speculate that benralizumab reduced all types of exacerbations, both infectious and
non-infectious. This hypothesis is supported by (1) the extensive effect seen throughout
the treatment period; (2) the high prevalence of bacterial-mediated exacerbations (more
than 50%) observed at baseline; and (3) benralizumab novel MoA, which implies a broad
modulation of the immune system, including the increased activation of NK cells [26].
Considering the antiviral and antibacterial role exerted by NK cells, it is plausible that their
increased function contributed to prevent infections and infectious-related exacerbations in
patients during benralizumab treatment. These data demonstrate that the effectiveness of
benralizumab in preventing exacerbations is truly long-lasting, and the prominent extent
of AER reduction is consistent with previous real-life studies [25,28–30].

Although benralizumab was anticipated to have a positive impact on AER over time,
variable results have been published regarding its ability to enhance lung function over
the long term. In our study, benralizumab significantly increased FEV1 over time, with
a remarkable +440 mL volume gain and predicted levels reaching normal values up to
36 months. This is the first time that benralizumab has been shown to induce a durable
increase in respiratory function in real life up to 3 years; these results are in line with the
recently published 96-week data from the ANANKE study, in which both pre-BD FEV1 and
FVC peaked after 96 weeks of treatment [25], and complement the data obtained from RCTs,
where the initial improvement in lung function was stabilized over a two-year period [40].
As already mentioned, the novel MoA of benralizumab postulated by Bergantini et al.,
which involves the modulation of circulating CD3 + T subsets and increased activation
of NK cells, even in the absence of eosinophils, may play a key role in the benralizumab-
mediated long-term improvement in lung function [26].

Furthermore, McIntosh et al. found that benralizumab significantly reduced the mucus
score in SEA patients treated up to 2.5 years; this result was accompanied by a parallel
decrease in airway occlusion and improved ventilation, FEV1, and ACQ-6 score [41]. As
mucus accumulation has a profound impact on respiratory function in asthma patients, the
benralizumab-mediated dissolution of mucus plugs may have contributed to the long-term
favorable respiratory outcomes in our study. On the other hand, Numata and colleagues
reported a decline in FEV1 levels registered after 24 months [33]. In light of the data
obtained from our study and other studies, it is possible that this result is biased due to
the low number of patients considered in the study. The authors also speculated that the
observed FEV1 reduction may be caused by an airway obstruction mechanism induced
by the long-term administration of a single biological, or a decrease adherence to inhaled
therapies, or a physiological decline in pulmonary function [33]. Regardless of the reason
justifying the different results, more studies with a greater number of patients are needed
to ascertain benralizumab’s long-term effectiveness on lung function and further elucidate
the specific mechanism/s leading to increased lung function.

As measured by the ACT questionnaire, asthma control was significantly improved,
with a mean ACT score greater than 21 at all timepoints. The significant results obtained in
ACQ and AQLQ reinforced the achievement of good asthma control and demonstrated an
overall improvement of QoL.

Benralizumab not only induced profound beneficial effects in terms of asthma symp-
toms but also improved sinonasal symptoms in comorbid patients with CRSwNP, as
demonstrated by the significant and progressive changes recorded in VAS and SNOT-22.
Although benralizumab currently lacks the indication for the treatment of CRSwNP, grow-
ing evidence indicates that the anti-IL-5R has a positive impact on nasal symptoms in
comorbid patients [42–45]. Notably, a recent work by Santomasi and colleagues showed
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that benralizumab was not only effective in decreasing the SNOT-22 score, but it also
significantly reduced the nasal polyps score (NPS), determined by nasal endoscopy, and
the number of nasal eosinophils and neutrophils, assessed via nasal cytology, in SEA pa-
tients with CRSwNP [45]. Collectively, these data corroborate the theory of “united airway
disease” [46], implying that SEA and CRSwNP share the same eosinophilic-driven patho-
physiology in comorbid patients, and benralizumab could indeed represent the optimal
therapeutic strategy to tackle both pathologies simultaneously.

The marked OCS-sparing effect of benralizumab is well recognized. In the pivotal
PONENTE study, almost 63% of patients completely eliminated the use of OCS and more
than 80% of patients either eliminated OCS or maintained a minimum dose due to adrenal
insufficiency [47]. Similarly, the OCS dose has been either reduced or zeroed in real-life
studies where patients were treated for periods longer than one year [25,29,30,33]. Our
data indicate that benralizumab induced a durable OCS reduction, and this effect further
increased over time. Indeed, the minimal mean dose of OCS was registered at 36 months;
at this time point, almost the totality of patients (93.33%) successfully decreased their
OCS dose by any extent, and 84.44% patients permanently discontinued OCS therapy.
To our knowledge, these percentages are the highest ever recorded in the literature. The
sub-analysis conducted on patients requiring a daily OCS dose of either ≤ or >5 mg
substantiated the findings from the PONENTE trial, which showed that benralizumab
OCS-sparing effect, was independent of the baseline dose [47].

Beyond the high rate of OCS reduction and elimination, benralizumab treatment was
associated with a net and significant decrease in the dose of the maintenance ICS dose, with
an overall reduction of 20.55% and a decreased probability of requiring medium and high
ICS doses over time. Consistently, there were more than 20% patients transitioning from
medium or high ICS doses to low ICS doses (<500 mcg/day) at 36 months. We also observed
a progressive decline in the use of all other asthma therapies, including LAMA, anti-LT,
theophylline, and as needed SABA and/or ICS/LABA. Notably, patients could reduce all
these medications while maintaining good asthma control, as demonstrated by ACT and
ACQ scores. To date, the effect of benralizumab on asthma medication other than OCS has
not been extensively investigated. In the RCT SHAMAL, up to 92% of patients successfully
reduced their high-dose ICS and 96% maintained such reductions up to 48 weeks without
compromising asthma control (87% of patients were free from exacerbations by week
48) [34]. In real life, 66.3% of patients decreased the use of maintenance medications (ICS
dose reduction and/or LABA, LAMA montelukast interruption) over a mean treatment
period of 19.7 months. Similarly to our data, approximately 25% of patients reduced the
ICS dose [29]. Given the extremely poor adherence to inhaled therapy in SA patients [48],
benralizumab-mediated reduction in ICS and other background therapies may provide
further beneficial effects by leading to (1) higher compliance to inhalers; (2) better asthma
control in patients who do not strictly adhere to inhaled therapy regimen.

Since the advent of biological therapies for asthma and the compelling amelioration of
patients’ symptoms, the achievement of CR in SA patients has become possible. However,
the criteria defining CR used in the various studies published so far have been somehow ar-
bitrary. Recently, a Delphi consensus reached by members of the SANI study group agreed
on the criteria to identify patients in pCR and cCR [19]. Based on these criteria, our results
show that CR, and specifically cCR, was achieved by more than the half of the patients at all
time points considered (up to 90.00% patients in CR at 24 months, of which 77.50% patients
were in cCR). These data mean that benralizumab could permanently eradicate the disease
in the vast majority of patients during the three-year study duration. CR was evaluated in
previous studies, both RCT and in real life; the results show that benralizumab induced
CR in percentages of SEA patients ranging from 14.5% (in the SIROCCO and CALIMA
RCTs) [49] to 43% (in the real-world XALOC-1 study [50]). Compared to the latter studies,
a slightly higher percentage of patients (54%) reached clinical remission at 48 weeks in the
SHAMAL RCT despite the reduction in background ICS dose [34].
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The percentage of patients achieving CR in our study seems to exceed the results pre-
viously reported; however, attention should be paid to the criteria employed to define CR,
as they vary across the studies, and they differ from the criteria used herein. For instance,
in the XALOC-1 study, the percentage of patients reaching CR (43%) was calculated with-
out including any respiratory parameters and considering an ACT score ≥16 points [50].
Importantly, Campisi et al. found that SEA patients achieved CR more frequently in the
absence of bronchiectasis [51], suggesting a negative impact of this comorbidity on ben-
ralizumab effectiveness [51]. The inclusion of a variable proportion of patients with this
comorbidity, accompanied by the methodological differences used across the studies, may
justify the variable results obtained so far. In our study, CR was evaluated in all patients,
including those with bronchiectasis (which affected approximately a quarter of our patient
population). The strict criteria employed in our study to define cCR and the inclusion of
patients with bronchiectasis add further value to the rates of cCR reported here, which
are unprecedented but justified by the striking effect of benralizumab observed in all the
single outcomes (exacerbations, lung function, asthma control and OCS use). The long-
term implications of achieving clinical remission through benralizumab treatment could
encompass a better prognosis and extended life expectancy in SEA patients. These aspects
are even more relevant considering the increasing prevalence and severity of late-onset
asthma, and SEA in particular, as the global population ages [52].

Drawing upon the notion of “deep remission” related to rheumatoid arthritis, Oishi
and colleagues also assessed deep remission in SA patients by considering the success-
ful inhibition of T2 inflammation with BEC < 300 cells/mm3 and FeNO < 35 ppb or
< 50 ppb. [53,54]. While we did not formally assess the rate of patients achieving deep
remission in our study, we anticipate a similar rate to those who achieved CR, owing to the
extensive drop in BEC specifically induced by benralizumab MoA.

The retrospective design of this study represents its main limitation, as it is associated
with a considerable loss of data during the 36-month treatment period. In general, a certain
degree of missing data is anticipated in real-life, and retrospective multicentric studies
can be attributed to several factors, including (1) variability in the collection of certain
parameters across different centers, (2) loss of patients at follow-up due to various reasons
(e.g., patient relocation, change in healthcare provider, etc.), and (3) data recording and
collection from medical charts (not originally intended for research purposes) [55]. In our
case, the extensive study duration and the monitoring of patients amid the COVID-19
pandemic also negatively affected patients’ attendance at follow-up visits, further contribut-
ing to the loss of data during the observation period. Adverse events were not collected
because the study’s main purpose was to evaluate the effectiveness of benralizumab and
this may represent another limitation. As already mentioned above, additional studies will
be needed to validate our results over even longer treatment periods and by considering
greater numbers of patients. Ideally, future studies will be conducted with a prospective
design to limit the loss of data. A thorough evaluation of safety would also be valuable to
confirm the long-term safety of benralizumab already observed in the MELTEMI study [27].

5. Conclusions

This study offers a comprehensive assessment of benralizumab long-term effective-
ness on SEA by examining a meaningful sample population at various time points, up to
36 months of treatment. These impressive data not only comprehensively illustrate the
long-lasting response to benralizumab in all the considered asthma clinical outcomes, but
also reveal the simultaneous positive effects on CRSwNP symptoms. The large percentage
of patients who reached either pCR or cCR is indicative of the long-term well-being induced
by benralizumab and support its role as a disease-modifying anti-asthmatic therapy for
the management of SEA. More research should corroborate these results, with a focus on
minimizing data loss and exploring further facets of benralizumab MoA and effective-
ness, including the impact on adherence to inhaled therapy, airway remodeling, and the
achievement of deep remission.
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are reported for each time point. Table S2: Extent of OCS dose reduction during treatment with
benralizumab in patients grouped according to OCS dose at baseline (≤5 mg/day or >5 mg/day).
Figure S1: Number and percentage of patients who achieved and did not achieve CR (either pCR
or cCR) at 12, 24, and 36 months during the treatment with benralizumab (values calculated from
baseline).

Author Contributions: Conceptualization, L.P.; Investigation, B.B. (Bianca Beghè), P.C., C.C. (Cris-
tiano Caruso), C.C. (Claudia Crimi)., G.G., M.L., F.M., B.B. (Benedetta Bondi), Y.E.M., J.G., A.M., M.M.,
S.P. and M.Z.; Data curation, M.C., A.P. and D.V.; Validation, D.B., F.B. (Fulvio Braido), C.M. and A.V.;
Writing—original draft, L.P.; Writing—review of the manuscript for intellectual content, G.S., A.S.,
P.P., F.B. (Francesco Blasi) and G.W.C.; Funding acquisition: SANI Study Group. All authors have
read and agreed to the published version of the manuscript.

Funding: This project was supported by AstraZeneca.

Institutional Review Board Statement: The SANI registry was constructed according to the Declara-
tions of Helsinki and Oviedo. The study was approved by the Central Ethics Committee for the SANI
Network (Comitato Etico Area Vasta Nord-Ovest Toscana; protocol number: 1245/2016, protocol ID:
73714, 7 December 2016).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available upon reasonable request
from the corresponding author (Laura Pini, laura.pini@unibs.it).

Acknowledgments: The authors would like to thank all the participants who took part in the study
and their families. Statistical analyses were conducted by Fabio Gallo; writing and editorial assistance
were provided by Alessandra Rossi, on behalf of EDRA S.p.A.

Conflicts of Interest: All authors reported no financial interests or potential conflicts of interest
related to this study. L.P. received grants for educational events from AstraZeneca, Chiesi Farma-
ceutici, Glaxo Smith Kline and speaker fees from AstraZeneca, Chiesi Farmaceutici S.p.A, Glaxo
Smith Kline, Guidotti, Grifols, Menarini, Novartis AG; D.B, B.Be, F.Br, D.V. received speaker fees from
AstraZeneca, Chiesi Farmaceutici S.p.A, Glaxo Smith Kline, Guidotti, Grifols, Menarini, Novartis
AG, Sanofi; P.C. received grants and speaker fees from AstraZeneca and GSK; M.C. received financial
grants from AstraZeneca, GSK and Sanofi; C.Cr. received honoraria for lectures from AZ, GSK,
Sanofi, Novartis, Resmed, F&P; C.M. received fees as a speaker in national and international congress
from Astrazeneca, Sanofi, Novartis, GSK, Menarini, Guidotti, Firma, Roche, Berlin Chemie, Chiesi,
Zambon; G.S. received financial grants from AstraZeneca, GSK, Novartis and Sanofi; P.P. received
grants for educational events from AstraZeneca, Chiesi Farmaceutici, Glaxo Smith Kline, Guidotti
and Sanofi and grants for participation to Advisory Board from Chiesi Farmaceutici, Glaxo Smith
Kline, and Sanofi; F.Bl. received financial grants from AstraZeneca, Chiesi Farmaceutici S.p.A and
Insmed Inc. and speaker fees from AstraZeneca, Chiesi Farmaceutici S.p.A, Glaxo Smith Kline,
Guidotti, Grifols, Insmed Inc., Menarini, Novartis AG, Sanofi-Genzyme, Viatris Inc., Vertex Pharma-
ceuticals and Zambon; G.W.C. recceived research grants from A. Menarini, Allergy Therapeutics,
AstraZeneca, Chiesi Farmaceutici, Faes, Firma, Glaxo Smith Kline, Guidotti-Malesci, Hal Allergy, In-
novacaremd, Novartis, OmPharma, RedMaple, Sanofi-Aventis, Sanofi-Genzyme, Stallergenes-Greer,
Uriach Pharma, ThermoFisher, Valeas.

References

1. Chung, K.F.; Wenzel, S.E.; Brozek, J.L.; Bush, A.; Castro, M.; Sterk, P.J.; Adcock, I.M.; Bateman, E.D.; Bel, E.H.; Bleecker, E.R.; et al.
International ERS/ATS guidelines on definition, evaluation and treatment of severe asthma. Eur. Respir. J. 2014, 43, 343–373.
[CrossRef] [PubMed]

2. Hekking, P.-P.W.; Wener, R.R.; Amelink, M.; Zwinderman, A.H.; Bouvy, M.L.; Bel, E.H. The prevalence of severe refractory asthma.
J. Allergy Clin. Immunol. 2015, 135, 896–902. [CrossRef] [PubMed]

51



J. Clin. Med. 2024, 13, 3013

3. Bagnasco, D.; Paggiaro, P.; Latorre, M.; Folli, C.; Testino, E.; Bassi, A.; Milanese, M.; Heffler, E.; Manfredi, A.; Riccio, A.M.; et al.
Severe asthma: One disease and multiple definitions. World Allergy Organ. J. 2021, 14, 100606. [CrossRef] [PubMed]

4. Buhl, R.; Humbert, M.; Bjermer, L.; Chanez, P.; Heaney, L.G.; Pavord, I.; Quirce, S.; Virchow, J.C.; Holgate, S. Severe eosinophilic
asthma: A roadmap to consensus. Eur. Respir. J. 2017, 49, 1700634. [CrossRef] [PubMed]

5. Perez-de-Llano, L.; Tran, T.N.; Al-ahmad, M.; Alacqua, M.; Bulathsinhala, L.; Busby, J.; Canonica, G.W.; Carter, V.; Chaudhry,
I.; Christoff, G.C.; et al. Characterization of Eosinophilic and Non-Eosinophilic Severe Asthma Phenotypes and Proportion of
Patients with These Phenotypes in the International Severe Asthma Registry (ISAR). In C21. Advances in Adult and Pediatric
Asthma Phenotyping and Endotyping; American Thoracic Society: New York, NY, USA, 2020; p. A4525.

6. Maio, S.; Baldacci, S.; Bresciani, M.; Simoni, M.; Latorre, M.; Murgia, N.; Spinozzi, F.; Braschi, M.; Antonicelli, L.; Brunetto, B.;
et al. RItA: The Italian severe/uncontrolled asthma registry. Allergy 2018, 73, 683–695. [CrossRef] [PubMed]

7. Bakakos, A.; Loukides, S.; Bakakos, P. Severe Eosinophilic Asthma. J. Clin. Med. 2019, 8, 1375. [CrossRef] [PubMed]
8. de Groot, J.C.; Ten Brinke, A.; Bel, E.H.D. Management of the patient with eosinophilic asthma: A new era begins. ERJ Open Res.

2015, 1, 00024–02015. [CrossRef] [PubMed]
9. Heaney, L.G.; Perez de Llano, L.; Al-Ahmad, M.; Backer, V.; Busby, J.; Canonica, G.W.; Christoff, G.C.; Cosio, B.G.; FitzGerald,

J.M.; Heffler, E.; et al. Eosinophilic and Noneosinophilic Asthma: An Expert Consensus Framework to Characterize Phenotypes
in a Global Real-Life Severe Asthma Cohort. Chest 2021, 160, 814–830. [CrossRef]

10. Laidlaw, T.M.; Mullol, J.; Woessner, K.M.; Amin, N.; Mannent, L.P. Chronic Rhinosinusitis with Nasal Polyps and Asthma. J.
Allergy Clin. Immunol. Pract. 2021, 9, 1133–1141. [CrossRef]

11. Massoth, L.; Anderson, C.; McKinney, K.A. Asthma and Chronic Rhinosinusitis: Diagnosis and Medical Management. Med. Sci.
2019, 7, 53. [CrossRef]

12. 2023 Gina Main Report. Available online: https://ginasthma.org/wp-content/uploads/2023/05/GINA-2023-Full-Report-2023
-WMS.pdf (accessed on 8 May 2024).

13. Price, D.B.; Trudo, F.; Voorham, J.; Xu, X.; Kerkhof, M.; Ling Zhi Jie, J.; Tran, T.N. Adverse outcomes from initiation of systemic
corticosteroids for asthma: Long-term observational study. J. Asthma Allergy 2018, 11, 193–204. [CrossRef] [PubMed]

14. Lee, H.; Ryu, J.; Nam, E.; Chung, S.J.; Yeo, Y.; Park, D.W.; Park, T.S.; Moon, J.-Y.; Kim, T.-H.; Sohn, J.W.; et al. Increased mortality in
patients with corticosteroid-dependent asthma: A nationwide population-based study. Eur. Respir. J. 2019, 54, 1900804. [CrossRef]
[PubMed]

15. Bourdin, A.; Molinari, N.; Vachier, I.; Pahus, L.; Suehs, C.; Chanez, P. Mortality: A neglected outcome in OCS-treated severe
asthma. Eur. Respir. J. 2017, 50, 1701486. [CrossRef] [PubMed]

16. Lommatzsch, M.; Brusselle, G.G.; Levy, M.L.; Canonica, G.W.; Pavord, I.D.; Schatz, M.; Virchow, J.C. A2BCD: A concise guide for
asthma management. Lancet Respir. Med. 2023, 11, 573–576. [CrossRef] [PubMed]

17. Chen, W.; Tran, T.N.; Sadatsafavi, M.; Murray, R.; Wong, N.C.B.; Ali, N.; Ariti, C.; Bulathsinhala, L.; Gil, E.G.; FitzGerald, J.M.;
et al. Impact of Initiating Biologics in Patients With Severe Asthma on Long-Term Oral Corticosteroids or Frequent Rescue
Steroids (GLITTER): Data From the International Severe Asthma Registry. J. Allergy Clin. Immunol. Pract. 2023, 11, 2732–2747.
[CrossRef] [PubMed]

18. Chen, M.; Shepard, K., 2nd; Yang, M.; Raut, P.; Pazwash, H.; Holweg, C.T.J.; Choo, E. Overlap of allergic, eosinophilic and type
2 inflammatory subtypes in moderate-to-severe asthma. Clin. Exp. Allergy J. Br. Soc. Allergy Clin. Immunol. 2021, 51, 546–555.
[CrossRef]

19. Canonica, G.W.; Blasi, F.; Carpagnano, G.E.; Guida, G.; Heffler, E.; Paggiaro, P.; Allegrini, C.; Antonelli, A.; Aruanno, A.; Bacci,
E.; et al. Severe Asthma Network Italy Definition of Clinical Remission in Severe Asthma: A Delphi Consensus. J. Allergy Clin.
Immunol. Pract. 2023, 11, 3629–3637. [CrossRef] [PubMed]

20. Lommatzsch, M.; Brusselle, G.G.; Canonica, G.W.; Jackson, D.J.; Nair, P.; Buhl, R.; Virchow, J.C. Disease-modifying anti-asthmatic
drugs. Lancet 2022, 399, 1664–1668. [CrossRef] [PubMed]

21. Available online: https://www.ema.europa.eu/en/documents/product-information/fasenra-epar-product-information_en.pdf
(accessed on 8 May 2024).

22. Dagher, R.; Kumar, V.; Copenhaver, A.M.; Gallagher, S.; Ghaedi, M.; Boyd, J.; Newbold, P.; Humbles, A.A.; Kolbeck, R. Novel
mechanisms of action contributing to benralizumab’s potent anti-eosinophilic activity. Eur. Respir. J. 2022, 59, 2004306. [CrossRef]

23. Caminati, M.; Bagnasco, D.; Vaia, R.; Senna, G. New horizons for the treatment of severe, eosinophilic asthma: Benralizumab, a
novel precision biologic. Biol. Targets Ther. 2019, 13, 89–95. [CrossRef]

24. Menzella, F.; Biava, M.; Bagnasco, D.; Galeone, C.; Simonazzi, A.; Ruggiero, P.; Facciolongo, N. Efficacy and steroid-sparing effect
of benralizumab: Has it an advantage over its competitors? Drugs Context 2019, 8, 212580. [CrossRef] [PubMed]

25. Vultaggio, A.; Aliani, M.; Altieri, E.; Bracciale, P.; Brussino, L.; Caiaffa, M.F.; Cameli, P.; Canonica, G.W.; Caruso, C.; Centanni,
S.; et al. Long-term effectiveness of benralizumab in severe eosinophilic asthma patients treated for 96-weeks: Data from the
ANANKE study. Respir. Res. 2023, 24, 135. [CrossRef] [PubMed]

26. Bergantini, L.; d’Alessandro, M.; Pianigiani, T.; Cekorja, B.; Bargagli, E.; Cameli, P. Benralizumab affects NK cell maturation and
proliferation in severe asthmatic patients. Clin. Immunol. 2023, 253, 109680. [CrossRef] [PubMed]

27. Korn, S.; Bourdin, A.; Chupp, G.; Cosio, B.G.; Arbetter, D.; Shah, M.; Gil, E.G. Integrated Safety and Efficacy Among Patients
Receiving Benralizumab for Up to 5 Years. J. Allergy Clin. Immunol. Pract. 2021, 9, 4381–4392.e4. [CrossRef] [PubMed]

52



J. Clin. Med. 2024, 13, 3013

28. Vitale, C.; Maglio, A.; Pelaia, C.; D’Amato, M.; Ciampo, L.; Pelaia, G.; Molino, A.; Vatrella, A. Effectiveness of Benralizumab in
OCS-Dependent Severe Asthma: The Impact of 2 Years of Therapy in a Real-Life Setting. J. Clin. Med. 2023, 12, 985. [CrossRef]
[PubMed]

29. Sposato, B.; Scalese, M.; Camiciottoli, G.; Carpagnano, G.E.; Pelaia, C.; Santus, P.; Pelaia, G.; Palmiero, G.; Di Tomassi, M.; Ronchi,
M.C.; et al. Severe asthma and long-term Benralizumab effectiveness in real-life. Eur. Rev. Med. Pharmacol. Sci. 2022, 26, 7461–7473.
[CrossRef] [PubMed]

30. Caminati, M.; Marcon, A.; Guarnieri, G.; Miotti, J.; Bagnasco, D.; Carpagnano, G.E.; Pelaia, G.; Vaia, R.; Maule, M.; Vianello, A.;
et al. Benralizumab Efficacy in Late Non-Responders to Mepolizumab and Variables Associated with Occurrence of Switching: A
Real-Word Perspective. J. Clin. Med. 2023, 12, 1836. [CrossRef] [PubMed]

31. Fyles, F.; Nuttall, A.; Joplin, H.; Burhan, H. Long-Term Real-World Outcomes of Mepolizumab and Benralizumab Among
Biologic-Naive Patients With Severe Eosinophilic Asthma: Experience of 3 Years’ Therapy. J. Allergy Clin. Immunol. Pract. 2023, 11,
2715–2723. [CrossRef] [PubMed]

32. Risco, M.; Sotomayor, J.; Alvarez-Sala, P.; Piorno, I.; Diaz-Campos, R.; Moya, B.; Crespo, J.F.; Fernandez, C.; GarcÃa Moguel, I.
Long-term effectiveness and safety of benralizumab for uncontrolled eosinophilic asthma in real-word practice. J. Allergy Clin.
Immunol. 2022, 149, AB16. [CrossRef]

33. Numata, T.; Araya, J.; Okuda, K.; Miyagawa, H.; Minagawa, S.; Ishikawa, T.; Hara, H.; Kuwano, K. Long-Term Efficacy and
Clinical Remission After Benralizumab Treatment in Patients with Severe Eosinophilic Asthma: A Retrospective Study. J. Asthma
Allergy 2022, 15, 1731–1741. [CrossRef]

34. Jackson, D.J.; Heaney, L.G.; Humbert, M.; Kent, B.D.; Shavit, A.; Hiljemark, L.; Olinger, L.; Cohen, D.; Menzies-Gow, A.; Korn,
S.; et al. Reduction of daily maintenance inhaled corticosteroids in patients with severe eosinophilic asthma treated with
benralizumab (SHAMAL): A randomised, multicentre, open-label, phase 4 study. Lancet 2024, 403, 271–281. [CrossRef] [PubMed]

35. Piano Terapeutico AIFA per la Prescrizione SSN di Fasenra (Benralizumab) Nell’asma Grave Eosinofilico Refrattario [Inter-
net]. Gazzetta Ufficiale della Repubblica Italiana. Available online: https://www.gazzettaufficiale.it/atto/serie_generale/
caricaDettaglioAtto/originario?atto.dataPubblicazioneGazzetta=2019-02-12&atto.codiceRedazionale=19A00829&elenco3
0giorni=false (accessed on 8 May 2024).

36. Gelman, A.; Hill, J. Data Analysis Using Regression and Multilevel/Hierarchical Models; Cambridge University Press: Cambridge, UK;
New York, NY, USA, 2007.

37. Available online: https://www.r-project.org/ (accessed on 8 May 2024).
38. Toma, S.; Hopkins, C. Stratification of SNOT-22 scores into mild, moderate or severe and relationship with other subjective

instruments. Rhinol. J. 2016, 54, 129–133. [CrossRef] [PubMed]
39. Wechsler, M.E.; Nair, P.; Terrier, B.; Walz, B.; Bourdin, A.; Jayne, D.R.W.; Jackson, D.J.; Roufosse, F.; Börjesson Sjö, L.; Fan, Y.;

et al. Benralizumab versus Mepolizumab for Eosinophilic Granulomatosis with Polyangiitis. N. Engl. J. Med. 2024, 390, 911–921.
[CrossRef] [PubMed]

40. FitzGerald, J.M.; Bleecker, E.R.; Bourdin, A.; Busse, W.W.; Ferguson, G.T.; Brooks, L.; Barker, P.; Martin, U.J. Two-Year Integrated
Efficacy And Safety Analysis Of Benralizumab In Severe Asthma. J. Asthma Allergy 2019, 12, 401–413. [CrossRef] [PubMed]

41. McIntosh, M.J.; Kooner, H.K.; Eddy, R.L.; Wilson, A.; Serajeddini, H.; Bhalla, A.; Licskai, C.; Mackenzie, C.A.; Yamashita, C.;
Parraga, G. CT Mucus Score and 129Xe MRI Ventilation Defects after 2.5 Years’ Anti-IL-5Rα in Eosinophilic Asthma. CHEST
2023, 164, 27–38. [CrossRef] [PubMed]

42. Nolasco, S.; Crimi, C.; Pelaia, C.; Benfante, A.; Caiaffa, M.F.; Calabrese, C.; Carpagnano, G.E.; Ciotta, D.; D’Amato, M.; Macchia,
L.; et al. Benralizumab Effectiveness in Severe Eosinophilic Asthma with and without Chronic Rhinosinusitis with Nasal Polyps:
A Real-World Multicenter Study. J. Allergy Clin. Immunol. Pract. 2021, 9, 4371–4380.e4. [CrossRef] [PubMed]

43. Lombardo, N.; Pelaia, C.; Ciriolo, M.; Della Corte, M.; Piazzetta, G.; Lobello, N.; Viola, P.; Pelaia, G. Real-life effects of benralizumab
on allergic chronic rhinosinusitis and nasal polyposis associated with severe asthma. Int. J. Immunopathol. Pharmacol. 2020, 34,
205873842095085. [CrossRef] [PubMed]

44. Bagnasco, D.; Brussino, L.; Bonavia, M.; Calzolari, E.; Caminati, M.; Caruso, C.; D’Amato, M.; De Ferrari, L.; Di Marco, F.; Imeri,
G.; et al. Efficacy of Benralizumab in severe asthma in real life and focus on nasal polyposis. Respir. Med. 2020, 171, 106080.
[CrossRef] [PubMed]

45. Santomasi, C.; Buonamico, E.; Dragonieri, S.; Iannuzzi, L.; Portacci, A.; Quaranta, N.; Carpagnano, G.E. Effects of benralizumab
in a population of patients affected by severe eosinophilic asthma and chronic rhinosinusitis with nasal polyps: A real life study.
Acta Biomed. Atenei Parm. 2023, 94, e2023028. [CrossRef]

46. Kanda, A.; Kobayashi, Y.; Asako, M.; Tomoda, K.; Kawauchi, H.; Iwai, H. Regulation of Interaction between the Upper and Lower
Airways in United Airway Disease. Med. Sci. 2019, 7, 27. [CrossRef]

47. Menzies-Gow, A.; Gurnell, M.; Heaney, L.G.; Corren, J.; Bel, E.H.; Maspero, J.; Harrison, T.; Jackson, D.J.; Price, D.; Lugogo, N.;
et al. Oral corticosteroid elimination via a personalised reduction algorithm in adults with severe, eosinophilic asthma treated
with benralizumab (PONENTE): A multicentre, open-label, single-arm study. Lancet Respir. Med. 2022, 10, 47–58. [CrossRef]
[PubMed]

48. Caminati, M.; Vianello, A.; Andretta, M.; Menti, A.M.; Tognella, S.; Esposti, L.D.; Gianenrico, S. Astonishing low adherence
to inhaled therapy characterizes patients with severe asthma treated with biologics. World Allergy Organ. J. 2020, 13, 100377.
[CrossRef]

53



J. Clin. Med. 2024, 13, 3013

49. Menzies-Gow, A.; Hoyte, F.L.; Price, D.B.; Cohen, D.; Barker, P.; Kreindler, J.; Jison, M.; Brooks, C.L.; Papeleu, P.; Katial, R.
Clinical Remission in Severe Asthma: A Pooled Post Hoc Analysis of the Patient Journey with Benralizumab. Adv. Ther. 2022, 39,
2065–2084. [CrossRef] [PubMed]

50. Jackson, D.; Pelaia, G.; Padilla-Galo, A.; Watt, M.; Kayaniyil, S.; Boarino, S.; Tena, J.S.; Shih, V.; Tran, T.; Arbetter, D.; et al. Asthma
Clinical Remission with Benralizumab in an Integrated Analysis of the Real-World XALOC-1 Study. J. Allergy Clin. Immunol.
2023, 151, AB13. [CrossRef]

51. Campisi, R.; Nolasco, S.; Pelaia, C.; Impellizzeri, P.; D’Amato, M.; Portacci, A.; Ricciardi, L.; Scioscia, G.; Crimi, N.; Scichilone, N.;
et al. Benralizumab Effectiveness in Severe Eosinophilic Asthma with Co-Presence of Bronchiectasis: A Real-World Multicentre
Observational Study. J. Clin. Med. 2023, 12, 3953. [CrossRef] [PubMed]

52. Hirano, T.; Matsunaga, K. Late-onset asthma: Current perspectives. J. Asthma Allergy 2018, 11, 19–27. [CrossRef] [PubMed]
53. Oishi, K.; Hamada, K.; Murata, Y.; Yamaji, Y.; Asami, M.; Edakuni, N.; Hirano, T.; Matsunaga, K. Achievement rate and predictive

factors of the deep remission to biologics in severe asthma. Eur. Respir. J. 2022, 60, 4401. [CrossRef]
54. Oishi, K.; Hamada, K.; Murata, Y.; Matsuda, K.; Ohata, S.; Yamaji, Y.; Asami-Noyama, M.; Edakuni, N.; Kakugawa, T.; Hirano, T.;

et al. A Real-World Study of Achievement Rate and Predictive Factors of Clinical and Deep Remission to Biologics in Patients
with Severe Asthma. J. Clin. Med. 2023, 12, 2900. [CrossRef]

55. Talari, K.; Goyal, M. Retrospective Studies–Utility and Caveats. J. R. Coll. Physicians Edinb. 2020, 50, 398–402. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

54



Journal of

Clinical Medicine

Article

Trends and Hospital Outcomes in HOSPITAL Admissions for
Anaphylaxis in Children with and without Asthma in Spain
(2016–2021)

Javier De Miguel-Díez 1, Ana Lopez-de-Andres 2,*, Francisco J. Caballero-Segura 1, Rodrigo Jimenez-Garcia 2,

Valentin Hernández-Barrera 3, David Carabantes-Alarcon 2, Jose J. Zamorano-Leon 2, Ricardo Omaña-Palanco 2 and

Natividad Cuadrado-Corrales 2

1 Respiratory Department, Hospital General Universitario Gregorio Marañón, Facultad de Medicina,
Instituto de Investigación Sanitaria Gregorio Marañón (IiSGM), Universidad Complutense de Madrid,
28007 Madrid, Spain; javier.miguel@salud.madrid.org (J.D.M.-D.); fcabal01@ucm.es (F.J.C.-S.)

2 Department of Public Health and Maternal & Child Health, Faculty of Medicine,
Universidad Complutense de Madrid, 28040 Madrid, Spain; rodrijim@ucm.es (R.J.-G.);
dcaraban@ucm.es (D.C.-A.); josejzam@ucm.es (J.J.Z.-L.); romana@ucm.es (R.O.-P.);
mariancu@ucm.es (N.C.-C.)

3 Preventive Medicine and Public Health Teaching and Research Unit, Health Sciences Faculty,
Universidad Rey Juan Carlos, 28922 Alcorcón, Spain; valentin.hernandez@urjc.es

* Correspondence: anailo04@ucm.es; Tel.: +34-913941520

Abstract: (1) Background: To assess and compare the temporal trends in the incidence, characteristics
and hospital outcomes among children with and without asthma who were hospitalized with anaphy-
laxis in Spain from 2016 to 2021, and identify the variables associated with severe anaphylaxis among
children with asthma. (2) Methods: An observational, retrospective study was conducted using a
population-based database. The study population included pediatric patients with anaphylaxis. This
population was stratified based on whether they had asthma. (3) Results: The number of hospital
admissions was stable from 2016 to 2019, dropping in 2020 and raising to the highest number in
2021. A total of 60.63% of hospitalizations occurred in boys and the most common anaphylactic
reactions were due to food consumption (67.28%), increasing over time. The in-hospital mortality
(IHM) remained stable and under 1% in all the years studied. The incidence of anaphylaxis was
2.14 times higher in children with asthma than in those without asthma (IRR 2.14; 95% CI 1.87–2.44).
Furthermore, it was 1.79 times higher in boys with asthma than in those without asthma (IRR 1.79;
95% CI 1.06–2.45) and 2.68 times higher in girls with asthma than in those without asthma (IRR 2.68;
95% CI 2.23–3.12). Asthma was not associated with severe anaphylaxis (OR 1.31; 95% CI 0.88–1.96).
(4) Conclusions: The number of hospitalizations for anaphylaxis in children remained stable from
2016 to 2019, dropping in 2020 and recovering in 2021. IHM was low and remained stable during
the study period. The incidence of hospitalizations for anaphylaxis was higher in asthmatic children
than in non-asthmatics, but there were no differences in the occurrence of severe anaphylaxis among
them.

Keywords: anaphylaxis; children; hospitalizations; trends; asthma; sex-differences

1. Introduction

Anaphylaxis is a serious, potentially life threatening, allergic reaction that is triggered
suddenly by exposure to specific allergen substances [1–4]. It may occur at any age and
often results in hospital and/or emergency department admissions [5]. For this reason,
healthcare professionals require training in how to recognize anaphylaxis and differentiate
it from other diagnoses [6]. The lifetime prevalence of anaphylaxis is around 5% and
appears to be rising [7]. In children, the estimated prevalence ranges from 0.04% to 1.8%
and is also increasing, mostly at pre-school age [8].
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Epidemiological factors associated with anaphylaxis vary with age, culture and
lifestyle [9]. Food has been considered the predominating cause of anaphylaxis, particularly
among children, and represents a significant health problem, as anaphylaxis caused by
food can contribute to mortality [10].

Between 11% and 38% of children who experienced anaphylaxis have a history of
asthma or recurrent wheezing [11]. Asthma has been identified as a risk factor for severe
and potentially fatal anaphylaxis [12]. However, in a recent study, children hospitalized for
anaphylaxis with a history of asthma did not have a higher chance of severe anaphylactic
reactions compared with children without asthma [13].

Despite the substantial burden that this problem produces in the pediatric population,
data concerning the characteristics of anaphylaxis in children in Spain are spare and they
are not updated [14,15]. Studies on temporal trends based on large national admission
databases could help to address this knowledge gap. The objectives of our study were as
follows: (a) to assess the temporal trends in the incidence, anaphylactic reaction triggers,
clinical characteristics, and hospital outcomes among children with and without asthma
who were hospitalized with anaphylaxis in Spain from 2016 to 2021; (b) to compare study
variables between children with and without asthma stratified by age and sex; (c) to identify
variables associated with severe anaphylaxis, defined as causing admission to the intensive
care unit (ICU) and/or mortality during hospitalization, among children with asthma, and
to evaluate the effect of asthma on the occurrence of severe anaphylaxis.

2. Materials and Methods

An observational, retrospective study (from 1 January 2016 to 31 December 2021) was
conducted using a population-based database, the Minimum Basic Data Set of Specialized
Care Activity Registry (RAE-CMBD in Spanish). The RAE-CMBD, owned by the Spanish
Ministry of Health (SMH), records individual information of all patients admitted to
Spanish hospitals. The collected information includes sex, age, admission date, discharge
date, diagnoses (up to 20), procedures (up to 20), and discharge destination (voluntary
discharge, home, social institution, deceased) [16]. The RAE-CMBD uses the International
Classification of Diseases, Tenth Revision (ICD-10) for coding. All diagnosis and procedure
codes used in this study are detailed in Table S1.

The study population included pediatric patients (17 years old or younger) with an
ICD-10 code for anaphylaxis in any diagnostic position within the RAE-CMBD. Subse-
quently, this population was stratified based on whether they had an asthma code in any
diagnostic position within the RAE-CMBD. Hospitalized patients with lacking data for age,
sex, dates of admission and/or discharge and discharge destination were excluded.

Different types of anaphylactic reaction triggers were recorded: food, drugs, serum, or
unspecified, according to the ICD-10 coding methodology.

The use of mechanical ventilation (invasive and non-invasive), codified in any position
in the RAE-CMBD procedure field, was also analyzed (Table S1).

Admission to the ICU refers to being admitted to the intensive care unit during
hospitalization with anaphylaxis for at least 24 h. In-hospital mortality (IHM) was the
proportion of deaths during hospitalization. A child with severe anaphylaxis was defined
as someone who required admission to the ICU and/or died during hospitalization.

2.1. Statistical Analysis

The incidence of hospitalization with anaphylaxis per 100,000 children with and
without asthma was calculated for each of the six years analyzed. Incidence rates were
calculated based on the Spanish pediatric population with asthma, grouped by age and
sex, according to the National Health Survey of 2016/2017 [17]. The pediatric populations
with asthma for the missing years (2018, 2019, 2020, and 2021) were estimated assuming
that the growth rate remained stable throughout the period. Poisson regression was used
to calculate age- and sex-adjusted incidence rate ratios (IRR) with their 95% confidence
intervals (CI).
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A descriptive statistical analysis was conducted, categorical variables were expressed
as frequencies and percentages, and for quantitative variables, mean and standard deviation
were provided.

Temporal trends were analyzed using Cochran–Mantel–Haenszel statistics or the
Cochran–Armitage test for categorical variables, and linear regression t-test or Jonckheere-
Terpstra test for continuous variables.

Categorical variables were compared using Fisher’s exact test, and continuous vari-
ables were compared using t-test or Mann–Whitney test, as necessary.

Multivariable logistic regression was used to identify variables associated with severe
anaphylaxis among children with anaphylaxis according to asthma status. The models were
constructed, including sex, age, year, reaction triggers and use of mechanical ventilation.
The results of these models are presented as odds ratios (OR) with 95% CI.

Statistical analysis was performed using Stata version 14 software (Stata, College
Station, TX, USA). A p-value of <0.05 (two-tailed) was considered significant.

2.2. Ethical Statement

According to Spanish legislation, written consent from patients or evaluation by an
ethics committee is not required since the RAE-CMBD is an administrative, mandatory,
ammonized registry, and its data can be requested online to the SMH [18]. The SMH will
evaluate the ethical and methodological issues of the suggested study protocol and, if
considered adequate, will provide the database.

3. Results

As can be seen in Table 1, during the study period, 2016–2021, there were 2573 hospital
admissions with anaphylaxis in children under 18 years old in Spain.

Table 1. Characteristics of hospital admissions with a diagnosis of anaphylaxis among children in
Spain, 2016–2021.

2016 2017 2018 2019 2020 2021 Total p Trend

N 431 421 439 432 346 504 2573 NA

Age, mean (SD) 6.9 (4.82) 7 (4.86) 6.35 (4.77) 6.94 (4.95) 6.78 (5.15) 6.68 (4.99) 6.77 (4.92) 0.396

0–5 years old, n (%) 189 (43.85) 189 (44.89) 214 (48.75) 189 (43.75) 159 (45.95) 238 (47.22) 1178 (45.78)
0.5586–11 years old, n (%) 153 (35.5) 130 (30.88) 145 (33.03) 149 (34.49) 107 (30.92) 165 (32.74) 849 (33)

12–17 years old, n (%) 89 (20.65) 102 (24.23) 80 (18.22) 94 (21.76) 80 (23.12) 101 (20.04) 546 (21.22)

Boys, n (%) 280 (64.97) 245 (58.19) 255 (58.09) 250 (57.87) 225 (65.03) 305 (60.52) 1560 (60.63) 0.081

Anaphylactic reaction due to food,
n (%) 292 (67.75) 260 (61.76) 282 (64.24) 270 (62.5) 244 (70.52) 383 (75.99) 1731 (67.28) <0.001

Anaphylactic reaction due to serum,
n (%) 15 (3.48) 14 (3.33) 17 (3.87) 8 (1.85) 10 (2.89) 14 (2.78) 78 (3.03) 0.600

Anaphylactic reaction due to drugs,
n (%) 35 (8.12) 43 (10.21) 67 (15.26) 83 (19.21) 51 (14.74) 55 (10.91) 334 (12.98) <0.001

Anaphylactic shock, unspecified,
n (%) 91 (21.11) 105 (24.94) 72 (16.4) 73 (16.9) 42 (12.14) 53 (10.52) 436 (16.95) <0.001

Invasive mechanical ventilation,
n (%) 11 (2.55) 8 (1.9) 12 (2.73) 17 (3.94) 9 (2.6) 12 (2.38) 69 (2.68) 0.578

Noninvasive mechanical
ventilation, n (%) 2 (0.46) 4 (0.95) 1 (0.23) 8 (1.85) 8 (2.31) 11 (2.18) 34 (1.32) 0.021

Admission to ICU, n (%) 29 (6.73) 55 (13.06) 49 (11.16) 59 (13.66) 44 (12.72) 36 (7.14) 272 (10.57) 0.001

IHM, n (%) 4 (0.93) 2 (0.48) 4 (0.91) 3 (0.69) 2 (0.58) 2 (0.4) 17 (0.66) 0.890

Admission to ICU or IHM, n (%) 31 (7.19) 55 (13.06) 49 (11.16) 60 (13.89) 45 (13.01) 37 (7.34) 277 (10.77) 0.001

ICU: Intensive Care Unit; IHM: In-hospital mortality; NA Not applicable.

Of all the hospital admissions, 60.63% occurred in boys, with a mean age of the study
population of 6.77 years.
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The most common anaphylactic reactions were due to food consumption (67.28%),
followed by drug consumption (12.98%) and serum consumption (3.03%). Unspecified
reactions were codified in 16.95% of the cases.

The need for mechanical ventilation was infrequent, with overall values of 2.68% for
invasive and 1.32% for noninvasive, respectively.

Among the children diagnosed with anaphylaxis from 2016 to 2021, 10.57% were
admitted to the ICU, and the IHM rate was 0.66%. Severe anaphylaxis, defined as either
admission to the ICU or IHM, occurred in 10.77% of the children.

3.1. Temporal Trends in Hospital Admissions with Anaphylaxis in the Spanish Pediatric
Population between 2016 and 2021

As indicated in Table 1, the number of hospital admissions was stable from 2016 to
2019 (around 430 per year) dropping to 346 in 2020 and rising to the highest number in
2021 (504).

Between 2016 and 2021, there was a significant increase in reactions associated with
food consumption (67.75% vs. 75.99%; p < 0.001) and reactions associated with drug
consumption (8.12% vs. 10.91%; p < 0.001). However, non-specific reactions decreased over
the study period (21.11% vs. 10.52%; p < 0.001). Figure 1 shows the evolution over time
according to the trigger type.

Figure 1. Triggers of anaphylaxis hospitalizations among Spanish children from 2016 to 2021.

The use of non-invasive mechanical ventilation increased in children with anaphylactic
reactions between 2016 and 2021 (0.46% vs. 2.18%; p = 0.021), as observed in Table 1.

The IHM remained stable and under 1% in all the years studied. The ICU admissions
and the prevalence of severe anaphylaxis showed significant variations over the study
period. oscillating between 6.73% in 2016 and 13.66% in 2019.

3.2. Temporal Trends and Characteristics of Hospital Admissions with Anaphylaxis in the Spanish
Pediatric Population Based on the Presence of Asthma

The presence of asthma among children admitted with anaphylaxis from 2016 to 2021
was codified in 12.59% (n = 324) of cases and remained stable overtime (Table 2).

Children with asthma had a higher mean age than children without asthma (9.85 years
vs. 6.33 years; p < 0.001) and a similar sex distribution.
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Anaphylactic reactions due to food consumption (73.46% vs. 66.39%; p = 0.011) were
more frequent among children with asthma, but fewer reactions due to drug consumption
(7.1% vs. 13.83%; p < 0.001) were found, as shown in Table 2.

Both in children with and without asthma, reactions associated with food consumption
significantly increased over the study period (70% and 67.39% in 2016 vs. 87.32% and
74.13% in 2021; p = 0.044 and p < 0.001, respectively). Reactions associated with drug
consumption increased in the group of non-asthmatic children (8.36% in 2016 vs. 12.01% in
2021). However, non-specific anaphylactic reactions decreased in both asthmatic children
(23.33% in 2016 vs. 5.63% in 2021; p = 0.037) and non-asthmatic children (20.75% vs. 11.32%;
p < 0.001). Figure 2 shows the triggers of anaphylaxis among Spanish children with and
without asthma from 2016 to 2021

Figure 2. Triggers of anaphylaxis hospitalizations among Spanish children from 2016 to 2021, accord-
ing to asthma status.

The use of non-invasive mechanical ventilation significantly increased (p = 0.018) in
the group of non-asthmatic children between 2016 and 2021, as indicated in Table 2.

In non-asthmatic children, the frequency of ICU admissions increased over the study
bperiod (p = 0.004). However, the frequency of severe anaphylaxis decreased (p = 0.006). In
children with asthma, over the study period, ICU admissions, in-hospital mortality, and
the frequency of severe anaphylaxis remained stable, as shown in Table 2.
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3.3. Incidence of Hospital Admission Due to Anaphylactic Reaction According to the Presence of
Asthma and Characteristics of Admission According to Age and Sex

Table 3 presents the characteristics of hospital admissions with anaphylaxis by age
groups and according to the asthma status.

Table 3. Characteristics of hospital admissions with a diagnosis of anaphylaxis among children with
and without asthma according to age groups in Spain, 2016–2021.

Asthma 0–5 Years Old 6–11 Years Old 12–17 Years Old p

Rate per 100,000 children per year Yes 49.72 82.56 46.10 <0.001
No 45.48 24.56 15.60 <0.001

Age, mean (SD) Yes 3.67 (1.25) 8.63 (1.65) 13.91 (1.63) <0.001
No 2.22 (1.79) 8.3 (1.76) 14.02 (1.58) <0.001

Boys, n (%) Yes 30 (65.22) 97 (60.63) 61 (51.69) 0.186
No 709 (62.63) 437 (63.43) 226 (52.8) 0.001

Anaphylactic reaction due to food, n (%) Yes 39 (84.78) 119 (74.38) 80 (67.8) 0.081
No 852 (75.27) 459 (66.62) 182 (42.52) <0.001

Anaphylactic reaction due to serum, n (%) Yes 0 (0) 1 (0.63) 3 (2.54) 0.257
No 38 (3.36) 19 (2.76) 17 (3.97) 0.534

Anaphylactic reaction due to drugs, n (%) Yes 0 (0) 12 (7.5) 11 (9.32) 0.109
No 104 (9.19) 97 (14.08) 110 (25.7) <0.001

Anaphylactic shock, unspecified, n (%) Yes 7 (15.22) 28 (17.5) 24 (20.34) 0.708
No 142 (12.54) 115 (16.69) 120 (28.04) <0.001

Invasive mechanical ventilation, n (%) Yes 0 (0) 5 (3.13) 5 (4.24) 0.370
No 34 (3) 13 (1.89) 12 (2.8) 0.340

Noninvasive mechanical ventilation, n (%) Yes 1 (2.17) 3 (1.88) 2 (1.69) 0.979
No 16 (1.41) 6 (0.87) 6 (1.4) 0.568

Admission to ICU, n (%) Yes 4 (8.7) 21 (13.13) 16 (13.56) 0.680
No 105 (9.28) 61 (8.85) 65 (15.19) 0.001

IHM, n (%) Yes 0 (0) 2 (1.25) 0 (0) 0.357
No 8 (0.71) 5 (0.73) 2 (0.47) 0.852

Admission to ICU or IHM, n (%) Yes 4 (8.7) 21 (13.13) 16 (13.56) 0.680
No 109 (9.63) 62 (9) 65 (15.19) 0.002

p values for comparison by age groups. ICU: Intensive Care Unit; IHM: In-hospital mortality.

The crude incidence of hospital admission with anaphylaxis in patients with asthma
was 59.75 cases per 100,000 subjects with asthma per year, while in patients without asthma,
it was 27.98 cases. Among patients with asthma, the highest incidence was observed in
the age group of 6–11 years (82.56), whereas in patients without asthma, it was in the age
group between 0 and 5 years (45.48). After using the Poisson regression model, adjusted for
age and sex, it was found that the incidence of anaphylaxis for the period 2016–2021 was
2.14 times higher among children with asthma than among those without asthma (IRR 2.14;
95% CI 1.87–2.44).

When comparing the characteristics of anaphylaxis admission based on age groups,
patients without asthma, aged between 12 and 17 years, had fewer reactions associated
with food consumption and more reactions associated with drug consumption and non-
specific reactions (all p < 0.001) compared to the other age groups (0–5 years old and 6–11
years old). Additionally, they had more admissions to the ICU (p = 0.001) and more severe
anaphylactic reactions (p = 0.002), as indicated in Table 3.

Table 4 presents the characteristics of hospital admissions with anaphylaxis by sex
and according to the asthma status.

The incidence of hospital admission with anaphylaxis in boys with asthma was
60.19 cases per 100,000 subjects with asthma, while in boys without asthma, it was 33.37.
In girls, the incidence was 59.14 in those with asthma and 22.33 in those without asthma.
After conducting the Poisson regression model, the incidence of anaphylaxis was 1.79 times
higher in boys with asthma than in those without asthma (IRR 1.79; 95% CI 1.06–2.45) and
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2.68 times higher in girls with asthma than in those without asthma (IRR 2.68; 95% CI
2.23–3.12).

Table 4. Characteristics of hospital admissions with a diagnosis of anaphylaxis among children with
and without asthma according to sex in Spain, 2016–2021.

Asthma Boys Girls p

Rate per 100,000 subjects per year Yes 60.19 59.14 NA
No 33.37 22.33 NA

Age, mean (SD) Yes 9.51 (3.84) 10.32 (3.8) 0.060
No 6.09 (4.74) 6.7 (5.11) 0.004

0–5 years old, n (%) Yes 30 (15.96) 16 (11.76) 0.186
No 709 (51.68) 423 (48.23) 0.001

6–11 years old, n (%) Yes 97 (51.6) 63 (46.32) 0.186
No 437 (31.85) 252 (28.73) 0.001

12–17 years old, n (%) Yes 61 (32.45) 57 (41.91) 0.186
No 226 (16.47) 202 (23.03) 0.001

Anaphylactic reaction due to food, n (%) Yes 134 (71.28) 104 (76.47) 0.296
No 938 (68.37) 555 (63.28) 0.013

Anaphylactic reaction due to serum, n (%) Yes 4 (2.13) 0 (0) 0.087
No 38 (2.77) 36 (4.1) 0.083

Anaphylactic reaction due to drugs, n (%) Yes 13 (6.91) 10 (7.35) 0.880
No 181 (13.19) 130 (14.82) 0.274

Anaphylactic shock, unspecified, n (%) Yes 37 (19.68) 22 (16.18) 0.420
No 221 (16.11) 156 (17.79) 0.298

Invasive mechanical ventilation, n (%)
Yes 5 (2.66) 5 (3.68) 0.601
No 35 (2.55) 24 (2.74) 0.788

Noninvasive mechanical ventilation, n (%)
Yes 6 (3.19) 0 (0) 0.035
No 16 (1.17) 12 (1.37) 0.673

Admission to ICU, n (%)
Yes 20 (10.64) 21 (15.44) 0.199
No 138 (10.06) 93 (10.6) 0.677

IHM, n (%)
Yes 0 (0) 2 (1.47) 0.095
No 8 (0.58) 7 (0.8) 0.541

Admission to ICU or IHM, n (%)
Yes 20 (10.64) 21 (15.44) 0.199
No 141 (10.28) 95 (10.83) 0.675

p values for comparison by sex. ICU: Intensive Care Unit; IHM: In-hospital mortality; NA Not applicable.

When comparing admission characteristics by sex, it was observed that in those
without asthma, the mean age of girls was higher than that of boys (6.7 years vs. 6.09
years; p = 0.004). Additionally, girls had significantly fewer reactions associated with food
consumption (63.28% vs. 68.37%; p = 0.013). In patients with asthma, only the use of
non-invasive mechanical ventilation was higher in boys than in girls (p = 0.035). The rest of
the study variables presented similar values between boys and girls, as indicated in Table 4.

3.4. Multivariable Analysis of Factors Associated with Severe Anaphylaxis during Hospital
Admission with Anaphylaxis in the Pediatric Population with and without Asthma

As indicated in Table 5, older age (12–17 years) was a risk factor for severe anaphylaxis
in children without asthma (OR 1.48; 95% CI 1.02–2.15).

The presence of reactions associated with drug consumption was associated with
severe anaphylaxis in children without asthma and in the total study population.

Additionally, in the total study population, undergoing invasive and non-invasive me-
chanical ventilation (OR 17.54; 95% CI 9.87–31.15 and OR 4.9; 95% CI 2.07–11.6, respectively)
were risk factors associated tor severe anaphylaxis.
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After adjustment, severe anaphylaxis was significantly higher in the study population
in years 2017, 2018, 2019, and 2020 compared to the year 2016.

Finally, when using the non-asthma status as the reference category, the analysis of
the entire database revealed that the presence of asthma was not associated with severe
anaphylaxis (OR 1.31; 95%CI 0.88–1.96).

Table 5. Multivariable analysis of the factors associated with in hospital mortality or admission to
intensive care unit during hospital admission among children with a diagnosis of anaphylaxis in
Spain, 2016–2021 according to asthma status.

No Asthma Asthma Both

OR (95% CI) OR (95% CI) OR (95% CI)

0–5 years old 1 1 1
6–11 years old 0.97 (0.68–1.38) 1.48 (0.43–5.16) 1.03 (0.74–1.43)

12–17 years old 1.48 (1.02–2.15) 1.22 (0.34–4.45) 1.39 (0.98–1.99)

Girls 0.97 (0.72–1.32) 1.87 (0.87–4.03) 1.05 (0.8–1.39)

Anaphylactic reaction due to drugs 2.03 (1.33–3.11) 1.77 (069–3.99) 1.95 (1.3–2.91)

Invasive mechanical ventilation 17.63 (9.5–32.73) 27.59 (4.77–159.64) 17.54 (9.87–31.15)

Noninvasive mechanical ventilation 3.59 (1.34–9.64) 42.5 (3.76–481.1) 4.9 (2.07–11.6)

2016 1 1 1
2017 2.17 (1.26–3.74) 2.2 (0.5–9.56) 2.25 (1.36–3.74)
2018 1.58(0.9–2.77) 3.64 (0.88–15.06) 1.79 (1.06–3)
2019 1.88 (1.09–3.25) 2.41 (0.58–10.09) 1.96 (1.18–3.26)
2020 1.97 (1.11–3.48) 2.26 (0.44–11.63) 2.03 (1.19–3.47)
2021 0.91 (0.5–1.67) 1.97 (0.45–8.58) 1.02 (0.58–1.78)

Asthma NA NA 1.31 (0.88–1.96)
OR: Odds Ratio; CI: Confidence Interval; NA: Not applicable.

4. Discussion

Our study provides new data regarding anaphylaxis among children. We reported
that the number of hospital admissions for anaphylaxis in children remained stable from
2016 to 2021. Previous studies investigating trends in anaphylaxis hospitalization among
children have reported conflicting results. Agreeing with us, Robinson et al. [19] found that
anaphylaxis hospitalizations among infants and toddlers in the United States were stable
from 2006 to 2015, in contrast to rising trends in older children. Similarly, Shrestha et al. [20]
reported a stable rate of anaphylaxis hospitalizations among children and adults in the
United States from 2001 to 2014, finding only an increase in children aged 5 to 14 years
with food-related reactions.

Declining trends have been reported by Motosue et al. [21] who showed a signifi-
cant decline in hospitalizations for United States children presenting with food-induced
anaphylaxis from 2005 to 2014, despite a rise in emergency department visits.

Finally, increments in hospitalizations have been published by Dyer et al. [22], who
described rising rates of food-induced anaphylaxis hospitalizations and emergency de-
partment visits in children in Illinois from 2008 to 2012. Also, Tejedor–Alonso et al. [14]
reported an increase in the frequency of admission due to anaphylaxis in Spanish hospitals
from 1998 to 2011, particularly in patients aged 0–14 years and in food anaphylaxis. More
recently, Baseggio Conrado et al. [23] evidenced a threefold increase in hospital admissions
for food anaphylaxis between 1998 and 2018 in the United Kingdom, with cow’s milk being
the most common single cause of fatal anaphylaxis.

The underlying reasons for the stable trends in anaphylaxis hospitalizations in children
obtained in our study are not known. We do not believe that our findings are due to a
decline in prevalence of anaphylaxis. In fact, recent studies on the trends in prevalence
of anaphylaxis and food allergy support a rising prevalence [5]. It is likely that our
findings are the results of several factors, including changes in disease recognition, severity,
management, and health care utilization, as already described by other authors [19,24,25].
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We also found a drop in the number of hospital admissions for anaphylaxis in 2020,
coinciding with the start of the COVID pandemic, which was recovered in 2021. The
decrease in the frequency of anaphylaxis at the start of the pandemic has been described
by other authors [26], as well as the subsequent recovery [27]. It may reflect decreased
accidental exposures due to reduced social gatherings and closed schools. The reluctance
to present to the emergency department for fear of contagion may also contribute [26,27].

Our data showed that anaphylaxis hospitalization was more likely in male than
in female children. These results are consistent with those reported by the majority of
previous studies [28,29]. Regardless of gender, we also found that food was the most
common cause of anaphylaxis in children, as previously described [30,31], representing
more than two thirds of the cases. Furthermore, unspecified causes decreased, while
reactions caused by food and drugs increased over time, possibly influenced, at least in
part, by improved coding.

Severe anaphylaxis requiring ICU admission is a rare event and difficult to study since
the number of affected patients is usually small [32]. We identified that 10.57% of children
with anaphylaxis required admission to the ICU. Sundquist et al. [33] also found a lower
ICU admission rate in children with anaphylaxis, which is clearly less than in adults.

Consistent with other studies [34], we found that IHM was low and remained stable
over time. So, the vast majority hospital admissions with anaphylaxis did not result in
death, reflecting in part the quality-of-care provided [35]. In fact, mortality appears similar
in those regions where data are available [24]. An exception is Australia, where all-cause
fatal anaphylaxis rates increased by 6.2% per annum from 1997 to 2013, primarily due to
food triggers [36]. However, when these data are analyzed by case-fatality rate (proportion
of cases admitted to hospital that result in a fatal outcome), mortality has decreased,
including with respect to fatal food-related anaphylaxis in Australia [24].

Asthma seems to be associated with the risk of anaphylaxis. In the current study,
the incidence of hospitalizations for anaphylaxis was higher in asthmatic children than in
non-asthmatic children. González–Pérez et al. [37] also demonstrated that patients with
asthma have a greater risk of anaphylaxis than those without asthma, with the risk greater
in severe than no severe asthma. Like us, they also found that women are at higher risk of
anaphylaxis than men, especially if they have severe asthma.

The relationship between asthma and severe anaphylaxis is controversial. Despite
asthma having been identified as a risk factor for severe anaphylaxis [38–41], our study did
not find that children with asthma had more severe anaphylaxis compared with those with-
out asthma. Similar results have been described by other authors [11,13,42]. Furthermore,
Motosue et al. [43] reported that asthma was less likely to be a predictor of hospitalizations,
admissions to the ICU, and endotracheal intubation. However, other authors have indi-
cated that suboptimal asthma control, rather than the presence of asthma, may increase the
likelihood of having severe anaphylaxis [44,45]. In fact, good asthma control may prevent
life-threatening acute bronchospasm after ingestion of nuts, although there may be little
effect on the severity of other symptoms of anaphylaxis such as pharyngeal edema [46].

This study has several potential limitations. First, we used administrative data, which
are susceptible to coding errors and diagnostic misclassification. Therefore, we lack detailed
information on the clinical criteria for diagnosing anaphylaxis. However, in Spain the
medical societies recommend using the Guidelines of the European Academy of Allergy
and Clinical Immunology [6]. Second, due to the nature of the national database, we did
not have information that could be relevant such as complete information on etiology and
risk factors/co-factors for anaphylaxis, detailed clinical presentation, serum (or plasma)
tryptase, or pharmacologic treatments such as epinephrin injection. Third, our study did
not include patients who were judged not to require hospitalization after an emergency
department visit. Forth, in our study, we stratified by asthma and not by other atopic
disease and clinical manifestation allergic rhinitis or/and eczema. We have chosen asthma
because in Spain it is an important public health problem and has greater severity than other
atopic diseases and clinical manifestations of allergic rhinitis and/or eczema. Furthermore,
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as commented before, there are few studies in our country and elsewhere that assess the
association of anaphylaxis and asthma and the results have been contradictory. However,
future investigations should focus on the relationship of anaphylaxis with other atopic
disease and clinical manifestation allergic rhinitis or/and eczema. Fifth, in our investigation
we have not included anaphylaxis triggered by a “toxic effect of contact with venomous
animals and plants” (ICD10 codes T63.xxx). The reason for this is that from 2016 to 2021,
only four children in the entire database (0.16%) had a T63.xxx code in their diagnosis
fields. Sixth, we also could not identify those children that suffered anaphylaxis triggered
by allergen immunotherapy or latex, as no ICD10 codes were available to identify a patient
with anaphylaxis triggered by these allergens. Regarding allergen immunotherapy, the
incidence rates of severe systemic reactions are estimated to be probably <1% [47].

The strengths of this study include the use of a large, nationally representative
database, with a 6-year study period, which provides the ability to study trends of ana-
phylaxis in Spain over time. In addition, we used rigorous methods to select the study
population and meticulous data analysis to measure outcomes.

5. Conclusions

In summary, using nationally representative data, we found that the number of
hospitalizations for anaphylaxis in children remained stable from 2016 to 2019, with a drop
in 2020 and recovery in 2021. Anaphylaxis hospitalization was more likely in male children,
and food was the most common cause, increasing over time. IHM was low and remained
stable during the study period. On the other hand, the incidence of hospitalizations for
anaphylaxis was higher in asthmatic children than in non-asthmatics, but there were no
differences in the occurrence of severe anaphylaxis among them. Increased knowledge
regarding the epidemiology of pediatric anaphylaxis in children may contribute to improve
its management.
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Abstract: Background: Dupilumab is a fully humanized monoclonal antibody that blocks interleukin-
4 and interleukin-13 signals. Several large clinical trials have demonstrated the efficacy of dupilumab
in patients with severe asthma. However, few studies have examined a switch to dupilumab from
other biologics. Methods: This retrospective, multi-center observational study was conducted by the
Okayama Respiratory Disease Study Group. Consecutive patients with severe asthma who were
switched to dupilumab from other biologics without a treatment interval between May 2019 and
September 2021 were enrolled. Patients with a treatment interval of more than twice the standard
dosing interval for the previous biologic prior to dupilumab administration were excluded. Results:
The median patient age of the 27 patients enrolled in this study was 57 years (IQR, 45–68 years).
Eosinophilic chronic rhinosinusitis (ECRS)/chronic rhinosinusitis with nasal polyp (CRSwNP) was
confirmed in 23 patients. Previous biologics consisted of omalizumab (n = 3), mepolizumab (n = 3),
and benralizumab (n = 21). Dupilumab significantly improved FEV1 (median improvement: +145 mL)
and the asthma control test score (median improvement: +2). The overall response rate in patients
receiving dupilumab for asthma as determined using the Global Evaluations of Treatment Effec-
tiveness (GETE) was 77.8%. There were no significant differences in the baseline characteristics of
the GETE-improved group vs. the non-GETE-improved group. ECRS/CRSwNP improved in 20 of
the 23 patients (87.0%). Overall, 8 of the 27 patients (29.6%) developed transient hypereosinophilia
(>1500/μL), but all were asymptomatic and able to continue dupilumab therapy. Conclusions:
Dupilumab was highly effective for the treatment of severe asthma and ECRS/CRSwNP, even in
patients switched from other biologics without a treatment interval.
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1. Introduction

Asthma is a common disease that affects 300 million people worldwide [1]. The es-
timated prevalence of severe asthma is 3–10% of the total asthmatic population [2]. As
the molecular mechanisms involved in the pathogenesis of asthma have been gradually
elucidated, new biological therapies have been developed to treat severe asthma. The
first biologic for severe asthma was the anti-IgE monoclonal antibody omalizumab, which
suppresses allergic reactions by inhibiting IgE binding to high-affinity receptors on mast
cells and basophils [3]. Omalizumab has been shown to reduce the rate of asthma exacer-
bation significantly [4]. The anti-interleukin-5 (IL-5) monoclonal antibody mepolizumab
and the anti-IL-5 receptor α (IL-5Rα) monoclonal antibody benralizumab, both available
in Japan, deplete eosinophils by binding to IL-5 or IL-5Rα, thus ameliorating eosinophilic
inflammation of the airways in asthma patients [5].

Dupilumab (Dupixent®) is the fourth biologic to become available in Japan since 2018.
It is a fully humanized monoclonal antibody of the IgG4 type, and it recognizes the alpha
subunit of the IL-4 receptor α (IL-4Rα), blocking both IL-4 and IL-13 signals [6]. IL-4 induces
the differentiation of type-2 helper T (Th2) cells and group 2 innate lymphoid cells (ILC2),
and IgE production from B cells. Th2 cells and ILC2 produce IL-5 and activate eosinophils.
IL-4 and IL-13 enhance the expression of adhesion molecules on endothelial cells and
induce the production of chemokines such as eotaxin by airway epithelial cells, thereby
recruiting eosinophils from the blood circulation to the airway mucosa. As a result of these
mechanisms, IL-4 and IL-13 induce type-2 inflammation [7]. Several large clinical trials in
patients with severe asthma have shown that dupilumab reduces asthma exacerbations,
improves scores in obstructive pulmonary impairment and asthma control tests, and
decreases the oral corticosteroid dose [8–11]. As the fourth biologic for asthma approved
in Japan, dupilumab is likely to be administered to patients previously treated with other
biologics. However, few studies have examined the effect of a switch to dupilumab from
those biologics [12–14], and no study has focused on patients who were switched without a
treatment interval. A long interval before a switch to dupilumab complicates comparisons
of efficacy vs. previous biologics. Therefore, we conducted a retrospective study to examine
the efficacy of dupilumab in patients who were switched from other biologics without a
treatment interval.

2. Materials and Methods

2.1. Study Design

This retrospective, multi-center observational study was conducted by the Okayama
Respiratory Disease Study Group. Participating institutions included Okayama University
Hospital, KKR Takamatsu Hospital, National Hospital Organization Minami-Okayama
Medical Center, National Hospital Organization Himeji Medical Center, Ehime Prefec-
tural Central Hospital, Kagawa Rosai Hospital, and Onomichi Municipal Hospital. The
study was approved by the institutional review boards of Okayama University Hospital
(no. 2112–034) and all other participating hospitals. The requirement for written informed
consent was waived because of the retrospective nature of the study. Consecutive patients
with severe asthma who were switched to dupilumab at a dose of 300 mg (loading dose,
600 mg) every 2 weeks from other biologics between May 2019 and September 2021 were
enrolled. Asthma was diagnosed based on the Japanese guidelines and the Global Initiative
of Asthma guidelines [15,16]. ECRS/CRSwNP was diagnosed using the Japanese Epi-
demiological Survey of Refractory Eosinophilic Chronic Rhinosinusitis scoring system [17].
To compare the effects of previous biologics and dupilumab, patients with a treatment
interval of more than twice the standard dosing interval for the previous biologic prior to
dupilumab administration were excluded. Patients treated with the respective biologic for
<3 months were also excluded. A high dose of inhaled corticosteroid (ICS) was defined
as a total daily dose of fluticasone propionate of 1000 μg or equivalent. A medium dose
of ICS was defined as a total daily dose of fluticasone propionate of 500 μg or equivalent.
The clinical data of patients, including disease duration, body mass index, smoking history,
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allergies, comorbidities, treatment, blood eosinophil count, exhaled nitric oxide (FeNO),
serum IgE level, and pulmonary function test, were collected from their medical records.
Because biologics affect the levels of several biomarkers (blood eosinophil count, FeNO,
and serum IgE), data prior to their administration were used to evaluate the characteristics
of the study patients.

2.2. Study Assessments

The FeNO level was measured using a NIOX VERO™ device (Aerocrine AB, Stock-
holm, Sweden). The primary efficacy outcomes included the physician-reported Global
Evaluation of Treatment Effectiveness (GETE) [4,18,19], in which the outcome is ranked as
excellent (complete control of asthma), good (marked improvement), moderate (discernible
but limited improvement), poor (no appreciable change), or worse. A GETE responder is
defined as a patient with an excellent/good response to treatment with biologic agents.
The GETE score determined after the introduction of the previous biologic was used if the
overall evaluation did not change after the switch to dupilumab. Asthmatic symptoms
were evaluated using the asthma control test (ACT), a clinically useful scoring system.
This test contains five questions related to the frequency of asthma symptoms and rescue
medication use during the previous 4 weeks [20]. Patients with ACT scores of 20–25 are
considered to have well-controlled asthma, with a minimal clinically important difference
in the ACT score of 3 points [21]. Dupilumab efficacy was evaluated between 3 months
and 1 year in most cases.

2.3. Statistical Analysis

Statistical analyses were performed using EZR software version 1.36 (Saitama Medical
Center, Jichi Medical University, Saitama, Japan) [22]. Patient characteristics were compared
using Fisher’s exact test for binary variables. Continuous variables were evaluated using
the Mann–Whitney U test or the Wilcoxon signed-rank test. A p-value < 0.05 was considered
to indicate statistical significance.

3. Results

3.1. Clinical Characteristics

Table 1 shows the clinical characteristics of the 27 patients with severe asthma who
were enrolled in this study. Comorbidities included allergic bronchopulmonary aspergillo-
sis (n = 3), eosinophilic chronic rhinosinusitis (ECRS)/chronic rhinosinusitis with nasal
polyp (CRSwNP) (n = 23), and eosinophilic otitis media (EOM) (n = 11). All patients were
treated with ICS, and nine patients (33.3%) received maintenance OCS, including five for
the treatment of asthma. Previous biologics treatments consisted of omalizumab (n = 3),
mepolizumab (n = 3), and benralizumab (n = 21). The median period of treatment with these
previous biologics was 421 days (interquartile range (IQR), 301–673 days). Dupilumab was
administered as a second-line biologic to 19 patients, as a third-line biologic to 7 patients,
and as a fourth-line biologic to 1 patient.

Levels of three biomarkers of type-2 inflammation (blood eosinophil count, serum
IgE, and FeNO) before the use of any biologics are shown in Table 1. Although analysis
was not performed for all cases due to missing data, the percentages of patients with a
blood eosinophil count >150/μL, a serum IgE level of >167 IU/mL, and an FeNO value
of >25 ppb were 80.8% (21 of 26 patients), 80.0% (16 of 20 patients), and 85.7% (18 of
21 patients), respectively. In 6 of the 27 patients, the blood eosinophil count was >1500/μL.
All but one case, in which the values of all biomarkers were not obtained, were positive for
at least one biomarker. Despite the previous treatment with biologics, 18 of 19 patients had
FeNO values greater than 25 ppb (94.7%).

The reasons for switching biologics included persistent asthmatic symptoms, per-
sistent ECRS/CRSwNP symptoms, persistent EOM symptoms, and self-administration
(Table 2). Asthma symptoms were among the reasons for switching in only 44% of cases,
while ECRS was the reason for switching in 67% of cases.
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Table 1. Clinical characteristics of the 27 study patients.

Characteristics n = 27

Age, years—median (IQR) 57 (45–68)
Male sex—n (%) 15 (55.6)

Disease duration, years—median (IQR) 12 (8–26)
Body mass index—median (IQR) 24.3 (20.0–27.4)

Smoking history
Never—n (%) 16 (59.3)

Former or current—n (%) 11 (40.7)
ACT—median (IQR) 20.5 (16–23) *

Allergies—n (%) 16 (59.3)
Comorbidity
ABPA—n (%) 3 (11.1)
ECRS—n (%) 23 (85.2)
EOM—n (%) 11 (40.7)
AD—n (%) 2 (7.4)
AR—n (%) 10 (37.0)
Treatment

High dose ICS—n (%) 18 (66.7)
Medium dose ICS—n (%) 9 (33.3)

LABA—n (%) 26 (96.3)
LAMA—n (%) 14 (51.9)
LTRA—n (%) 18 (66.7)

Xanthine—n (%) 8 (29.6)
Maintenance OCS—n (%) 9 (33.3)

Previous biologics
Omalizumab—n (%) 3 (11.1)
Mepolizumab—n (%) 3 (11.1)
Benralizumab—n (%) 21 (77.8)

Treatment period—median (IQR) 421 (301–673)
Biomarkers (before the use of any biologics)

Blood eosinophil count (/μL)—median (IQR) 690 (352–1407) *
Serum IgE (IU/mL)—median (IQR) 436 (188–881) †

FeNO (ppb)—median (IQR) 82 (56–116) ‡
FeNO before dupilumab use (ppb)—median (IQR) 60 (37–77) ‡

Pulmonary function
FEV1 (L)—median (IQR) 1.84 (1.50–2.39) ‡

%FEV1 (%)—median (IQR) 80.0% (60.1–84.9) ‡
FEV1/FVC (%)—median (IQR) 63.5 (54.0–75.3) ‡

* Data available for 26 patients. † Data available for 20 patients. ‡ Data available for 21 patients. Abbreviations:
ACT, asthma control test; ABPA, allergic bronchopulmonary aspergillosis; ECRS, eosinophilic chronic rhinosinusi-
tis; EOM, eosinophilic otitis media; AD, atopic dermatitis; AR, allergic rhinitis; ICS, inhaled corticosteroid; LABA,
long-acting beta-2 agonist; LAMA, long-acting muscarinic antagonist; LTRA, leukotriene receptor antagonist;
OCS, oral corticosteroids; FeNO, fractional exhaled nitric oxide; FEV1, forced expiratory volume in one second;
FVC, forced vital capacity; IQR, interquartile range.

Table 2. Reasons for switching biologics.

Reasons (n = 27) n (%)

Asthmatic symptoms 5 (18.5)
Asthmatic and ECRS symptoms 7 (25.9)

ECRS symptoms 10 (37.0)
EOM symptoms 3 (11.1)

ECRS and EOM symptoms 1 (3.7)
Self-administration 1 (3.7)

Abbreviations: ECRS, eosinophilic chronic rhinosinusitis; EOM, eosinophilic otitis media.

3.2. Efficacy of Dupilumab

Figure 1a,b show the changes in FEV1 and %FEV1 values before and after dupilumab
administration. Dupilumab significantly improved FEV1 in the 20 patients for whom data
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were available (median improvement in FEV1 of +145 mL; IQR, +88–358 mL; p < 0.01).
FEV1 decreased slightly in 2 patients (−20 mL and −70 mL) but increased in the remaining
18 patients, especially in 7 patients (35.0%) who had an improvement of >200 mL. The
%FEV1 improved by >5% in 55% of the patients; the median improvement was +5.4% (IQR,
+3.0–15.9%; p < 0.01). It also significantly improved the ACT scores of 20 patients for whom
data were available (Figure 1c). Only one patient had a one-point drop in the ACT score,
whereas eight patients had a score improvement of ≥3 points. The median improvement
in the ACT score was +2 (IQR, +1–5; p < 0.01).

Figure 1. Effect of dupilumab on FEV1 and ACT score. (a) FEV1, (b) %FEV1, and (c) ACT score before
and after dupilumab administration. * Data available for 20 patients.

Table 3 shows the efficacy of dupilumab and previous biologics for the treatment of
severe asthma based on the GETE. The overall responder rate (excellent/good) following
dupilumab treatment was 77.8%. After switching, scores improved in 14 patients (51.9%)
but deteriorated in 1 patient. Among the 15 patients for whom an improvement in asthma
symptoms was not the reason for the switch to dupilumab, an improved GETE was
recorded in 5 patients (33.3%). A decrease in the OCS dose was possible in four of the nine
OCS-treated patients.
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Table 3. GETE score of dupilumab-treated patients (n = 27).

GETE Score Previous Biologics: n (%) Dupilumab: n (%)

Excellent 3 (11.1) 6 (22.2)
Good 8 (29.6) 15 (55.6)

Moderate 12 (44.4) 4 (14.8)
Poor 4 (14.8) 1 (3.7)

Worsening 0 (0) 1 (3.7)
Excellent/Good 11 (40.7) 21 (77.8)

Abbreviations: GETE, global evaluations of treatment effectiveness.

The trends in FeNO levels from before treatment with any biologics to after dupilumab
administration are shown in Figure 2. In all 16 patients for whom FeNO levels were
available before and after dupilumab administration, dupilumab reduced levels, with a
reduction >100 ppb achieved in 4 patients.

 
Figure 2. Trends in FeNO levels from before treatment with any biologics to after dupilumab
administration. * Data available for 16 patients.

Our study included six patients with blood eosinophil counts >1500/μL before treat-
ment with biologics, all of whom were switched from mepolizumab (n = 1) or benralizumab
(n = 5). In four, the FEV1 increased by >100 mL. In this group, according to the GETE, the
overall responder rate (excellent/good) among dupilumab-treated patients was 66.7%.

The GETE-improved and non-improved groups were compared to detect predictors of
the efficacy of dupilumab in asthma patients (Table 4). There were no significant differences
between the two groups, and no predictors of response based on the GETE in patients
switched to dupilumab from other biologics could be identified.

Although our analysis was limited to the 20 patients for whom data were available, the
ACT-improved group (+3 ≤ ACT) was compared to the non-improved group (ACT < +3).
Both blood eosinophil count before the use of any biologics and FeNO level before the use
of dupilumab were significantly higher in the ACT-improved group than in the non-ACT-
improved group (Table 5). A comparison of the FEV1-improved group (100 mL ≤ ΔFEV1)
with the non-improved group (ΔFEV1 < 100 mL) for the 20 patients for whom data were
available did not reveal a significant difference between the two groups (Table 6).

Table 7 shows the efficacy of dupilumab for the treatment of ECRS/CRSwNP as evalu-
ated based on physician assessment. ECRS/CRSwNP improved in 20 of the 23 patients
(87.0%) with ECRS/CRSwNP.
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Table 4. Comparison between the GETE-improved group and the non-GETE-improved group.

GETE-Improved
(n = 14)

Non-GETE-Improved
(n = 13)

p-Value

Age, years—median (IQR) 62 (52–72) 55 (41–60) 0.14
Male sex—n (%) 10 (71.4) 5 (38.5) 0.13

Body mass index—median (IQR) 24.6 (22.8–27.8) 20.8 (18.5–26.4) 0.26
Never smoker—n (%) 6 (42.9) 10 (76.9) 0.12

ABPA—n (%) 3 (21.4) 0 (0) 0.22
ECRS—n (%) 11 (78.6) 12 (92.3) 0.60
EOM—n (%) 7 (50.0) 4 (30.8) 0.44

Maintenance OCS—n (%) 4 (28.6) 5 (38.5) 0.70
Biomarkers (before the use of any biologics)

Blood eosinophil count (/μL)—median (IQR) 601 (270–1144) 703 (498–1695) 0.53
Serum IgE (IU/mL)—median (IQR) 395 (296–710) 272 (135–584) 0.43

FeNO (ppb)—median (IQR) 82 (50–124) 87 (57–103) 0.97
FeNO before dupilumab use (ppb)—median (IQR) 71 (49–125) 51 (36–68) 0.39

Abbreviations: GETE, global evaluations of treatment effectiveness; ABPA, allergic bronchopulmonary aspergillo-
sis; ECRS, eosinophilic chronic rhinosinusitis; EOM, eosinophilic otitis media; OCS, oral corticosteroids; FeNO,
fractional exhaled nitric oxide; IQR, interquartile range.

Table 5. Comparison between the ACT-improved group and the non-improved group.

ACT-Improved
(n = 8)

Non-ACT-Improved
(n = 12)

p-Value

Age, years—median (IQR) 56 (43–64) 60 (46–73) 0.33
Male sex—n (%) 4 (50.0) 8 (66.7) 0.65

Body mass index—median (IQR) 25.5 (23.0–27.7) 21.2 (19.4–25.0) 0.22
Never smoker—n (%) 5 (62.5) 7 (58.3) 1.00

ABPA—n (%) 2 (25.0) 0 (0) 0.15
ECRS—n (%) 7 (87.5) 9 (75.0) 0.62
EOM—n (%) 3 (37.5) 5 (41.7) 1.00

Maintenance OCS—n (%) 3 (37.5) 2 (16.7) 0.35
Biomarkers (before the use of any biologics)

Blood eosinophil count (/μL)—median (IQR) 1045 (699–1682) 439 (95–516) * <0.01
Serum IgE (IU/mL)—median (IQR) 388 (183–710) † 272 (150–433) ‡ 0.54

FeNO (ppb)—median (IQR) 87 (40–126) 67 (57–101) § 0.89
FeNO before dupilumab use (ppb)—median (IQR) 68 (58–88) 36 (33–47) ‡ 0.04

* Data available for 11 patients. † Data available for 7 patients. ‡ Data available for 8 patients. § Data available
for 9 patients. Abbreviations: ACT, asthma control test; ABPA, allergic bronchopulmonary aspergillosis; ECRS,
eosinophilic chronic rhinosinusitis; EOM, eosinophilic otitis media; OCS, oral corticosteroids; FeNO, fractional
exhaled nitric oxide; IQR, interquartile range.

3.3. Adverse Events

Figure 3a shows blood eosinophil counts before the use of any biologics, before the
use of dupilumab, and after the use of dupilumab. Transient hypereosinophilia >1500/μL
occurred in 8 of the 27 study patients (29.6%), and a value >3000/μL was observed in
3 patients (11.1%). The highest blood eosinophil count value was 5546/μL. The median time
for the blood eosinophil count to reach its highest value was 182 days (IQR, 113–283 days).
All patients with dupilumab-induced hypereosinophilia were asymptomatic. Dupilumab
was interrupted due to hypereosinophilia in one patient but was later resumed. One patient
had an adverse event of diarrhea, but dupilumab was continued. Figure 3b shows the
changes in the eosinophil counts of the six patients with blood eosinophil counts >1500/μL
before the use of any biologics. In four of the patients (66.7%), blood eosinophil counts
increased to >1500/μL after dupilumab administration. All patients were asymptomatic
and were able to continue dupilumab therapy.
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Table 6. Comparison between the FEV1-improved group and the non-improved group.

FEV1-Improved
(n = 14)

Non-FEV1-Improved
(n = 6)

p-Value

Age, years—median (IQR) 62 (57–69) 46 (44–67) 0.54
Male sex—n (%) 10 (71.4) 3 (50.0) 0.61

Body mass index—median (IQR) 23.2 (20.5–25.8) 27.2 (22.6–32.0) 0.19
Never smoker—n (%) 6 (42.9) 5 (83.3) 0.16

ABPA—n (%) 1 (7.1) 1 (16.7) 0.52
ECRS—n (%) 12 (85.7) 5 (83.3) 1.00
EOM—n (%) 6 (42.9) 2 (33.3) 1.00

Maintenance OCS—n (%) 4 (28.6) 1 (16.7) 1.00
Biomarkers (before the use of any biologics)

Blood eosinophil count (/μL)—median (IQR) 692 (460–1848) 488 (359–1059) 0.44
Serum IgE (IU/mL)—median (IQR) 395 (157–710) * 188 (150–206) † 0.28

FeNO (ppb)—median (IQR) 73 (55–100) ‡ 101 (56–124) § 0.57
FeNO before dupilumab use (ppb)—median (IQR) 68 (57–77) ¶ 39 (36–41) § 0.27

* Data available for 11 patients. † Data available for 4 patients. ‡ Data available for 12 patients. § Data available
for 5 patients. ¶ Data available for 10 patients. Abbreviations: FEV1, forced expiratory volume in one second;
ABPA, allergic bronchopulmonary aspergillosis; ECRS, eosinophilic chronic rhinosinusitis; EOM, eosinophilic
otitis media; OCS, oral corticosteroids; FeNO, fractional exhaled nitric oxide; IQR, interquartile range.

Table 7. Efficacy of dupilumab for ECRS based on assessment of each physician.

ECRS Symptoms (n = 23) no. (%)

Improved 20 (87.0)
No change 3 (13.0)
Worsening 0 (0)

Abbreviations: ECRS, eosinophilic chronic rhinosinusitis.

Figure 3. Trends in blood eosinophil counts from before treatment with any biologics to after
dupilumab therapy. (a) All patients, (b) the six patients with blood eosinophil counts >1500/μL.

4. Discussion

A switch to dupilumab therapy has been examined in a few studies. Dupin et al.
reported the efficacy of dupilumab in patients with severe asthma, nearly all (97%) with a
history of biologics treatment [12]. The study showed significant improvements in ACT
scores and FEV1 values after dupilumab administration. Another study of 16 patients
with a history of biologics treatment found that dupilumab was effective for preventing
exacerbations and reducing the steroid dose [13]. However, those studies did not specify
the period between discontinuation of the previous biologic and dupilumab administration.
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Mümmler et al. reported the efficacy of a switch to dupilumab therapy. After the switch,
patients had better asthma control, improved lung function, and decreased FeNO, total
IgE, OCS dosage, and exacerbation rate [14]. The study allowed up to 6 months between
the switch to dupilumab and the discontinuation of a previous biologic.

Despite the demonstrated efficacy of dupilumab in patients with a history of biologics
treatment reported in previous studies, it is difficult to compare the efficacy of dupilumab
with that of previous biologics due to differences in the interval before dupilumab initiation.
The present study, however, was limited to a short switching interval and thus allowed
a clear comparison between previous biologics and dupilumab. Our results show that
dupilumab improved lung function and symptoms in the absence of a treatment interval
following the discontinuation of previous biologics. The switch to dupilumab also led to a
reduction in FeNO. In the QUEST study, dupilumab treatment significantly reduced FeNO
levels [8], as is also reported for other biologics [23–25]. Our results similarly imply that
dupilumab is more effective than other biologics in decreasing FeNO levels.

While some patients with severe asthma clearly responded better to dupilumab
than to other biologics, we were unable to identify the predictors of a better response.
GETE-improved and non-improved groups were compared to identify the predictors of
dupilumab efficacy for the treatment of asthma. Blood eosinophil counts and FeNO were
promising candidates, as their predictive ability was previously reported [8,9]. Dupilumab
resulted in a greater benefit with respect to the prevention of severe asthma exacerbation, an
improved FEV1, and reduced glucocorticoid use among patients with relatively high blood
eosinophil counts and FeNO levels. However, neither blood eosinophil count nor FeNO
level could be confirmed as predictive of a response to dupilumab as defined by the GETE.
Patients with a high blood eosinophil count or a high FeNO level are more likely to respond
to other biologics, as well as to dupilumab [26–31]. Therefore, it may be difficult to predict
whether dupilumab is more likely to be effective based on these biomarkers. In addition,
ECRS/CRSwNP patients have elevated FeNO levels [32]. In the present study, 85.2% of
patients had concomitant ECRS/CRSwNP, which may have influenced their FeNO levels,
reducing the predictability of efficacy. Nonetheless, a previous study reported that FeNO
levels were predictive of efficacy, even in patients who had switched biologics [14]. Our
analysis based on the ACT also indicated higher FeNO levels before the use of dupilumab
and higher blood eosinophil counts before the use of any biologics in the ACT-improved
group than in the non-ACT-improved group. Therefore, while these biomarkers may be
candidates, larger studies are needed to identify clear predictors of efficacy in patients who
have switched to dupilumab from other biologics.

The efficacy of dupilumab in asthma patients with blood eosinophil counts >1500/μL
was not established in the QUEST trial because it excluded these patients at screening [8].
In our study, the six patients with blood eosinophil counts >1500/μL were switched from
anti-IL-5/IL-5 receptor antibody to dupilumab, resulting in an improved FEV1 and a
high response rate (66.7%) based on the GETE. These results imply that dupilumab is a
worthwhile treatment option, even in patients with blood eosinophil counts >1500/μL, a
condition under which anti-IL-5/IL-5 receptor antibody treatment is preferred.

The high efficacy of dupilumab determined in this study may have been influenced
by patient selection. Among our patients, the proportion with ECRS/CRSwNP was very
high (85.2%) and was higher than the proportion in severe asthma cohorts enrolled in
recent randomized controlled trials (~20%) [8,33]. A post hoc analysis of the QUEST trial
data implied higher dupilumab efficacy in patients with complicated chronic sinusitis [33].
Further studies are needed to determine whether dupilumab is equally effective for patients
without ECRS/CRSwNP.

We observed that dupilumab improved ECRS/CRSwNP in 20 of the 23 patients
(87.0%). Although other biologics (omalizumab, mepolizumab, benralizumab) have
also been reported to be effective against ECRS/CRSwNP [34–36], the high efficacy of
dupilumab in our switched cases implies that it is more effective against ECRS/CRSwNP
than the other biologics.
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Previous analyses of dupilumab-related adverse events among patients in clinical trials
have reported that hypereosinophilia (>3000/μL) developed in 1–13% of them [7,8,37,38].
Most of these events occurred in patients with high baseline eosinophil levels (>500/μL) and
were not associated with symptoms or discontinuation of therapy [38]. In our study, 11.1%
of patients had eosinophilia >3000/μL, but all were asymptomatic and were able to continue
dupilumab therapy. Although hypereosinophilia should be monitored, dupilumab was
safe in patients switched from other biologics, even for those with baseline blood eosinophil
counts >1500/μL.

Our study had several limitations. First, it was retrospective, was non-randomized,
and had a small sample size. Second, some data were missing due to the retrospective
nature of the study. Third, because of the high proportion of patients with ECRS/CRSwNP
complications, it could not be determined whether our results can be generalized to all
patients with severe asthma. Fourth, as 77.8% of patients switched from benralizumab,
the efficacy of dupilumab in patients switching from omalizumab or mepolizumab could
not be adequately studied. To address these limitations, larger prospective observational
studies are needed that stratify patients according to ECRS/CRSwNP status and previous
biologics. Despite these limitations, the real-world data provided by our study support
the efficacy and safety of a therapeutic switch to dupilumab, particularly for patients with
ECRS/CRSwNP.

5. Conclusions

Dupilumab is expected to be highly effective for the treatment of severe asthma
and ECRS/CRSwNP, even in patients who are switched from other biologics without a
treatment interval.
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Abstract: This research aims to determine acute bronchiolitis’ causative virus(es) and establish a
viable protocol to classify the Human Rhinovirus (HRV) species. During 2021–2022, we included
children 1–24 months of age with acute bronchiolitis at risk for asthma. The nasopharyngeal samples
were taken and subjected to a quantitative polymerase chain reaction (qPCR) in a viral panel. For
HRV-positive samples, a high-throughput assay was applied, directing the VP4/VP2 and VP3/VP1
regions to confirm species. BLAST searching, phylogenetic analysis, and sequence divergence took
place to identify the degree to which these regions were appropriate for identifying and differentiating
HRV. HRV ranked second, following RSV, as the etiology of acute bronchiolitis in children. The
conclusion of the investigation of all available data in this study distributed sequences into 7 HRV-A,
1 HRV-B, and 7 HRV-C types based on the VP4/VP2 and VP3/VP1 sequences. The nucleotide
divergence between the clinical samples and the corresponding reference strains was lower in the
VP4/VP2 region than in the VP3/VP1 region. The results demonstrated the potential utility of the
VP4/VP2 region and the VP3/VP1 region for differentiating HRV genotypes. Confirmatory outcomes
were yielded, indicating how nested and semi-nested PCR can establish practical ways to facilitate
HRV sequencing and genotyping.

Keywords: acute bronchiolitis; asthma; genotyping; human rhinovirus; sequencing; virus; bioinformatics

1. Introduction

Due to wheezing, viral respiratory infections are the leading cause of hospitalization
among newborns and young children [1]. The most common cause is thought to be respiratory
syncytial virus (RSV). Other infections, in addition to Mycoplasma pneumoniae, cause wheezing
in children, including human metapneumovirus (hMPV), influenza virus, parainfluenza
virus, and adenovirus [2–5]. However, human rhinovirus (HRV) has been identified equally
frequently as RSV in children hospitalized with wheezing disorders [6–11]. Several studies
indicate that HRV is a substantial risk factor for later wheeze or asthma development [12–16].

The family “Picornaviridae”, genus “Enterovirus” (EV), has three HRV species:
HRV-A, -B, and -C. Over 160 rhinovirus types have been identified, which include 99 classic
HRV-A and HRV-B types [17], in addition to six novel HRV-A genotypes, five novel HRV-B
genotypes, and fifty-one novel HRV-C genotypes.

Screening methods based on polymerase chain reaction (PCR) are less complicated and
more objective [18]. A classification system based on sequence data was optimal because
PCR is a ubiquitous technique in laboratories and online databases contain a wealth of
nucleotide sequence data. Such a system was devised for EV in 1999 [19]. Owing to their
sensitive nature, it is possible to facilitate the diagnosis of previously unencountered HRV
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variants [20–23] and prototypic strains [24–26]. Noteworthy, sequence motifs of this kind
constitute the aim of almost all primers and probes that have undergone publication, but it
is important to recognize that they each reflect a distinct placement, length, and assay type
(the standard, quantitative, nested, and one-step PCR approaches are employed).

The application of the HRV’s 5′ untranslated region (UTR) for genotyping purposes
does reflect a variety of limitations. As a case in point, the 5′ UTR is linked to the non-
specific amplification of RNA large regulator non-coding RNA B2 or human genomic DNA
chromosome 6 sequences, both of which give rise to a 424 bp non-specific product (similar
in size to the virus-specific amplicon, 390 bp) [23,27,28]. It is expected for non-specific
results of this kind to arise in the context of clinical samples reflecting high human RNA
concentrations or clinical samples that have been contaminated with genomic DNA. Owing
to the suggested recombination between species, aspects of the 5′ UTR sequences for the
HRV-A and C types are characterized by a certain degree of genetic similarity [29,30].
Furthermore, structural genes, as a result of considerable sequence variance, cannot be
viably employed as a universal diagnostic primer. Nevertheless, as identified with a
phylogenetic analysis of the capsid-coding regions, the A, B, and C HRV species are
clearly delineated, and the disparities that exist between each mean that the regions can be
distinguished from one another [31–34].

It was necessary to consider the probable molecular genotype determinants to classify
EV based on sequence data. Studies of the viral-capsid protein 1 (VP 1) sequence divergence
led to the proposal of a 25% nucleotide and 12% amino acid divergence threshold for
classifying EV types [19]. Numerous new varieties of EVs have been classified based on
these thresholds [35–39]. As some EV isolates have documented evidence of recombination
within the capsid region [40,41], it is recommended that only VP1 be used for typing in EV.
Previous efforts to classify EV by VP2 sequences have been unsuccessful [42,43].

In standard practice, neutralization assays have been superseded by molecular meth-
ods for classifying EV isolates. It has been determined that these methods consistently
outperform serotyping in terms of accuracy, efficiency, and classification of new types [44].

It is no longer practicable or desirable to consider all HRV types as a single biological
and clinical entity, as their genetic diversity and range of distinct clinical manifestations
are so extensive. There are currently no conclusive links between any HRV type and a
specific disease. As the spectrum of severe clinical illnesses attributed to HRV infection
becomes better understood, it will likely become necessary to routinely screen for HRV in
diagnostic settings and initiate large-scale epidemiological studies to determine circulation
patterns and strain associations. A simple and practical system of classifying HRV into
types, analogous to the system currently used for EV [45], will facilitate the investigation
of potential outbreaks and nosocomial transmission as well as type-specific biological
properties, such as the identification of types with potentially increased virulence.

The immediate aim of this research has been to establish a viable protocol by which it is
possible to classify HRV species and types and to ensure that this protocol is characterized
by high sensitivity, specificity, and cost-effectiveness. There are no epidemiologic inves-
tigations in Jordan on the prevalence of the causative pathogens in young children with
acute bronchiolitis, focusing on HRV genotypes. Therefore, we used reverse-transcriptase
polymerase chain reaction (RT-PCR) testing on the nasopharyngeal secretion of young
children brought to the emergency room (ER) for the first time for acute wheezing to
identify the related pathogen(s).

2. Materials and Methods

2.1. Study Design and Population

The approval of the study was received from the Research Ethics Committee of the
Al-Rayhan Medical Center, Amman, Jordan (ARMC-2021-IRB-7-1), with informed, written
consent from the parents of the children.
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Between August 2021 and August 2022, we invited the participation of children
between 1 and 24 months of age admitted to the ER with the first episode of acute wheezing
associated with a viral upper respiratory infection.

We excluded children with (1) symptoms for longer than seven days, (2) previous
endotracheal intubation, (3) a history of asthma or atopy with an excellent response to the
first dose of β2-agonist nebulization, (4) a contraindication to corticosteroid, (5) premature
birth, or (6) current or a history of COVID-19.

2.2. Data and Specimens’ Collection and Follow-Up

A sample of nasopharyngeal secretion was collected from each child upon admission
to the ER by inserting a disposable suction catheter connected to a mucus extractor and
applying gentle suction without inserting any solution into the nostrils. The obtained
secretion was promptly placed in a tube containing viral transport media and sent to a
laboratory, where samples for pathogen detection were aliquoted and frozen at −80 degrees
Celsius until processing. The specimens were deposited in 2 mL cryo-safe-labeled tubes
containing the laboratory’s identification and the date.

Each child’s demographic characteristics, medical history, treatments, and clinical
course were thoroughly recorded. All children were offered optional follow-up consulta-
tions one month after discharge, then every three to six months for three years. Children
diagnosed with respiratory disease or asthma were welcome to return for longer-term,
routine follow-ups. All medical records will be examined at the end of the third year. Any
child who misses a follow-up appointment will be contacted by phone to inquire about any
respiratory diseases and treatments they may have received.

2.3. Nucleic Acid Extraction from Samples

The samples were thawed in a water bath at 37 ◦C before nucleic acid extraction.
The automated total nucleic acid extraction was performed by the BIOBASE Kit from 200
μL samples using the magnetic beads method (Biobase Biodustry (Shandong) Co. Ltd.,
Shandong, China) [46,47]. After extraction, the 100 μL eluted nucleic acid samples were
used for virus detection. Then, the remaining volume of samples was transferred to 1.5 mL
conical tubes and deeply frozen at −80 ◦C for HRV retrospective investigation at the end
of the study.

2.4. Respiratory Viral Detection

The respiratory samples were subjected to real-time qPCR testing (amplification mix
preparation) in a respiratory viral panel, including Adenovirus (ADV), Bocavirus (BOV);
Coronavirus (COV); Generic influenza (FLU); Human rhinovirus (HRV); Metapneumovirus
(MPV); Parainfluenza (PF); and Respiratory syncytial virus (RSV), covering several sub-
types as detailed in a recent study [48]. The TIANLONG: Real-Time PCR System with
48-well block equipment was used using the appropriate kits and primers, according to a
recent publication [48]. HRV detection in those clinical specimens was carried out using
specific primers that targeted the HRV genome’s highly conserved 5′-NCR. According
to a recent study, the absolute quantification approach was utilized to analyze the
samples [49]. SARS-CoV-2 detection was performed using real-time PCR, as outlined in
previous studies [49,50].

2.5. PCR Protocol for HRV-Positive Samples Targeting VP4/VP2 and VP3/VP1 Regions
2.5.1. PCR Primers for HRV VP Regions

Different PCR primers were used to cover various genome regions in the viral-capsid
protein (VP) of HRV. All PCR primers were designed in previous studies (Table 1) and
synthesized by Sigma-Aldrich, Gillingham, UK, using DST purification (the “stage A” of
PCR optimization in this study, as shown in Figure S1) and HPLC purification (stage B of
this study). These primers target VP1, VP3/VP1, the VP4 region, and a section of the VP2
genome region (VP4/VP2). As recommended by Sigma, the primers were reconstituted
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in the corresponding volumes of nuclease-free water to obtain a concentration of 100 μM.
After 30 min, the tubes were vortexed for a few seconds. A quantity of 10 μM is prepared
for each primer by diluting 20 μL of the original primers’ tubes with 180 μL nuclease-free
water. All primers were stored in a −20◦ freezer.

Table 1. Summary of master mixes used for nested and semi-nested PCR.

1st-Round
PCR Assay

OS Primer OAS Primer
2nd-Round
PCR Assay

IS Primer IAS Primer
PCR Product
Length (bp)

Nested PCR
B 92,580 = F187 R 92383 E F VP1F R VP1R 665
W W:F W:R X X:F X:R 929
Y Y:F Y:R Z Z:F Z:R 563

Semi-nested PCR
A F 92378 R 92379 a D F92580 = F187 R 92379 a 355
C F 92380 b R 92383 E F VP1F b R VP1R 455

a The reverse primer is the same in master mixes A and D. b The forward primer is the same in master mixes C
and E. Throughout this study, the single letter, for example, A, B, C, and so forth, refers to assays (master mixes)
used in a single-round PCR. Whereas a combination of 2 letters separated by a colon “:”, for example, A:D, Y:Z.,
and so forth, is used to refer to nested or semi-nested PCR assays, the first letter (the assay, the master mix) means
that its first-round PCR product was used as a template with the second master mix (the second letter). These
master mixes (assays) target various regions in the HRV genome; assay A targets VP3/VP1, whereas assays B, C,
A:D, B:E, and C:E target VP1. Assays W, Y, W:X, and Y:Z are directing the VP4/VP2 region in HRV. Abbreviations:
OS: outer sense, OAS: outer antisense, IS: inner sense, IAS: inner antisense.

The term “serotype” indicates identification and classification by directly investigating
antigenic properties. Therefore, we have used the term “genotype” or simply “type” to
represent HRV types identified and classified by sequence data alone. The highly con-
served “5′ untranslated region” (5′-UTR), and “5′ non-coding region” (5′-NCR) are used
interchangeably throughout the paper.

2.5.2. Pre-PCR and PCR Protocol

Different master mixes were used with different primer combinations, as shown in
Table S2. The second-round PCR used the D, E, X, and Z master mixes to increase the
specificity of detection.

This study was divided into two main stages: “stage A” which is limited in the flow
chart (Figure S1), briefly included ten steps of PCR optimization using DST-purified primers.
Whereas “stage B” represents the second period and most of this method development study.

Regarding stage B, initially, the first-round PCR’ master mix, which contained re-
verse transcriptase (RT) reagents from SuperScript™ III Platinum™ One-Step RT-PCR Kit
(Invitrogen, Thermo Fisher, Oxford, UK), was processed following the manufacturer’s
instructions, and 20 μL aliquots were placed into the reaction tubes (Table S3). Following
this, 5 μL of the RNA extraction eluate from the clinical samples was added to the reaction
tubes containing the first-round PCR master mix to create a final volume of 25 μL before
transferring the reaction mixture to the PCR machine.

The LightCycler® Multiplex DNA master (Roche, Burgess Hill, UK, cat. no. 07 339 577 001)
and the Platinum® SYBR® Green qPCR SuperMix-UDG (Thermo Fisher, UK, cat. no.
11733038) were both used in the second-round PCR with the D, E, X, and Z master mixes
(Tables S4 and S5, respectively). A master mix comparison was performed using the four
highest HRV-load samples.

For HRV screening, DNA fragments were amplified via PCR. The PCR protocol in-
volves a series of temperature-dependent stages performed cyclically. The reaction mixture
was reverse-transcribed into cDNA. Then the mixture was subjected to denaturation of
the target DNA (either cDNA or first-round PCR product), followed by primer annealing,
nucleotide extension, and a final extension step. Table S6 represents the thermal cycles
applied to all stage B’s first and second-round PCR reactions in this study.
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The DNA polymerase is rendered unreactive at room temperature by complexing the
Platinum Taq with an activity-blocking antibody, thereby increasing sensitivity by halting
non-specific annealing. Polymerase activity resumes at higher temperatures during thermal
cycling (Table S6) as the complexed antibody is denatured.

The first-round product attained from the Superscript III reaction was used directly
in the second round of PCR, as previously described by mixing 1 μL of this product with
24 μL of the second-round PCR’ master mix.

2.5.3. Variations of the Standard PCR Technique (Nested and Semi-Nested PCR)

The study also adopted other PCR cycling profiles in addition to the standard PCR
described. These were nested and semi-nested PCR. Table 1 shows the master mixes
summary detailing the PCR products’ length and the primers used for semi-nested and
nested PCR.

2.5.4. Agarose Gel Electrophoresis

The gel electrophoresis used for stage B in this study is 1% agarose (ABgene Multi
ABgarose, Thermo Fisher Scientific, UK). The agarose gels were dissolved in 1X Tris-
Borate-EDTA (TBE) buffer (made from ×10 Gibco Ultra-Pure TBE buffer) (Thermo Fisher
Scientific, UK) containing 1× pegGREEN. GeneRuler 1 kb or 100 bp DNA Ladder (Thermo
Scientific, UK) was used. All PCR products were run at a constant voltage of 100 V for 1 h
and 30 min. The resultant gels were observed under UV light and photographed using a
BioSpectrumAC Imaging System V2.

2.5.5. PCR Product Clean-Up Procedure

All PCR products underwent a PCR clean-up step to remove unincorporated primers
and deoxyribonucleotide triphosphates (dNTPs) and improve sequencing reaction fidelity.
The spin column PCR purification step was performed using the QIAquick PCR Purification
Kit (Qiagen, Manchester, UK), combining three main phases: binding, washing, and eluting
the DNA. The resulting mixture was then used directly for sequencing reactions.

2.6. Sanger Sequencing Workflow

All HRV sequencing was performed using the Sanger method, in which the reaction
mixture comprises all four-chain terminating dideoxynucleotides labeled with distinct
fluorescent dyes, allowing the DNA sequence to be determined sequentially [18]. This
was accomplished using the ABI BigDye Terminator kit (Applied Biosystems, Cheshire,
UK), with the reagents and cycling conditions described in the supplementary data
(Tables S7 and S8). Using appropriate PCR primers, PCR products were sequenced in both
sense and antisense orientations to enable dual coverage (Figure 1). The quantity of BigDye
used in each reaction was modified based on the fragment size.

A pGem and NTC were included as controls for each set of sequence reactions. The
plate was sealed with an adhesive PCR seal (ABGene, AB-0558) and spun briefly (1500× g
for 30 s) in a centrifuge to ensure the reaction mix was at the bottom of the well. The results
of Sanger sequencing were returned in the form of FASTA and corresponding ABI files.

2.7. Bioinformatic Methods
2.7.1. Sequence Alignment and Database Searching

All phylogenetic and evolutionary analyses depend on correctly identifying and
aligning homologous sequences in a sequence alignment. The alignment process is funda-
mental to all subsequent analyses and prevents erroneous conclusions regarding phylogeny,
genetic diversity, and recombination.

Sequences were imported into Lasergene SeqMan Pro version 15 (DNASTAR Inc.,
Madison, WI, USA) and initially aligned with the Pro Assembler algorithm implemented
within the software. Any gaps and mismatches between the sense and antisense sequences
were resolved by inspecting the associated chromatograms. Amino acid sequences were
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obtained by translating nucleotide sequences in the DNASTAR V15 software package using
a standard genetic code.

Figure 1. Illustration of polymerase chain reaction (PCR) products for the six optimal assays (with
HRV genome targets’ regions). Above are given the first- and second-round PCR products (i.e., the
horizontal lines) for the six optimal assays in the research, including the lengths, placements (in
relation to one another), and the VP target regions in the HRV genome. Product length (bp) is
indicated, and the PCR product numbers give the positional number of the nucleotides inside
the HRV genome (i.e., the 5′ and the 3′, on the left and right, respectively). Abbreviations: viral-
capsid protein (VP).

Sequences of HRV PCR products were analyzed using nucleotide and protein BLAST
(BLASTN and BLASTX, http://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 1 November 2022)
to obtain the maximum number of matching and potentially homologous sequences
for analysis.

BLAST is a heuristic that, despite being rapid and relatively accurate, sacrifices some
accuracy for speed and cannot guarantee that all homologous sequences will be returned.
Consequently, optimizing particular parameters is essential for the endeavor’s accuracy.

An input query sequence in FASTA format is separated into “words” of a particular
length. The entire database is then searched for occurrences of every possible word derived
from the query sequence. These are 11 nucleotides in length by default. As a precise match
of the entire word length is required for the algorithm to advance, the word length can be
specified to modify the sensitivity and specificity of the protocol. When a match is found
in a database sequence, the hit is extended by adding bases from the query sequence to
both the 5′ and 3′ ends and searching for additional matches. The alignment is scored
sequentially according to a specified match/mismatch penalty. The match/mismatch
score’s default value is 1/−2. This was reduced to 1/−1 when searching for sequences
with a greater dissimilarity. The alignment extension is continuously scored until its score
falls below a predetermined threshold (20 for nucleotide sequences). The extension phase
permits the distinction between meaningful and random matches. The returned sequences
were allocated an expectation value (E-value), which estimates the probability that a hit is
a false positive.

2.7.2. Assembly of VP Region Sequences

Sequence reads were downloaded, end-trimmed (to remove the primer sequence as
well as low-quality sequences and base pairs), and assembled with the program SeqMan
Pro version 15 (DNASTAR Inc., Madison, WI, USA). Pro Assembly algorithm parameters
used for contigs assembly using SeqMan Pro are as follows: match size = 25, minimum
match percentage = 70, minimum sequence length = 50, gap penalty = 0.00, gap length
penalty = 0.00, match spacing = 150, and maximum mismatch end bases = 15. Additional
manual inspections identified ambiguities or potential single nucleotide variants that
were interrogated by further RT-PCRs and sequencing. To close gaps between assembled
contigs, additional primer design and sequencing were investigated using SeqMan Pro
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and SeqBuilder version 15 (DNASTAR Inc., Madison, WI, USA) to enhance the sequence
coverage. Figure 2 illustrates the analysis steps of HRV genotyping.

Figure 2. The workflow of HRV genotype analysis. A, B, W, and Y represent the first-round PCR
assays (master mixes); A:D, B:E, W:X, and Y:Z are the second-round PCR assays (master mixes).
Abbreviations: PCR: polymerase chain reaction; RNA: ribonucleic acid.

2.7.3. Multiple Sequence Alignment, Nucleotide p-Distances, and Phylogenetic Analysis

The regions of the HRV genome analyzed in this study included the VP4/VP2 and
VP3/VP1 of HRV-A, HRV-B, and HRV-C that are commonly used in studies of HRV molec-
ular epidemiology [51–55] and downloaded from GenBank. Any highly diverse sequences
from the particular multiple sequence alignments (MSA) were excluded. Pairwise sequence
alignment and multiple sequence alignment (MSA) were performed using the software
MegAlign version 15 (DNASTAR Inc., Madison, WI, USA).

Phylogenetic trees illustrate the relationships among the HRV genotypes of the study’s
samples and the related references in the VP4/VP2 and VP3/VP1 regions. The input
sequences were initially processed to produce the MSA and matrixes of identity and
distances (divergences) between all sequence pairs. The unrooted phylogenetic trees were
created using the Neighbor-Joining method [56] according to the distances (divergences)
between all pairs of sequences in the MSA, with branch length proportional to the sequences’
divergence. The evolutionary distances were calculated using the Maximum Composite
Likelihood method [57] in units of the number of base substitutions per site. The confidence
of associated sequence (taxa) clustering was assessed by bootstrapping calculated from
500 replicates [58]. Bootstrap values of >70% indicate highly significant clustering, whereas
values < 50% indicate that the clustering is statistically insignificant. Phylogenetic analyses
were performed using MEGA7 [59]. Pairwise nucleotide p-distances were computed using
the “Sequence Distances” program within the MEGA7 package. Divergence values were
calculated as distance values × 100%.

2.7.4. Recombination Analysis within the VP4/VP2 and VP3/VP1 Regions

The recombination predictions of the genomic sequences, aligned as described above,
were conducted with a suite of programs within the RDP4 package version 3.2 [60]. The
individual programs: RDP4 v3.2, Bootscan, Maximum X2, Chimaera, SiScan, and 3Seq
were applied for the analysis.

Since no single program provides optimal performance under all conditions, any
event supported by evidence from two or more analyses with p-values < 1.00 × 10−5 was
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considered a result consistent with recombination. Potential recombination events were
also assessed by phylogenetic and alignment consistency examinations. Each program’s
default settings were used, except as specified: Bootscan, number of bootstrap replicates,
500, window size, 100 bp, with step size, 10 bp; SiScan, window size, 100 bp, with step
size, ten bp.

3. Results

3.1. Viral Detection

During the period of the study, 103 children were presented with acute wheezing
linked to acute bronchiolitis. The parents of 93 (90.3%) of these children gave consent,
making their children eligible for the collection of nasopharyngeal samples. A single
specimen from each child on the same date was included to establish the rates of viral
detection, and 91 samples were appropriately stored for viral detection. The total viral
positivity rate was 79/91 (86.8%). The most frequently detected pathogen was RSV (42,
46.2%), followed by HRV (15, 16.5%), and FLU (13, 14.3%). Sixteen children (17.6%) were
infected with dual viruses (Table 2). The baseline characteristics, clinical manifestations at
enrolment, and clinical course for each of the children with any of the different etiologies
were comparable (Tables 3 and 4).

Table 2. The frequency of the respiratory viruses detected in the study population (n = 91).

Aetiology
Total
n (%)

Age, n (%)

1–6 Months
n = 24

>6–12 Months
n = 35

>12–24 Months
n = 32

Overall viral detection 79 (86.8%) 17 32 30
ADV 3 (3.3%) 1 1 1
BOV 1 (1.1%) 0 0 1
COV 1 (1.1%) 0 0 1
FLU 13 (14.3%) 2 4 7
HRV 15 (16.5%) 3 4 8
MPV 3 (3.3%) 1 2 0

PF 1 (1.1%) 0 0 1
RSV 42 (46.2%) 10 21 11

Overall dual detection 16 (17.6%) 4 3 9
RSV + HRV 7 (7.7%) 1 1 5
RSV + FLU 4 (4.4%) 1 1 2
HRV + FLU 5 (5.5%) 2 1 2
Not found 12 (13.2%) 7 3 2

Abbreviations: “ADV: adenovirus; BOV: bocavirus; COV: coronavirus; FLU: influenza; MPV: metapneumovirus;
PF: parainfluenza; HRV: human rhinovirus; RSV: Respiratory Syncytial Virus”.

Table 3. Baseline characteristics of the included children with the three common etiologies.

Characteristics
Total
n = 79

RSV
n = 42

HRV
n = 15

FLU
n = 13

Male, n (%) 45 (62.9) 23 (59.1) 8 (51.6) 9 (70.0)
Body weight (kg), Mean ± SD 8.30 ± 1.82 8.09 ± 1.82 8.52 ± 1.84 8.82 ± 1.86

Breastfeeding, n (%) 76 (94.1) 42 (92.7) 14 (96.8) 10 (93.3)
Duration of breastfeeding (months) 4 4 3 4

First relative atopy, n (%) 25 (31.6) 18 (20.9) 5 (19.4) 4 (26.7)
Abbreviations: “FLU: influenza; HRV: human rhinovirus; RSV: Respiratory Syncytial Virus”.
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Table 4. Clinical features at presentation and clinical course of acute bronchiolitis.

Characteristics
Total
n = 79

RSV
n = 42

HRV
n = 15

FLU
n = 13

History of fever, n (%) 72 (91.1) 38 (90.5) 11 (73.4) 12 (92.3)
Temperature, ◦C

Mean ± SD 38.8 ± 0.9 38.2 ± 0.9 37.9 ± 0.9 38.2 ± 0.8

95% CI 37.8–38.3 37.8–38.4 37.7–38.2 38.2–38.8
Duration of fever, days

Mean ± SD 4.5 ± 3.0 4.4 ± 2.8 2.9 ± 2.9 4.5 ± 3.3

95% CI 3.9–4.7 3.8–4.8 1.8–3.4 3.2–5.7
SpO2 < 95%, n (%) 105 (61.8) 68 (61.8) 18 (58.1) 20 (66.7)

SpO2, %
Min–Max 69–99 69–99 71–99 87–99

Mean ± SD 93.6 ± 4.7 93.7 ± 4.9 94.1 ± 4.8 94.0 ± 3.2
95% CI 93.1–94.4 92.8–94.6 92.3–95.9 92.8–95.2

Abbreviations: “FLU: influenza; HRV: human rhinovirus; RSV: Respiratory Syncytial Virus; SpO2: oxygen saturation”.

3.2. Real-Time qPCR for the Template Samples

Using real-time qPCR, the cycle threshold (Ct) value range for the 15 tested respiratory
specimens was 18.06 to 33.07. We used these samples’ four highest copy numbers (the four
lowest Ct values) for PCR optimization.

3.3. HRV Detection Rate of First- and Second-Round PCR Assays Using Gel Electrophoresis

Lacking consistency was one of the features of the results from Stage A of the research
(which was performed using the DST-purified primers) (Figure S1), and it was also the case
that certain PCR products were non-specific. As for Stage B, combined with the negative
control, 15 respiratory samples were analyzed by employing first- and second-round
PCR assays. Figure S2, a gel picture, illustrates a first-round PCR product from a single
sample, whereas Figure S3 illustrates the second-round products. Considering Figure S4,
the suggestion is that the semi-nested and nested assays employed in this research could
valuably aid the genotyping of HRV. For example, the gel-check outcomes of 10 assays
for a pair of samples are given, with one characterized by an elevated Ct value (namely,
33.00). Noteworthy, several PCR products associated with specimens displaying a Ct value
exceeding 30.00 were observed with respect to more than one assay, thereby emphasizing
the effectiveness of this research’s assays.

We also compared the performance of the LightCycler® Multiplex DNA master (Roche,
UK, cat. no. 07339 577001) and the Platinum® SYBR® Green qPCR SuperMix-UDG (Thermo
Fisher, UK, cat. no. 11733038). The Platinum® SYBR® Green qPCR SuperMix-UDG gave a
better resolution on the gel for most of the tested PCR products. However, both gave the
same positivity rate.

The degree to which assays (with various primers) successfully detected the viral
capsid proteins (VPs) encoding genes is overviewed in Table S9. The level of positive results
has been calculated by dividing the total number of positive samples by the total number
of tested samples. Regarding PCR product positivity, the greatest detection rate among
the second-round PCR assays was associated with the nested assay “Y:Z” (87%), which
targeted the VP4/VP2 region. In turn, VP1 region assays, including the “A:D” semi-nested
assay (40%), the “B:E” nested assay (30%), and the “W:X” nested assay (27%), followed
this in terms of the next-highest level of positivity. The greatest detection rate among the
first-round PCR assays was associated with “Y”, at a level of 53%; this assay targeted the
VP4/VP2 region, followed by the “A” assay (40%), which targeted the VP3/VP1 region.
Figure 3 illustrates the first and second PCR products for the optimal assays in this research,
their lengths, and the VP target regions for the HRV genome. In Figure 4, the guidance
workflow is given for sequencing all positive HRV respiratory specimens.
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Figure 3. Sequencing primers’ selection guideline.

Figure 4. Summary of the analysis steps of HRV genotyping. The boxes represent the main steps,
while the points beside the boxes summarize the output. MSA: multiple sequence alignment.

3.4. Sequencing and Sequence Analysis

Using the six assays with a total of 11 primers, sequencing reactions were successful
in 95/119 reactions (80%) (Table S10). Lasergene SeqMan Pro version 15 (DNASTAR Inc.,
Madison, WI, USA) with the Pro Assembler algorithm implemented within the software
created contigs in 8/15 samples (Table S11). Trim-ends of low-quality sequences and
nucleotides were applied to end up with a mean/median quality (Q) of 24 (Table S12).

3.5. Pairwise Nucleotide p-Distances of HRVs

The distinction between intra-type and inter-type HRV was assisted by the inclusion
of reference sequences of assigned genotypes, allowing the distributions of the intra- and
inter-pairwise distances to be identified for VP4/VP2 (Figures S5 and S6) and VP3/VP1
(Figures S7 and S8) regions. Divergence values were calculated as distance values × 100%.

Among the strains detected in our study and the reference strains in the VP4/VP2
region, the p-distances (mean ± SD) for HRV-A, HRV-B, and HRV-C were 0.268 ± 0.062,
0.221 ± 0.036, and 0.336 ± 0.111, respectively (Figure S5A–C). Among our study strains
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and the VP3/VP1 region reference strains, the p-distances (mean ± SD) were 0.278 ± 0.066
for HRV-A and 0.518 ± 0.123 for HRV-C (Figure S6A,B).

The distributions of pairwise nucleotide p-distances were constructed. They showed a
maximum within-species divergence of 44%, 31%, and 60%, respectively, for HRV-A, -B,
and -C of the VP4/VP2 region (Figure S5), and 43% and 70%, respectively, for HRV-A and
-C of the VP3/VP1 region (Figure S7).

When HRV sequences from all three species were compared, the pairwise nucleotide
p-distances revealed that, as expected, the lowest values (15%) represented comparisons
within the same type. In contrast, the highest (between 30% and 80% divergence) repre-
sented comparisons between isolates of different species. The vast number of comparisons
ranging from 15% to 45% divergence indicate isolates of the same species but of various
types. The minimum between-species divergence values for both regions were between
30% and 40% (Figures S5 and S7).

3.6. HRV Genotype Identification and Phylogenetic Analysis

All HRV sequences were classified into groups based on bootstrap-supported phyloge-
netic clades that closely matched types assigned by sequence distances (Figure 5). Based on
the phylogenetic tree reconstruction of 38 sequences, the 15 clinical isolates were assigned
to seven different genotypes and strongly supported with highly significant bootstrap
values (70–100%, Tables S13 and 5). The data were bootstrap resampled 500 times to assess
the robustness of the branches. Eight HRVs did not significantly match a specific genotype
with >15% nucleotide divergence from the nearest reference HRVs. However, they had a
high identity and very low E values with reference sequences in the corresponding region.

Table 5. Identification of HRV clinical isolates by BLASTN, BLASTX, phylogenetic tree construction,
and p-distance.

Specimen ID Ct Value
Genotype-
BLASTN

E-Value
Genotype-
BLASTX

E-Value
Genotype-
Phylogeny

Bootstrap Distance

V14002321 18.06 HRV-A_21 0 HRV-A_21 2.1 × 10−117 HRV-A_21 100 0.059
V14001831 18.10 HRV-C_32 0 HRV-C 1.8 × 10−93 HRV-C_32 100 0.047
V14001545 19.08 HRV-B 0 HRV-B 2.2 × 10−94 HRV-B_79 55 0.150
V14000746 19.12 HRV-A_40 0 HRV-A 2.3 × 10−96 HRV-A_40 96 0.055
V17004616 33.00 HRV-A 0 HRV-A 4.7 × 10−31 HRV-A_98 <50 0.173
V17004470 31.10 HRV-A 6.6 × 10−52 HRV-A 9.7 × 10−19 HRV-A_13 <50 0.236
V17005728 26.69 HRV-C 0 HRV-C 2.1 × 10−86 HRV-C_45 73 0.289
V17006129 31.90 HRV-C_7 0 HRV-C 1.4 × 10−137 HRV-C_7 99 0.098
V17006131 29.91 HRV-C 0 HRV-C 1.5 × 10−96 HRV-C_45 <50 0.296
V17006286 33.07 HRV-A 4.2 × 10−69 HRV-A 5.6 × 10−21 HRV-A_50 50 0.264
V17004189 28.88 HRV-A 2 × 10−25 HRV-A 5.2 × 10−7 NA NA NA
V17003665 30.09 HRV-C 1.7 × 10−46 HRV-C 2 × 10−17 HRV-C_24 69 0.268
V17004870 21.09 HRV-C 3 × 10−20 NA NA HRV-C_32 <50 0.927
V17005031 31.54 HRV-A 1.4 × 10−121 HRV-A 1.4 × 10−53 HRV-A_47 52 0.087
V17004381 28.75 HRV C 9 × 10−66 HRV C 7 × 10−30 HRV-C_36 100 0.066

Some HRV-type sequences (4 HRV-A and 1 HRV-C) violated the VP1 threshold of 13%
proposed in an earlier study [61] (Tables 5 and S13). However, most sequences showed a
minimum inter-clade VP divergence (with the nearest neighbor type group) greater than
the proposed threshold (Figures S6 and S8).

3.7. Recombination Analysis within the VP4/VP2 and VP3/VP1 Regions

Analysis with the RDP software package highlighted no significant evidence of re-
combination between the study and reference strains (Table S14). RDP detection programs
determine which sequence in the data set contributed the majority of the genome (referred
to as the major parent) and which sequence contributed the minor or recombinant region
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(referred to as the minor parent). None of the recombinant sequences was detected by more
than two programs, with average p-values of recombination events of <1.00 × 10−5.

Figure 5. Phylogenetic analysis of HRVs based on the VP4/VP2 region nucleotide sequences (MSA 2).
By employing the VP4/VP2 MSA 2 (545 nucleotides), it was possible to complete the neighbor-
joining analysis by employing the maximum composite likelihood model. In addition, by employing
bootstrapping computed using 500 replicates, it was possible to evaluate the confidence of the
sequence clustering. In addition, the branches and those bootstrap values that exceeded 40% are
given, and phylogenetic analyses were completed by employing MEGA7. HRV strains in this research
are circled in red. The ideal tree (with the sum of the branch lengths = 7.964) is given. Seventy
nucleotide sequences were incorporated into the analysis, and positions containing insufficient
information, such as gaps, were removed. Therefore, the data set included 417 positions in total.
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4. Discussion

According to this study, HRV was the second-most common pathogen (after RSV)
causing acute bronchiolitis in Jordanian children. As a result, HRV is an important risk
factor for wheezing and acute bronchiolitis. HRV can infect the lower airway directly (it is
not limited to the upper airway as previously thought), and multiple epidemiologic studies
have shown that HRV is a primary source of lower respiratory infection in children [4–15].
This virus is responsible for many lower respiratory disorders, including pneumonia and
asthma exacerbations [49,62,63].

As determined by molecular techniques, the prevalence of HRV in young children three
years old with acute lower respiratory infections is between 17 and 35% [4,5,7,9,10,64,65].
This percentage was slightly higher than what we identified in our research. The age
range and diagnoses of the research participants may account for the disparity. Acute
bronchiolitis is a disease that primarily affects children under the age of two. Jartti et al.
found that RSV was more prevalent in infants younger than one year, whereas HRV was
more prevalent in older children [4].

Our results demonstrated that the variations in etiology, clinical presentation, and
severity were not statistically significant. Children infected with HRV had a higher mean
age and less fever than children infected with RSV or another virus. These data are com-
parable to those from Finland [8] and Thailand [66] but differ from those of France [5],
which showed that RSV-infected children had significantly higher coughing and feeding
difficulties and required more oxygen delivery than HRV-infected children.

Aeroallergen sensitization and virus-induced wheezing in childhood are recognized
to be important risk factors for the development of asthma later in life, and children who
have both risk factors are at an exceptionally high risk of acquiring asthma by the time they
reach school age [11,14,67–69]. Prior to the discovery of HRV, the most prevalent infection
causing wheeze and subsequent asthma was assumed to be RSV [70,71].

Recent studies have used cluster analysis to investigate the interplay between major
bacterial species, their functions, and the host response to bronchiolitis in infants. This
information, along with clinical, virus, and proteome data, was used to identify biologically
distinct endotypes of bronchiolitis with differential risks of asthma development [72–76].

For the purpose of determining the degree to which the HRVs were genetically diverse,
respiratory samples were applied in order to characterize the HRV variants in genetic terms.
A range of primer combinations (including nested primers) were employed to achieve
this, thereby efficiently amplifying the VP4/VP2, VP3/VP1, and VP1 regions of the HRV
species and genotypes. Aside from Wisdom et al. [34], which investigated the role played
by nested HRV detection assays, the literature about assay technique details is limited, thus
motivating the present study.

The researchers understood that finding one assay with an HRV detection rate of 100%
would be unlikely. This expectation stems from the recognition that the HRV genome’s
regions interacted with each other throughout the study and were characterized by a high
level of variance. In view of this, the optimal assays would be those that were operable for
the greatest number of samples, and in an ideal case, those reflecting elevated Ct values.

The conclusion of the analysis of all available data in this study divided sequences into
7 HRV-A, 1 HRV-B, and 7 HRV-C types based on the VP4/VP2 and VP3/VP1 sequences.
The nucleotide divergence between the clinical samples and the corresponding reference
strains was lower in the VP4/VP2 region than in the VP3/VP1 region.

When HRV sequences from all three species were compared, the pairwise nucleotide
p-distances revealed that, as expected, the lowest values were for comparisons within the
same species or genotypes. At the same time, the largest (between 30% and 80% diver-
gence) represented comparisons between isolates of different species. Many comparisons
involving 15% to 45% divergence include isolates of the same species but different types.
These findings show that HRV-C deviates slightly from the previously stated conclusion
and warrants additional examination. A clear inter-species p-distance threshold supports
the idea that HRV species can be characterized by nucleotide divergence in the capsid
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region. The most diverse strains are only represented by a few sequences in each case. As
a result, it was difficult to identify whether these were variants that happened to be at
the extreme end of the distribution of intra-type divergence values or variants that were
midway through the process of diverging into a new HRV type. This may become obvious
when more data from epidemiological and evolutionary investigations accrues.

Within EV isolates, recombination has been recognized within the capsid coding
region [40]. However, recombination within the capsid coding region of HRV is believed
to be relatively uncommon [77,78]. Our study’s analysis with the RDP software package
highlighted no significant evidence of recombination between the study and reference
strains. Due to dealing with short sequences (<2000 nucleotides), we cannot confirm that
there is no significant recombination between the investigated regions.

4.1. Development of a Method for the Amplification of the VP Region of HRV

Performing genotyping directly from clinical specimens eliminates the necessity of
cell culture passage and significantly decreases the time needed for an accurate diagnosis.
This advancement has been successfully demonstrated in studies focusing on EV [79,80].
The assays developed in this research enable the amplification of specific regions of HRV’s
VP from respiratory specimens, which typically have low viral concentrations. However,
due to the extensive genetic variability, creating a single assay capable of simultaneously
amplifying all three HRV species was not feasible. Even within a single HRV species,
maintaining the necessary balance between primer degeneracy for amplifying all types
and avoiding non-specific amplification posed a challenge.

When designing novel methods, PCR optimization is a fundamental stage. The indi-
vidual reaction component concentrations were modified, including temperature and time
parameters, which were brought inside the required range (thereby facilitating the adequate
amplification of the desired DNA target sequences). Ultimately, this stemmed from the fact
that applying one set of conditions for every PCR amplification is not practically possible.

Several studies have supported using a one-step PCR for EV typing, containing
only the first round of amplification [81,82], proposing the idea that a “closed system”
is less susceptible to contamination. Nevertheless, one of the aforementioned studies
indicated that nearly one-third of the examined isolates were not efficiently amplified
in the VP1 region, and the successfully amplified ones exhibited a notable presence of
non-specific products [81]. Our findings demonstrate that implementing a nested PCR
technique significantly decreases non-specific amplification, making it highly effective for
amplifying samples with very low viral concentrations. Furthermore, contamination is
notably minimized by strictly adhering to a “one-way” system in PCR laboratories, where
different areas are spatially separated for nucleic acid extraction, first-round PCR, and
second-round PCR.

Including the nested primers is a viable way to promote the degree to which DNA
amplification is specific since it reduces the non-specific DNA products. Consequently, the
second-round PCR product is not as long as the first. However, its amplification is more
accurate since all amplification errors in the first round have a low probability of being
replicated in the second PCR. Nevertheless, a key risk factor is the higher likelihood of
non-specific contamination when applying the second-round PCR primers [79,83,84].

4.2. Proposed Criteria for HRV Genotyping

Given the well-conserved nature of 5′NCR, sequencing it for genotyping produces
little valuable information. Contrastingly, those genes that encode the VPs are highly
variable, and the sequences have a determinative impact on the genotype. Therefore,
sequencing parts of these VP regions is expected to be useful for genotyping.

Using only capsid coding regions in type assignment should not detract from the value
of continuous examination of other genomic regions, particularly where these regions may
contribute to the phenotype and disease associations of HRV. In addition, using the VP1
region to identify novel HRV types should not impede the continued use of VP4/VP2 and
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5′NCR screening protocols. Screening in these regions increases the likelihood of discover-
ing previously unknown HRV types. In epidemiological studies and clinical associations,
VP4/VP2 sequences can be used to identify the type. Recent and rapid accumulation of se-
quence data of the VP4/VP2 region on GenBank in contrast to sequences of the VP1 region,
which are difficult to amplify without type-specific primers. If sequence data from the
VP4/VP2 region are to be utilized in epidemiological or clinical studies, it is necessary to
confirm that known HRV types can be accurately identified through analysis of this region.
We would suggest the combined use of phylogenetic analysis and pairwise p-distance
analysis in the classification of all HRV sequences. In cases where nucleotide divergence is
insufficient to assign types definitively, phylogenetic relationships may be considered. The
guidelines should be further reviewed as additional data becomes available.

Likely, less sizeable fragments of VP3/VP1 and VP4/VP2 are viable candidates for
genotyping in HRV. In the study conducted by Oberste et al. [45,82], the researchers found
that a 450-base segment at the 3′ end of VP1 can viably be applied for EV typing, and
the outcomes were entirely correlated with the neutralization results. In another study,
the researchers demonstrated a 100% correlation between a 303 nucleotide stretch of VP1
and neutralization data, but it should be noted that the research was only relevant for
59 GenBank strains [82]. Recently, pyrosequencing was proposed as a straightforward,
rapid, and viable way to type EV [85].

4.3. The Importance and Implications of HRV Genotyping

Identifying HRV types by analyzing available sequence data within the capsid region
can improve HRV genotyping, making the classification of all detected HRV sequences
much more feasible. A global type of identification system should allow large-scale in-
vestigations of epidemiology, transmission, and evolution. Classification and centralized
reporting of new HRV types improve the ability of researchers to study the distribution
of new types quickly. Whereas previously, a considerable period of time would have
been necessary while waiting for type-specific antiserum to be developed and dispatched,
sequence data for comparison is almost instantly available worldwide.

HRV genotyping can be used to investigate the frequency and genetic diversity of HRV
strains among respiratory samples referred for diagnostic testing and their relationship
with different respiratory diseases.

Several of the current research’s findings could have vital implications. First and
foremost, given that genetic variability has an adverse impact on the derivation of HRV vac-
cines and antiviral therapy, identifying those characterized by higher virulence might serve
as a way to promote therapeutic advancement. In addition, despite how HRV infection has
been implicated in the exacerbation of COPD and asthma, the information pertaining to the
function of the various HRV species in impacting the exacerbation frequency phenotype
is unknown. The clinical implications of HRV infection are much more severe than those
associated with the common cold; HRV infection contributes to numerous effects, ranging
from the absence of symptoms to COPD, pneumonia, and bronchiolitis. The complex
nature of naturally occurring instances of COPD exacerbations is well documented. Yet,
the information on the pathogenesis of HRV in the course of and following COPD episodes
is limited. However, exacerbations are substantial events in COPD, and the possibility
exists that HRV infection is associated with these exacerbations. Therefore, the possibility
exists that information about the effect of HRV species on exacerbations could contribute to
developing targeted therapeutic interventions, thereby counteracting the severity of the
pulmonary diseases’ exacerbations.

4.4. Limitations and Future Research

The most important limitations of this study that need to be considered can be summa-
rized as follows: First, the numbers of patients and samples were relatively small. Second,
the inconsistencies in results are unfortunately unavoidable and should remain in place for
clarity due to the nature of VP region variability, sequencing, or assembly errors.
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As for the issue of further research, it would be helpful in subsequent studies to
identify whether a particular threshold (one that divides pairwise p-distance comparisons
into intra- and inter-type values) pertains to all HRV species. This could be achieved
by establishing distributions of pairwise nucleotide p-distances using a more extensive
data set. In addition, other researchers should consider replicating the present study to
determine the degree to which the assay-related outcomes have yielded reliable conclusions.
It would be valuable for some studies to employ larger samples. Finally, further research
should examine the frequency and genetic diversity of HRV strains in the context of
respiratory samples referred to for diagnostic testing and their connection with various
respiratory diseases.

5. Conclusions

HRV is ranked second after RSV as the cause of acute bronchiolitis in children. The
results of this study demonstrated the potential utility of the VP4/VP2 region in addi-
tion to the VP3/VP1 region for differentiating HRV genotypes. Confirmatory outcomes
were yielded, indicating how nested and semi-nested PCR can establish practical ways
to facilitate HRV sequencing and genotyping. Additionally, by employing a combination
of first- and second-round PCR assays, optimal genome assembly can be achieved by
targeting numerous HRV variable genome regions (namely the VP4/VP2, VP3/VP1, and
the VP1 regions).
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Abstract: Introduction: Obesity is a common comorbidity in patients with asthma and has a signifi-
cant impact on health and prognoses. However, the extent to which overweight and obesity impact
asthma, particularly lung function, remains unclear. This study aimed to report on the prevalence
of overweight and obesity and assess their impacts on spirometry parameters in asthmatic patients.
Methods: In this multicentre, retrospective study, we reviewed the demographic data and spirometry
results of all adult patients with confirmed diagnoses of asthma who visited the studied hospitals’
pulmonary clinics between January 2016 and October 2022. Results: In total, 684 patients with
confirmed diagnoses of asthma were included in the final analysis, of whom 74% were female, with a
mean ± SD age of 47 ± 16 years. The prevalence of overweight and obesity among patients with
asthma was 31.1% and 46.0%, respectively. There was a significant decline in spirometry results
in obese patients with asthma compared with patients with healthy weights. Furthermore, body
mass index (BMI) was negatively correlated with forced vital capacity (FVC) (L), forced expiratory
volume in one second (FEV1), forced expiratory flow at 25–75% (FEF 25–75%) L/s and peak expiratory
flow (PEF) L/s (r = −0.22, p < 0.001; r = −0.17, p < 0.001; r = −0.15, p < 0.001; r = −0.12, p < 0.01,
respectively). Following adjustments for confounders, a higher BMI was independently associated
with lower FVC (B −0.02 [95% CI −0.028, −0.01, p < 0.001] and lower FEV1 (B −0.01 [95% CI −0.01,
−0.001, p < 0.05]. Conclusions: Overweight and obesity are highly prevalent in asthma patients, and
more importantly, they can reduce lung function, characterised mainly by reduced FEV1 and FVC.
These observations highlight the importance of implementing a nonpharmacological approach (i.e.,
weight loss) as part of the treatment plan for patients with asthma to improve lung function.

Keywords: obesity; overweight; asthma; lung function; BMI; spirometry

1. Introduction

Asthma, a common pulmonary disease, is characterised by airway hyperresponsive-
ness, inflammation and remodelling, and it is associated with variable airflow limitation
and the presence of respiratory symptoms that vary over time and in intensity. Asthma
affects around 300 million people worldwide, and it is expected that closer to 400 million
people will have this condition by 2025 [1]. Patients with asthma tend to have variable
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combinations of pulmonary symptoms, including wheeze, cough, shortness of breath and
chest tightness. Worsening of these respiratory symptoms (referred to as exacerbation)
may lead to frequent visits to emergency departments and impact overall quality of life [2].
Several factors have been suggested to be associated with the exacerbation of asthma
symptoms, one of which is obesity.

Obesity is one of the most common asthma comorbidities [2] and is defined as an
excessive accumulation of body fat that leads to a generalised increase in body mass or
adipose tissue, which increases the risk of health problems [3]. Body mass index (BMI),
calculated as weight in kilograms (kg) divided by the square of height in metres (m2), is
the most widely used screening tool to determine overweight and obesity [4]. According
to the World Health Organisation (WHO), BMI values of between 25 and 29.9 kg/m2 are
considered to be overweight, while individuals with BMIs of 30 kg/m2 and higher are
classified as obese [5]. Obesity is further classified by the Centres for Disease Control and
Prevention (CDC) into three different categories: class I, or mild (30–34.9 kg/m2), class II,
or moderate (35–39.9 kg/m2), and class III, or morbid (above 40 kg/m2) [6].

Obesity is prevalent among adults and children with asthma worldwide [2]. Although
the prevalence of obesity in patients with physician-diagnosed asthma is unclear, previous
studies have shown that the prevalence of obesity in individuals with self-reported asthma
ranges from 15% to 52% [7–9]. More importantly, studies suggest that overweight and
obesity in conjunction with asthma may lead to deterioration in pulmonary function, which
has been shown to be consistent with poor asthma control [10]. In support of this, it has been
reported that asthmatic patients who are obese tend to have a four- to six-fold increased
risk of hospitalisation compared with non-obese asthmatic patients [11]. Although the
exact pathophysiological mechanism remains unknown, it is thought the lung compression
caused by accumulation of body fat around the thoracic and abdominal cavities (abdominal
obesity) may lead to airway narrowing and increased airway resistance [12]. In addition, it
has been suggested that obesity may increase the production of pro-inflammatory mediators
that worsen airway inflammation, subsequently causing airway hyperreactivity [13].

Although the impact of obesity on lung function, including spirometry parameters in
adults with asthma, has been reported in previous studies, there is still controversy over
whether obesity further worsens airway obstruction [7–9]. This controversy is likely due to
the fact that some previous studies rely on self-reported asthma diagnoses or self-reported
height and weight rather than diagnosis by a physician in clinic or measured height and
weight [7–9]. Thus, further studies are warranted to better understand the impact of obesity
on a wide range of spirometry parameters: peak expiratory flow (PEF), forced expiratory
volume in one second (FEV1), ratio of FEV1 to forced vital capacity (FEV1/FVC), FVC and
forced expiratory flow at 25% and 75% of the pulmonary volume (FEF 25–75%).

Preliminary reports suggest that both asthma and obesity can lead to worsening of
respiratory symptoms and increased risk of hospitalisation. However, the prevalence of
obesity and the extent to which overweight and obesity impact lung function, particularly
spirometry parameters among patients with asthma in Saudi Arabia, has not been studied.
Therefore, this study aimed to report on the prevalence of overweight and obesity and
assess their impacts on spirometry parameters in asthmatic patients.

2. Materials and Methods

2.1. Study Design and Settings

This multicentre, retrospective study was conducted to investigate the impact of
overweight and obesity on spirometry parameters among patients with asthma. The data
collection process was carried out between 1 April 2022 and 31 October 2022 at King
Abdulaziz University hospital and two Ministry of Health hospitals in Saudi Arabia.

2.2. Study Population

We retrospectively reviewed the electronic medical records of 1156 outpatients with
confirmed asthma diagnoses who had scheduled visits and consultations with specialists
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and were treated between 1 January 2016 and 31 October 2022. We collected spirometry
results and demographic data (e.g., height, weight, BMI, age, gender and smoking status).
Demographic data were collected at the time spirometry was performed. Only patients with
multidisciplinary-team-confirmed diagnoses of asthma made in accordance with current
nationally and internationally accepted criteria were included in the current study [14]. In
the final analysis, we only included asthmatic patients with acceptable and reproducible
lung function tests at or after age 18, as well as patients without smoking history due to the
difficulty in separating asthma from chronic obstructive pulmonary disease in smokers.

2.3. Spirometry Parameters

Only spirometry tests performed in accordance with the current American Thoracic
Society/European Respiratory Society guidelines were included in the current study [15].
All spirometry tests were performed in pulmonary clinics by trained pulmonary func-
tion technologists. Although the pulmonary function tests were routinely validated by
a respiratory consultant, all spirometry tests used in the present study were manually
reviewed by two trained senior respiratory therapists (A.A.A. and A.M.A.). The results
were not included in the final analysis if the spirometry tests were not acceptable and
reproducible. The included spirometry results were obtained using a Sensor Medics Vmax
22 machine (SensorMedics Inc., Anaheim, CA, USA). The following spirometry parameters
were recorded and included in the current study: FVC, FEV1, ratio of FEV1/FVC, FEF 25–75%
and PEF. If the patient had more than one spirometry test performed between 1 January
2016 and 31 October 2022, only the most recent result was included.

2.4. Body Mass Index

Height and weight were routinely measured in the clinics, with patients barefoot
and wearing light clothing, using a medical scale (Adam Equipment Inc., Oxford, CT,
USA). We only collected BMI values based on the heights and weights measured before
spirometry was performed. All asthmatic patients included in the current study were
divided into five groups in accordance with WHO and CDC classifications: (1) patients
with BMI values of 18.5 to 24.9 kg/m2 (lean or healthy weight); (2) patients with BMI
values of 25 to 29.9 kg/m2 (overweight); (3) patients with BMI values of 30 to 34.9 kg/m2

(mild or class I obesity); (4) patients with BMI values of 35 to 39.9 kg/m2 (moderate or
class II obesity); and (5) patients with BMI values of 40 kg/m2 or above (morbid or class III
obesity) [5,6].

2.5. Ethical Considerations

Prior to the start of this study, ethical approval (HA-02-J-008) was obtained from
the Unit of Biomedical Ethics Research Committee at the Faculty of Medicine in King
Abdulaziz University, Saudi Arabia.

2.6. Statistical Analysis

In this study, Stata (version 16) was used for data management and analysis. Figures
were generated using GraphPad Prism (version 9). The results are presented as numbers
(%) and arithmetic means ± SD for categorical and continuous variables, respectively,
unless otherwise stated. The normality of the data was graphically assessed. A one-way
ANOVA was performed to compare the mean differences between lean, overweight and
specifically classed obesity groups. This was followed by an unpaired Student’s t test to
compare the mean differences between the two independent data sets. The correlation of
BMI with spirometry measures (FEV1, FVC, FEF 25–75% and PEF) was determined using
Pearson’s correlation coefficient. A multiple linear regression model was also performed
to determine the factors associated with spirometry measures. p < 0.05 was regarded as
statistically significant.
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3. Results

3.1. Patient Characteristics

In total, 1156 subjects with confirmed asthma diagnoses were identified from the
databases. After excluding patients <18 years old, smokers and those with BMIs <18.5 kg/m2

or without acceptable spirometry results, a total of 684 asthma patients met our inclusion
criteria and were included in the final analysis (Figure 1).
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Figure 1. Flow chart of the study.

The mean ± SD age of the study population was 47 ± 16 years, and there were more
females (74%) than males. Of the 684 included patients, 23% had BMIs between ≥18.5
and <25 kg/m2 (lean or healthy weight), 31% had a BMIs between ≥25 and <30 kg/m2

(overweight) and 46% had BMIs of ≥30 kg/m2 (all three classes of obesity). The prevalence
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of obesity alone and obesity including overweight in patients with asthma was 46% and
77%, respectively. The mean ± SD BMI was statistically significantly greater in females
than males (30.5 ± 6.9 vs. 28.9 ± 6.1; p < 0.05). The proportion of female patients was
higher in the overweight (75%) and obesity (87%) groups compared with lean subjects
(66%). The baseline characteristics for the study population are shown in Table 1.

Table 1. Patient characteristics (n = 684).

Variable
Lean

(n = 157)
Overweight

(n = 213)

Class I
Obesity
(n = 179)

Class II
Obesity
(n = 82)

Class III
Obesity
(n = 53)

Age (years) 40 ± 16 47 ± 17 51 ± 15 51 ± 14 53 ± 14
Height (cm) 161 ± 8 163 ± 8 161 ± 10 157 ± 21 156 ± 9
Weight (kg) 59 ± 8 71 ± 8 83 ± 12 90 ± 18 111 ± 16

BMI (kg/m2) 22 ± 2 27 ± 1 32 ± 1 37 ± 1 46 ± 6
Female, n (%) 104 (66%) 160 (75%) 130 (73%) 69 (84%) 44 (83%)

Data are represented as mean ± SD unless otherwise stated. BMI: body mass index. Obesity is classified based on
BMI according to the World Health Organization classification: class I = 30–34.9 kg/m2, class II = 35–39.9 kg/m2

and class III = 40 kg/m2 and greater.

3.2. Associations between BMI and Spirometry Parameters

Pearson correlation analyses were performed to determine whether BMI was associ-
ated with spirometry parameters. The results showed that there were statistically significant
inverse correlations between BMI and FVC (r = −0.22, p < 0.001), FEV1 (r = −0.17, p < 0.001),
FEF 25–75% (r = −0.15, p < 0.001) and PEF (r = −0.14, p < 0.01) (Figure 2).

r = −0.22, p < 0.001, n = 684 r = −0.17, p < 0.001, n = 684 

r = −0.14, p < 0.01, n = 684 r = −0.15, p < 0.001, n = 684 

Figure 2. Correlation between body mass index (BMI) and spirometry values among patients with
asthma. Correlations between BMI kg/m2 with forced vital capacity (FVC) L (A), forced expiratory
volume in one second (FEV1) L (B), forced expiratory flow at 25% and 75% of the pulmonary volume
(FEF 25–75%) L/s (C) and peak expiratory flow (PEF) L/s (D) were assessed.

3.3. Impact of Overweight and Obesity on Spirometry Parameters

In order to determine whether a progressive decline in spirometry values was observed
as BMI increased, we divided asthmatic patients into four different groups based on their
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BMI values. A one-way ANOVA showed that the means of the spirometry measures
(FVC L, FEV1 L, FEF 25–75% L/s and PEF L/s) differed significantly according to BMI groups
(p < 0.0001, p < 0.01, p < 0.01 and p < 0.05, respectively) (Figure 3A–D). Unpaired t tests were
then performed to assess whether there was a significant difference in each spirometry
measure based on the weight category. As shown in Figure 3A, although no difference
in the mean FVC was found between normal weight and overweight (3.07 ± 0.06 L and
2.90 ± 0.06 L, respectively), mean FVC was significantly reduced in subjects with class I,
class II and class III obesity (2.79 ± 0.06 L, p < 0.01, 2.65 ± 0.09 L, p < 0.001 and 2.39 ± 0.13 L
p < 0.0001, respectively) compared with normal weight. In addition, mean FVC was found
to be significantly decreased in class II and class III, but not in class I, compared with
overweight (p < 0.05 and p < 0.001, respectively).

Figure 3. Effect of overweight and obesity on spirometry values in patients with asthma. Patients
were divided into four groups based on body mass index (BMI) to assess the impact of overweight
and obesity on spirometry values: forced vital capacity (FVC) L (A), forced expiratory volume in one
second (FEV1) L (B), forced expiratory flow at 25% and 75% of the pulmonary volume (FEF 25–75%) L/s
(C) and peak expiratory flow (PEF) L/s (D). Patients with BMIs ≥ 18.5 to 24.9 kg/m2 and BMIs of
≥25 to 29.9 kg/m2 were classified as lean (n = 157) and overweight (n = 213), respectively. Obesity
was subsequently classified into three different groups: class I (BMI of ≥30 to 34.9 kg/m2, n = 179),
class II (BMI of ≥35 to 39.9 kg/m2, n = 82) and class III (BMI of ≥40 kg/m2 or greater, n = 53). Each
data point represents mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 compared with
lean; + p < 0.05, +++ p < 0.001 compared with overweight.

Similar to the FVC findings, mean FEV1 did not significantly differ between asthmatic
patients with normal weight and overweight (2.13 ± 0.06 L and 1.98 ± 0.05 L, respectively)
(Figure 3B). However, mean FEV1 was found to be significantly lower in all classes of
obesity (class I, class II and class III) (1.95 ± 0.05 L, p < 0.05, 1.83 ± 0.07 L, p < 0.01 and
1.72 ± 0.10 L p < 0.01, respectively) compared with normal BMI. When compared with
overweight patients, mean FEV1 remained unchanged in those with class I and class II
obesity but was significantly reduced in asthmatic patients with class III obesity (p < 0.05)
(Figure 3B). Furthermore, mean FEF 25–75% was significantly reduced in class I, class II and
class III obesity (2.11 ± 0.07 L/s, p < 0.05, 2.07 ± 0.13 L/s, p < 0.05 and 1.83 ± 0.13 L/s,
p < 0.05, respectively) but not in overweight patients as compared with normal weight
(2.41 ± 0.10 L/s) (Figure 3C). Interestingly, we found that mean PEF did not differ in
patients with overweight and class I obesity but was significantly reduced in asthmatic
patients with class I and II obesity (4.73 ± 0.19 L/s, p < 0.05 and 4.62 ± 0.26 L/s, p < 0.05,
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respectively) compared with normal weight (5.33 ± 0.14 L/s). It was also interesting to find
that PEF only decreased in patients with class III obesity when compared with overweight
patients (p < 0.05) (Figure 3D).

A multiple linear regression model was performed to assess the independent associa-
tions of BMI with spirometry measures. BMI was significantly associated with FVC (L) and
FEV1 (L) following adjustments for age and gender (adjusted β: −0.02; 95% CI: −0.028 to
−0.01; p < 0.001) and (adjusted β: −0.01; 95% CI: −0.01 to −0.001; p < 0.05), respectively.
In addition, simple regression models showed that BMI was associated with FEF 25–75%
(β: −0.03; 95% CI: −0.04 to −0.014; p < 0.001) and PEF (β: −0.03; 95% CI: −0.05 to −0.01;
p < 0.01). However, the associations were nullified upon further adjustments for age and
gender (Table 2).

Table 2. Analysis of the associations of BMI with spirometry measures.

Independent Variable BMI

β (95% CI; p-Value) Adjusted β (95% CI; p-Value)

FVC L −0.03 (−0.04 to −0.02; p < 0.001) −0.02 (−0.028 to −0.01; p < 0.001) 1

FEV1 L −0.02 (−0.028 to −0.01; p < 0.05) −0.01 (−0.01 to −0.001; p < 0.05) 1

FEF (25–75%) L/s −0.03 (−0.04 to −0.014; p < 0.001) −0.012 (−0.025 to 0.001; p = 0.058) 1

PEF L/s −0.03 (−0.05 to −0.01; p < 0.01) −0.014 (−0.03 to 0.01; p = 0.179) 1

1 Adjusted for age and gender. FVC: forced vital capacity. FEV1: forced expiratory volume in one second.
FEF 25–75%: forced expiratory flow at 25% and 75% of the pulmonary volume. PEF: peak expiratory flow.
BMI: body mass index.

4. Discussion

To the best of our knowledge, this study is the first to determine overweight and
obesity prevalence in asthmatic patients and to assess the impact of overweight and obesity
on spirometry measures among asthmatic patients in Saudi Arabia. The main findings of
the current study showed that the prevalence of overweight and obesity among patients
with asthma was 31% and 46%, respectively. Our findings also demonstrated that there
was a significant decline in spirometry results (FEV1, FVC, PEF and FEF 25–75%) in obese
patients with asthma compared with normal-weight asthma patients. In addition, we found
that BMI was negatively correlated with all spirometry measures and that a higher BMI
was independently associated with lower FVC and lower FEV1. These findings suggest
that obesity can reduce lung function, ultimately leading to poor asthma control, and also
highlight the importance of using a nonpharmacological approach (e.g., healthy diet and
weight loss) as part of the treatment plan for patients with asthma to improve lung function
and, ultimately, asthma management and overall quality of life.

Obesity is one of the most common asthma comorbidities and is associated with
increased risks of exacerbation and hospitalisation. Our findings that overweight (31%) and
obesity (46%) are prevalent in patients with asthma are similar to a previous study reporting
that the prevalence of obesity among patients with asthma is 52% in the Netherlands [8] but
contrasts with studies demonstrating a low prevalence of obesity (15% and 27%) among
asthmatic patients in Taiwan [16] and Norway [9], respectively. This disparity is most
likely attributable to the fact that the selection of asthma patients in the previous studies
was based on self-reported asthma [9,16], whereas in the current study, only patients with
multidisciplinary-team-confirmed diagnoses of asthma carried out in accordance with
current nationally and internationally accepted criteria were included. In addition, the
fact that the prevalence of obesity has been increasing in recent years among the general
population in Saudi Arabia [17] may explain the high obesity prevalence observed in
the current study. Despite the differences in prevalence rates, our finding that 77% of
asthmatic patients are obese or at risk of obesity (overweight) is alarming and suggests that
early identification of obesity and overweight, through a regular screening tool, should
be implemented in asthma clinics in order to reduce the risk associated with obesity.
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Although the mechanism that links asthma with obesity is not fully understood, it has
been reported that obesity may be a consequence of asthma maintenance therapies. For
instance, evidence suggests that the use of oral and inhaled corticosteroids is associated with
increased body weight [18,19]. On the other hand, several studies describe obesity as a risk
factor for asthma [20], indicating that obese patients are at a higher risk of developing the
condition, leading to a novel disease phenotype (obesity-associated asthma) that requires
careful evaluation and management. Further studies are needed to better understand the
characteristics of this phenotype and its main underlying mechanisms.

Obesity has been suggested to be associated with an increased asthma exacerbation
rate, but it is unclear whether airflow obstruction is directly responsible for the deterioration
of asthma symptoms. Our findings demonstrated a reduction in spirometry parameters
(FEV1, FVC, PEF and FEF 25–75%) in asthmatic patients with obesity compared with patients
with normal weight, suggesting that obesity may ultimately impair lung function in patients
with asthma. This is likely due to the fact that obesity can cause mechanical compression
of the diaphragm, as well as the chest cavity [13], which may lead to a reduction in lung
function. In addition, it has been reported that excess adipose tissue in obese individuals
can further increase inflammatory mediators (e.g., interleukin 6) [21], which have been
shown to be associated with impaired lung function [22,23].

Although the impact of overweight and obesity on PEF and FEF 25–75% values has not
been reported, our findings are supported by a previous study that reported a reduction in
FEV1 and FVC in self-reported asthma subjects with overweight and obesity as compared
with normal weight [9]. This is further strengthened by the findings of this study that a
higher BMI is independently associated with lower FVC and FEV1 even after adjustments
for known confounders. A previous study demonstrated that an intensive six-month
weight-loss programme was correlated with improvement in FVC and FEV1 in women
with BMIs >30 kg/m2 [24]. Our findings, together with these observations, suggest that
obesity can cause a decline in lung function, which can be reversed by weight loss. Thus, a
screening tool to identify asthmatic patients at high risk for obesity should be implemented
in order to improve overall quality of life in patients with asthma.

It is also worth noting that we demonstrated that obesity and overweight, in general,
are more prevalent among female asthmatic patients (75% and 77%, respectively) than
male patients. This finding is supported by a previous study conducted in the US, showing
that overweight and obesity are more prevalent in females with asthma (63% and 82%,
respectively) than in males [23]. Overweight and obesity have also been reported to be
more prevalent in females (54% and 66%, respectively) than males in Norwegian patients
with self-reported asthma [9]. Our findings, together with these previous observations, may
be explained by the fact that the proportion of asthma, regardless of subjects’ body weight
and geographical location, is found to be higher in female than male subjects in the current
study (74% prevalence), as well as in a previous study (65% prevalence) [25]. In addition,
obesity without asthma has been reported to be higher in female than male subjects. A
high rate of asthma with obesity in adult women suggests that sex hormones and nutrition
quality may play a role in the presence and severity of asthma in obese patients.

4.1. Strengths

This study has a number of strengths. First, most studies have assessed the impact
of overweight and obesity on lung function in patients with self-reported asthma. The
current study only included patients whose diagnoses of asthma were made and confirmed
in accordance with current nationally and internationally accepted criteria. Second, we
only included patients with spirometry tests performed in accordance with the current
American Thoracic Society/European Respiratory Society guidelines. In addition, two
trained respiratory therapists reviewed all spirometry tests and further excluded tests
that were not acceptable and reproducible. Third, some previous studies have relied on
self-reported height and weight. In the current study, BMI was calculated based on height
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and weight measured using medical scales in pulmonary clinics under the supervision of a
trained nurse or respiratory therapist.

4.2. Limitations

The current study is not without limitations. First, we were unable to study lung
volumes and diffusion capacity as these tests are either unavailable or not routinely per-
formed in our pulmonary clinics for patients with asthma. Second, it is known that the use
of asthma maintenance therapies (e.g., inhaled corticosteroids) can lead to better asthma
control and improvement in asthma symptoms and lung function. In the current study,
all patients were on inhaled corticosteroids as a maintenance therapy to control asthma
symptoms. However, it remains critical in the current study to determine the doses of
inhaled corticosteroids, the levels of patient adherence to therapies and whether those
patients were on other asthma control therapies due to the unavailability of these data.
Thus, it is important to acknowledge that spirometry parameters can also be affected by
patient non-adherence to therapies and/or types of therapy added on to existing inhaled
corticosteroid treatment. Third, the prevalence of overweight and obesity was assessed in
this study based on BMIs calculated from height and weight measured before spirometry
was performed. Although BMI is currently considered to be the gold standard and is used
by international organisations (e.g., WHO and CDC) to classify overweight and obesity,
it should be noted that it lacks the ability to differentiate between fat and lean mass and
does not take into account the differences in fat distribution. This is unlikely to affect
the results of this study, as previous studies have shown that abdominal and thoracic
fat have a differential effect on lung volumes [26]. There is no evidence to suggest that
spirometry parameters are affected by differences in fat distribution. Fourth, our entire
study population was diagnosed with asthma in Saudi Arabia. Thus, the findings may
not translate to individuals with other chronic pulmonary and non-pulmonary diseases
and/or other ethnic groups.

4.3. Practical Implementation

Obesity is an asthma comorbidity that can eventually contribute to worsening respira-
tory symptoms. We report here that the prevalence of obesity and overweight in asthmatic
patients is high, and that obesity can lead to a reduction in lung function in patients with
asthma. In addition to pharmacological therapies, our findings highlight the importance
of using non-pharmacological add-on therapies (e.g., physical exercise, healthy diet and
weight loss) as part of the treatment plan for patients with asthma to improve lung function
and, ultimately, asthma symptoms and overall quality of life. Further studies are needed to
explore the impact of different lifestyle strategies on the treatment of asthma patients.

5. Conclusions

Overweight and obesity are highly prevalent in asthma patients, and, more impor-
tantly, they can reduce lung function, characterised mainly by reduced FEV1 and FVC.
These observations suggest that weight loss may reduce the severity of asthma and that
early obesity prevention and healthy lifestyles should be implemented through routine
screening in primary care to improve lung function, thereby leading to improvements in
asthma management, as well as quality of life.
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Abstract: The aim of the report was to evaluate whether in utero exposure to paracetamol is associated
with risk towards developing respiratory disorders such as asthma and wheeze after birth. MEDLINE
(PubMed), EMBASE and Cochrane Library databases were searched for articles published in English
to December 2021. The study involved 330,550 women. We then calculated the summary risk
estimates and 95% CIs and plotted forest plots using random effect models (DerSimonian–Laird
method) and fixed effect models. We also performed a systematic review of the chosen articles and a
meta-analysis of studies based on the guidelines outlined in the PRISMA statement. Accordingly,
maternal exposure to paracetamol during pregnancy was associated with a significant increased
risk of asthma: crude OR = 1.34, 95% CI: 1.22 to 1.48, p < 0.001; and significant increased risk of
wheeze: crude OR = 1.31, 95% CI: 1.12 to 1.54, p < 0.002. Results of our study confirmed that maternal
paracetamol use in pregnancy is associated with an enhanced risk of asthma and wheezing in their
children. We believe paracetamol should be used with caution by pregnant women, and at the lowest
effective dose, and for the shortest duration. Long-term use or the use of high doses should be
limited to the indications recommended by a physician and with the mother-to-be under constant
supervision.

Keywords: paracetamol; asthma; wheeze; prenatal exposure; pregnancy; acetaminophen

1. Introduction

Paracetamol, also called “acetaminophen” or “N-acetyl-p-aminophenol” (APAP), is
a mild-to-moderate antipyretic/analgesic drug widely used across the world, among a
wide range of populations (from pregnant, pediatric and adult, to elderly people). At
therapeutic doses, paracetamol is metabolized mainly by the formation of conjugates
by glucuronidation and sulphation and is then excreted in the urine. Around 10% of
all paracetamol is metabolized by cytochrome P450 (CYP) enzymes to form n-acetyl-p-
benzoquinoneimine (NAPQI), which is subsequently conjugated with intracellular glu-
tathione, and ultimately excreted as cysteine and mercapturic acid conjugates. Less than
5% is excreted unchanged [1–3].

Pregnancy is a special period in a woman’s life, characterized not only by metabolic
and physiological changes in her organism, but also by the possibility of susceptibility
to pathological conditions. This may have consequences for the fetus, as well as affect
the further health of the woman [4]. Use of over-the-counter medications or drugs for
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acute/short-term illnesses and chronic/long-term disorders, as well as for temporary pain
control, is common in pregnancy [5]. One of the more frequently employed drugs as an
analgesic and antipyrotic during this period is paracetamol [6].

Cytochrome P450s metabolizes endogenous and exogenous substrates and is involved
in metabolizing toxins and procarcinogens [7]. Therefore, paracetamol must be metabolized
either to sulfate via sulfation or to N-acetyl-p-benzoquinone imine (NAPQI) via cytochrome
P450s in early pregnancy [8,9]. Paracetamol freely crosses the placenta [10]; however, the
fetus has a limited ability to metabolize paracetamol through glucoronidation. Detoxifi-
cation of paracetamol may deplete stores of glutathione, leading to increased oxidative
damage to the lung epithelium and, thus, contributing to wheezing or asthma [11–13].

The aim of this review and meta-analysis is to assess the relationship between prenatal
paracetamol exposure and wheezing or asthma in children.

2. Methods

We performed a systematic review of articles and a meta-analysis studies based on the
guidelines outlined in the PRISMA statement [14].

2.1. Search Strategy

We considered all epidemiological studies that compared the risk of asthma or wheeze
in childhood with prenatal paracetamol use. There were no limitations in searching for
articles of interest in assessing the dependencies between prenatal paracetamol exposure
and asthma or wheeze risk in childhood [15].

A thorough search was conducted in the electronic databases MEDLINE (PubMed),
EMBASE and Cochrane to identify relevant research. Studies published up to December
2021 were included. The following search terms were used for all databases in various
combinations: “asthma” or “wheeze” AND “paracetamol” or “acetaminophen” AND
“prenatal” or “pregnancy”. Taking into account the possibility of not finding all the
articles of interest to us during the database search, references lists of relevant articles
were additionally analyzed. The search results were compared with previously published
meta-analyses on this topic. All data were extracted by two investigators (A.B. and W.K.),
and disagreements were resolved in discussion with a third investigator (A.W.).

2.2. Eligibility Criteria

Definitions that were adopted in our analysis include: “wheeze”—definition charac-
terized by paroxysmal transient or persistent, symptoms affecting breathing, such as noisy
breathing (“wheezing” or “whistling”), shortness of breath, or a troublesome cough af-
fecting sleep or everyday activity; “asthma”—definition established by doctor’s diagnosis,
clinical symptoms (shortness of breath, chest tightness or pain, cough, wheezing episodes)
and/or use of asthma medication (note: certain differences in the definitions contained in
some works made it difficult to qualify them to the finale definitions we have adopted).

The following inclusion criteria were established in the selection of studies: (i) trials
that involve the comparison of women who used paracetamol during pregnancy with
an observational group; (ii) studies evaluating the effect of prenatal paracetamol use on
offspring, using wheeze or asthma as a primary outcomes; (iii) structure interview and
clinical research; (iv) articles written in English; (v) data included in the articles were
sufficient to calculate the odds ratio (OR) and 95% confidence interval (CI) and (vi) if there
was an overlap in the cases included, only the latest and most comprehensive data were
selected.

The exclusion criteria were as follows: (i) insufficient quantitative data (not possi-
ble to extract sufficient data for statistical calculations); (ii) duplicate reports; (iii) articles
published in languages other than English and (iv) publications that were reviews, com-
mentaries/letters, editorials, conference abstracts, cross-sectional studies.

Full texts of potential articles were selected for evaluation on the basis of a review
of the titles and/or abstracts of all identified studies. After analyzing the selected works,
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a decision was made to include or exclude them. Papers meeting these conditions were
qualified for meta-analysis, data collection on clinical characteristics and for test statistics.

2.3. Data Abstraction

Extracted data included: age of children’s diagnosis and number of children with
asthma or wheeze; number of women using paracetamol during pregnancy; trimester of
pregnancy in which paracetamol use took place, and number of pregnant women in a
particular trimester (if recorded).

2.4. Quality Assessment

The Newcastle-Ottawa Scale (NOS) was applied to assess the methodological quality
of all the included studies [16]. The NOS included three categorical criteria with a maximum
score of 9 points: (1) selection of the study group; (2) comparability of the groups; and
(3) identification of the exposure for studies. The quality of each study was rated using
the following scoring algorithms: ≥7 points were considered as “high”, 4 to 6 points were
considered as “moderate”, and ≤3 point was considered as “low”.

2.5. Statistical Analysis

The distribution of cases, ORs and 95% CIs were separately identified based on the
risk of childhood wheezing/asthma and prenatal exposure to paracetamol (ever or never)
and use of paracetamol in each trimester (if available).

We calculated the summary risk estimates and 95% CIs and plotted forest plots
using random-effects models (DerSimonian–Laird method) and fixed effect models for the
association between prenatal paracetamol exposure and wheeze/asthma in childhood. The
value of I2 statistics was adopted as a criterion—in the case of I2 < 50, we used a fixed effect
model, and when I2 ≥ 50, a random effect model. The results indicated that the taking of
paracetamol may have a high probability of increase in risk if OR was above 1, compared
with non-use of paracetamol [17].

Heterogeneity among articles was estimated by engaging the I2 statistic and p values
associated with Q statistics. Herein, I2 statistic indicates the percentage of total variability
explained by heterogeneity, and values of ≤25%, 25%–75%, and ≥75% are arbitrarily
considered as indicative of low, moderate, and high heterogeneity, respectively [18].

To explain the possible presence of publication bias, Begg’s test (a rank correlation
method based on Kendall’s tau) and Egger’s test (a linear regression method) were ap-
plied [19,20]. We also checked for funnel plot symmetry. Here, in the absence of bias, the
plots will resemble a symmetrical funnel, as the results of minor studies will scatter at
the left side of the plot and the spread will narrow among the major studies on the right
side of the plot [21]. Meta-analysis of summary statistics from individual studies was
performed through Statistica 13.3 software (StatSoft Poland, Kraków, Poland), using the
Medical Package program.

3. Results

As result of the search of electronic databases, 532 citations were identified. Titles and
abstracts were checked in the initial selection phase, in which 424 items were excluded
due to irrelevance. In the second phase, 108 articles with potentially significant studies
were identified and submitted for full-text assessment. There were 96 papers which did not
meet all the inclusion criteria, contained duplicate publications, and the required data were
missing, amongst others. We identified twelve articles fulfilling the criteria for inclusion, in
which the effect of paracetamol exposure during pregnancy on disorders of the respiratory
system in children was analyzed [22–33]. The outcome of the search strategy is shown in
Figure 1.
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12 studies paracetamol exposure during 
pregnancy on disorders of the respiratory 

system in children qualified for systematic 
review and meta-analysis

Studies with usable information, by outcome 
of individual subgroups:                     
asthma = 10, wheeze = 7

532 records identified through the electronic 
databases Embase PubMED/MEDLINE        

and the Cochrane Library by using keywords 
and relevant bibliographies

424 articles excluded on basis of title and abstract

108 potentially relevant publications retrieved 
for full-text detailed review

96 articles were excluded due to data inconsistent 
with the work assumptions: the data presented was 
for total population; no separate data was available 

for pregnancy; lack of an appropriate concurrent 
control group; included insufficient data

Figure 1. Flow diagram of literature search and research selection procedure.

The studies involved 330,550 women and 44,502 women intake of paracetamol during
pregnancy. Table 1 presents a tabular summary of the individual clinical–control studies
discussed in this review. All studies included were in accordance with NOS scale and all
studies were defined as high-quality. The average value was 8.03.
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3.1. Sensitivity Analysis

In the study on the relationship between childhood asthma and paracetamol use
(ever vs. never) during pregnancy and each trimester of pregnancy, sensitivity analysis
showed that in the case of a total study and 3rd trimester, removing any of the studies
would not significantly affect the result of the meta-analysis. However, in the case of
the 1st trimester, deleting one of the studies: Andersen [27], Liu [25], Migliore [26] or
Rebordosa [32] would change the result of the meta-analysis to be statistically insignificant.
On the other hand, in the case of the 2nd trimester, the result of the meta-analysis would be
statistically insignificant after excluding the study of Liu [25] or Rebordosa [32].

In the study on the relationship between childhood wheeze and paracetamol use
(ever vs. never) during pregnancy and each trimester of pregnancy, sensitivity analysis for
total study, 2nd trimester and 3rd trimester indicated that the results would not change
significantly after excluding any of the studies. In turn, in the 1st trimester, the exclusion of
the Liew study [22] would change the result of the meta-analysis to a statistically significant
one.

3.2. Association between Paracetamol Exposure during Pregnancy and Asthma in Children

The present meta-analysis was conducted on the basis of data from ten studies [22–
30,32] assessing the effect of paracetamol exposure in pregnancy on the risk of occurrence of
asthma in children. Paracetamol was taken at any time during the trimesters of pregnancy.
The crude OR amounted to 1.34, 95% CI: 1.22 to 1.48, p <0.001, with moderate heterogeneity
of I2 = 64.75% (Figure 2). The Begg and Mazumdar’s test for rank correlation did not
indicate evidence of publication bias (Kendall’s tau = 0.142, z = 0.495, p < 0.622; similarly,
Egger’s test: b0 = 0.966, 95% CI − 0.748 to 2.681, t = 1.299, p < 0.231).

Results of five studies [22,25–27,32] analyzing the relationship between of intake of
paracetamol during first trimester and childhood asthma pointed to increased risk (crude
OR = 1.21, 95% CI: 1.01 to 1.45, p < 0.035, I2 = 79.48%), (Figure 2). The Begg Mazumdar’s
test and Egger’s test did not indicated evidence of publication bias (Kendall’s tau b =
−1.000, z = −1.567, p < 0.118 and b0 = −1.288, 95% CI: −7.752 to 5.177, t = −0.634, p < 0.572,
respectively). The major problem indicated by this analysis is the large heterogeneity of
effect of paracetamol.

Further analysis involving three studies [22,25,32] also suggested that use of paraceta-
mol during the second trimester of pregnancy was associated with increased childhood
asthma risk (crude OR = 1.10, 95% CI: 1.01 to 1.19, p < 0.030, I2 = 0.00%), (Figure 2). Evidence
of publication bias was not shown in the Begg and Mazumdar’s test (Kendall’s tau = 0.333,
z = 0.522, p < 0.603); or in the Egger’s test (b0 = −0.237, 95% CI: −6.686 to 6.212, t = −0.468,
p < 0.723).

In turn, meta-analysis based on the results of four studies [22,25,26,32] showed that
paracetamol intake by women in the third trimester of pregnancy was associated with
an enhanced risk of asthma in the child (crude OR = 1.18, 95% CI: 1.11 to 1.26, p < 0.001,
I2 = 0.00%), (Figure 2). The Begg and Mazumdar’s test and Egger’s test did not indicate
evidence of publication bias (Kendall’s tau = −0.667, z = −1.359, p = 0.174 and b0 = 0.966,
95% CI: −0.748 to 2.681, t = 1.299, p < 0.231, respectively).
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Figure 2. The crude relationship between childhood asthma and paracetamol use (ever vs. never)
during pregnancy and each trimester of pregnancy [22–30,32].

3.3. Association between Paracetamol Exposure during Pregnancy and Wheezing in Children

In the eight studies [22,26,28–33] analyzed in order to assess prenatal paracetamol
exposure during any time of pregnancy, we noted a significant increased risk of childhood
wheeze (crude OR = 1.31, 95% CI: 1.12 to 1.54, p < 0.002; with relatively high heterogeneity,
I2 = 75.29%), (Figure 3). The Begg and Mazumdar’s test for rank correlation indicated no
evidence of publication bias (Kendall’s tau b = 0.333, z = 0.939, p < 0.349). Egger’s test for
regression intercept also demonstrated no evidence of publication bias (b0 = 2.161 (95% CI:
−1.775 to 6.097), t = 1.344, p < 0.229).
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The use of paracetamol in the first trimester of pregnancy in three studies [22,26,32]
indicated a marginal, insignificant increase in the risk of wheezing in childhood (crude OR
= 1.04, 95% CI: 0.78 to 1.37, p > 0.801, I2 = 80.73%), (Figure 3). The results of Begg’s test
were inaccessible. Egger’s test did not indicate evidence of publication bias (b0 = −3.819,
95% CI: −56.874 to 49.237, t = −0.915, p > 0.529).

Two studies [22,32] have been identified that meet the inclusion criteria, in assessing
the association between paracetamol exposure during the second trimester of pregnancy
and childhood wheezing revealed convergent results (OR = 0.95, 95% CI: 0.68 to 1.32, p >
0.760 and OR = 0.95, 95% CI: 0.80 to 1.12, p > 0.517; respectively), (Figure 3). However, it is
difficult to draw reliable result on their basis.

The crude odds ratio (OR) for the risk of wheezing in children of mothers using
paracetamol in the third trimester of pregnancy was 1.11, 95% CI: 0.92 to 1.34, p < 0.266, I2 =
57.80%, based on three studies [22,26,32], (Figure 2). Egger’s test did not indicate evidence
of publication bias (b0 = −0.277, 95% CI: −55.078 to 54.525, t = −0.0641, p < 0.959). Results
of Begg’s test were inaccessible.
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Figure 3. The crude relationship between childhood wheeze and paracetamol use (ever vs. never)
during pregnancy and each trimester of pregnancy [22,26,28–33].
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4. Discussion

The aim of our systematic review with meta-analysis was to summarize the current
evidence on the exposures associated with paracetamol use in utero, focusing on postnatal
breathing disorders in children. The study is important for the development of clinical
recommendations regarding the consumption of paracetamol during pregnancy. The results
of our systematic review and performed meta-analysis indicate a significant increase of the
risk of asthma (crude OR = 1.34, 95% CI: 1.22 to 1.48, p > 0.001); or wheezing (crude OR =
1.31, 95% CI: 1.12 to 1.54, p > 0.002) among children with a history of prenatal exposure to
paracetamol.

Singh et al. [34] noted that the odds ratio for the asthma outcome in the offspring of
mothers who used paracetamol in the prenatal period in any trimester of pregnancy was
1.28, 95% CI: 1.13 to 1.39. Fan et al. [35] also held the opinion that prenatal paracetamol
exposure was significantly associated with the increased risk of child asthma. In their work,
OR = 1.19, 95% CI: 1.12 to 1.27. In turn, Eyers et al. [36] showed increased risk of recurrent
wheeze in the children of women who were exposed to paracetamol during pregnancy.
In their study, OR was 1.21, 95% CI: 1.24 to 1.44. Paracetamol use during pregnancy can
affect both the mother and the fetus. Researches of fetal exposure to paracetamol have
concerns on: premature birth [37], neurological development [38] low birth weight [39],
hyperactivity disorder/hyperkinetic disorder or adverse development issues [40,41], and
other birth defects [42,43]

Several limitations should be identified with regard to our study. Firstly, various
prenatal ailments and illnesses may themselves have an impact on the risk of postnatal
respiratory disorders. In addition, from the studies included into our meta-analysis, it
was not possible to obtain confounding factor data that could have an impact on the final
results of our analysis. It is difficult to conclude at what age prenatal paracetamol exposure
affects children. Secondly, these are observational studies extended over time. During their
duration, we cannot avoid the influence of various factors that may affect the final result.
Furthermore, the study drug may have been administered to the children post-partum, as
mothers who take paracetamol in pregnancy may be more likely to give paracetamol to their
children. There are a number of other methodological problems that are also relevant for the
interpretation of the results. Firstly, as a meta-analysis of observational studies, it was prone
to the bias (e.g., recall and selection bias) inherent in the original studies. Secondly, most of
the studies were observational in nature, did not establish a dose–response relationship,
and were conceived to be subject to numerous errors and misleading outcomes regarding
period of administration. Indeed, in some studies, a progressive increase in risk associated
with increasing number of days of prenatal paracetamol exposure, or increased frequency
of use, was observed [29,31–33]. Moreover, a limitation may posed by publication high
statistical heterogeneity.

5. Conclusions

In summary, the results of our study confirmed that maternal paracetamol use in
pregnancy is associated with an increased risk of asthma or wheezing in their children.
The current findings are consistent with results of previous meta-analyses showing in-
crease in asthma/wheeze symptoms from paracetamol exposure. We believe paracetamol
should be used with caution by pregnant women, and at the lowest effective dose, for
the shortest duration. Long-term use or the use of high doses should be limited to the
indications recommended by a physician, while the mother-to-be should be under constant
supervision.
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Abstract: (1) Background: Heavy metals are widely used and dispersed in the environment and
people’s daily routines. Many studies have reported an association between heavy metal exposure
and asthma. Blood eosinophils play a crucial role in the occurrence, progression, and treatment of
asthma. However, there have thus far been few studies that aimed to explore the effects of heavy metal
exposure on blood eosinophil counts in adults with asthma. Our study aims to discuss the association
between metal exposure and blood eosinophil counts among asthmatic adults. (2) Methods: A total of
2026 asthmatic individuals were involved in our research from NHANES with metal exposure, blood
eosinophils, and other covariates among the American population. A regression model, the XGBoost
algorithm, and a generalized linear model (GAM) were used to explore the potential correlation.
Furthermore, we conducted a stratified analysis to determine high-risk populations. (3) Results:
The multivariate regression analysis indicated that concentrations of blood Pb (log per 1 mg/L;
coefficient β, 25.39; p = 0.010) were positively associated with blood eosinophil counts. However,
the associations between blood cadmium, mercury, selenium, manganese, and blood eosinophil
counts were not statistically significant. We used stratified analysis to determine the high-risk group
regarding Pb exposure. Pb was identified as the most vital variable influencing blood eosinophils
through the XGBoost algorithm. We also used GAM to observe the linear relationship between the
blood Pb concentrations and blood eosinophil counts. (4) Conclusions: The study demonstrated
that blood Pb was positively correlated with blood eosinophil counts among asthmatic adults. We
suggested that long-time Pb exposure as a risk factor might be correlated with the immune system
disorder of asthmatic adults and affect the development, exacerbation, and treatment of asthma.

Keywords: heavy metal; lead (Pb); eosinophil; asthma; National Health and Nutrition Examination
Survey (NHANES)

1. Introduction

Asthma is a heterogeneous disease characterized by chronic airway inflammation and
respiratory symptoms [1,2]. It is one of the most common chronic respiratory disorders
affecting approximately 358 million people worldwide [3,4], and 250,000 deaths are directly
caused by asthma every year. The prevalence of asthma has increased in many countries
in recent decades, and the prevalence of asthma in children and adults is estimated to be
8.1% and 7.9% in America, respectively [3,5]. According to a report, the US treatment and
mortality costs for asthma have been estimated at USD 81 billion during 2008–2013 [6].

For many years, the presence of eosinophils in asthmatic inflammation has been rec-
ognized as an essential factor in the pathophysiology of the disease [7], and eosinophils are
key inflammatory cells of “T2 high” asthma [8]. When monitoring patients with asthma,
measurement of blood eosinophil counts is often used in clinical practice. As is known to us,
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the blood eosinophil count is a readily available biomarker, and existing research demon-
strates that the blood eosinophil correlates reasonably well with sputum eosinophilia [9–11].
Among patients with asthma, elevated blood eosinophil counts have been associated with
increased mortality [12] and are used to adjust treatment with corticosteroids, anti-IL-5,
anti-IL-5-receptor-alpha or anti-IL-4 receptor alpha antibodies in asthma, resulting in im-
proved asthma control and reduced exacerbation frequency [13–20]. Additionally, a high
blood eosinophil count has been shown to be a risk factor for future asthma exacerbations
in adults with persistent asthma [14,21–23]. In conclusion, blood eosinophils play a crucial
role in the occurrence, progression, and treatment of asthma.

Heavy metals are widely used and dispersed in the environment, including the air,
water, soil, dust, diet, and the manufacturing industry [24]. The general population is
usually exposed to low concentrations of metals by ingesting contaminated water and food
or inhaling environmental air pollution [25]. According to the Agency for Toxic Substances
and Disease Registry, lead (Pb), cadmium (Cd), mercury (Hg), and so on are the top-priority
contaminants. Heavy metals exposed to the environment may adhere to fine particles
in the air and cause asthma as environmental allergens [26]. Previous studies observed
that asthma induced by heavy metals was triggered by the immune system, indicating
that heavy metals have great inflammatory potential and immunomodulatory effects on
individuals [27,28]. Many studies have reported the association between heavy metals (Pb,
Cd, Hg and Mn) and asthma [24,29–33].

In addition, some studies still demonstrated the correlation between common heavy
metals (Pb, Hg, Cd, etc.) and blood eosinophil counts [34–41]. For example, previous
studies have demonstrated that Pb exposure was implicated in alterations in humoral and
cell-mediated immunity and the development of allergic conditions, including the pro-
duction of serum IgE, eosinophil migration and proliferation, activation of Th2 cytokines,
as well as an abnormality of bronchial responsiveness [37,38]. An experimental animal
study in Iran indicated levels of total protein, total white blood cell counts, histamine, and
eosinophils were elevated after guinea pigs inhaled aerosol Pb, which supported the proin-
flammatory effect of Pb poisoning [39]. Another experimental animal study demonstrated
an elevation of circulating eosinophils after Cd exposure [40]. Additionally, a Korean study
found Hg was not associated with blood eosinophil counts in 311 Korean children but
was associated with increased blood lymphocyte counts [41]. Chao-Hsin Huang et al. con-
ducted a study in which urine Mn was not associated with blood eosinophil counts among
2447 adults [34]. A small study involving 25 adult asthmatic patients and healthy subjects
found that the asthma group had lower serum Se concentrations and higher indicators of
oxidative stress [42].

However, there have been few studies that aimed to explore the effects of different
kinds of exposure to heavy metals on blood eosinophil counts in adults with asthma so
far. To explore the association between heavy metals (Pb, Cd, Hg, Se, and Mn) and blood
eosinophil counts, in our study, we used a nationally representative sample of adults who
participated in the 2011–2018 NHANES in the USA. We also comprehensively explored
whether the association was different in various populations.

2. Materials and Methods

2.1. Data Source

The NHANES, which was conducted by the Centers for Disease Control and Preven-
tion of America, collected information regarding the health and nutritional status of the US
population every 2 years. NHANES used a complex, stratified sampling design, which can
select representative samples of non-institutionalized civilians. The survey ethics review
board of the CDC approved the NHANES procedures and protocols, and all participants
provided written informed consent.
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2.2. Study Population

Four cycles of NHANES data (2011–2012, 2013–2014, 2015–2016 and 2017–2018) were
integrated into our study. These data included demographic data, examination data, labora-
tory data, and questionnaire data for the second analysis. A total of 39,156 participants were
included in the NHANES from 2011 to 2018. We excluded individuals: (1) aged < 18 years
old (n = 15331); (2) missing blood eosinophil data (n = 2147); (3) missing blood Pb, Cd,
Hg, Se, and Mn data (n = 5573); (4) participants without asthma (n = 13673); (5) missing
data about covariates in at least one of following (n = 406): education level, marital status,
the ratio of family income to poverty, BMI, smoking status, hypertension history, diabetes
history, blood urea nitrogen, blood creatinine and blood cotinine. Eventually, a large na-
tionally representative sample (n = 2026) of American adults with asthma was enrolled in
our study. The flow chart of the screening process is shown in Figure 1.

Figure 1. Flowchart for selecting analyzed participants.

2.3. Measurement of Metal Exposures

The measurements of all the exposures of whole-blood lead, cadmium, mercury, sele-
nium, and manganese were tested by inductively coupled plasma-dynamic reaction mass
spectrometry (ICP-DRC-MS) on an ELAN 6100 DRC Plus or ELAN DRC II (PerkinElmer
Instruments, Headquarters Office, 710 Bridgeport Ave., Shelton, CT 06,484–4794) at the
CDC’s National Center for Environmental Health. Values of concentrations below the
limit of detection (LOD) were imputed values of LOD/sqrt [2]. Detailed information on
laboratory quality assurance and monitoring is available on the NHANES website.
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2.4. Blood Eosinophil Count Measurement

Blood differential counts were performed in NHANES 2011–2018 using the Beck-
man Coulter HMX (Beckman Coulter, Fullerton, Calif), a quantitative and automated
hematologic analyzer and leukocyte differential cell counter for in vitro diagnostic use in
clinical laboratories. A detailed description of the laboratory methods can be found on the
NHANES website.

2.5. Covariates and Asthma Assessment

Covariates were chosen a priori based on previous studies. Demographic data included
gender, age (years old), race/ethnicity (Mexican American, other Hispanic, non-Hispanic
white, non-Hispanic black, others), educational level (less than high school, high school,
more than high school), poverty-to-income ratio, and marital status (married, single, living
with a partner). Secondly, we also included examination data and personal life history data
involving body mass index (kg/m2), smoking (smoked at least 100 cigarettes in life), diagnosis
with hypertension (yes or no), and diagnosis with diabetes (yes, no, or borderline). Finally,
variables of laboratory data included blood urea nitrogen (mmol/L), blood creatinine (mol/L),
and blood cotinine (ng/mL). The assessment of asthma was based on the information from
the questionnaire section of the US National Health Interview Survey. In order to assess
asthma, participants were asked, “Has a doctor or other health professional ever told you that
you have asthma?” If the participant responded “yes”, he or she was regarded as an asthma
patient. A more detailed description of variables can be obtained on the NHANES official
website (http://www.cdc.gov/nchs/nhanes/, 6 January 2023).

2.6. Statistical Analysis

According to the criteria of the CDC guidelines, we conducted a statistical analysis of
blood metal concentration and blood eosinophil count. Blood metal concentration, blood
eosinophil count, and other continuous variables were expressed as the mean and 95%
CIs. The categorical variables were expressed in frequency or percentage. Firstly, we
divided blood eosinophil count as a continuous variable into four quartiles. The weighted
chi-square test was used to calculate the p-value of the characteristics of the analyzed
population’s categorical variables. In the case of continuous variables, we used the Kruskal–
Wallis rank-sum test to calculate the p-value (Table 1). Secondly, all blood metal levels
were initially naturally log-transformed for further analysis because their distributions
were skewed. We constructed three kinds of weighted multiple linear regression models
that adjusted various variables shown in Table 2 to identify the association between the
blood metal concentrations and blood eosinophil count (non-adjusted model, minimally
adjusted model, and fully adjusted model). Thirdly, we constructed the machine learning
XGBoost algorithm model to predict the relative importance of blood metal on the effect of
blood eosinophil count (Figure 2). The XGBoost model was used to analyze blood metal
contribution (gain) to blood eosinophil count. Next, we found the statistical difference
between the blood lead and blood eosinophil count. Therefore, we further conducted
a stratified analysis to determine the stratified association between the blood lead and
blood eosinophil count through stratified multivariate logistic regression. Finally, based on
the penalty spline method, we constructed a smooth curve using a generalized additive
model (GAM) model with a fully adjusted model to explore the potential linear relationship
between blood lead concentration and blood eosinophil count. A two-piecewise linear
regression model was applied if a non-linear correlation was detected to determine the
threshold effect of blood lead concentration on blood eosinophil count. When the ratio
between blood lead concentration and blood eosinophil count appeared obvious in a
smooth curve, the recursive method automatically calculated the inflection point, where
the maximum model likelihood was used. To prevent the bias caused by missing data,
we curated the NHANES database to improve the accuracy of the analysis by using the
MICE package to account for missing data. We found the results of data without missing
covariates were basically consistent with those of data with missing covariates and multiple

125



J. Clin. Med. 2023, 12, 1543

imputation data. All in all, univariate and multiple analysis results were based on the
calculated dataset as well as Rubin’s rules. All kinds of statistical analyses were performed
by R software (Version 4.2.0) using the R package. The software EmpowerStats offered
significant help in the analysis process, as well (http://www.empowerstats.com, 6 January
2023, X&Y Solutions, Inc., Boston, MA, USA). In our study, a p-value < 0.05 was considered
statistically significant.

Table 1. Clinical characteristics of the study population disaggregated by quartiles of blood
eosinophil count.

Q1 Q2 Q3 Q4 p-Value

Gender (%) 0.039
Male 37.41 (26.44, 49.85) 37.87 (32.63, 43.41) 39.27 (33.83, 44.98) 46.96 (42.24, 51.74)

Female 62.59 (50.15, 73.56) 62.13 (56.59, 67.37) 60.73 (55.02, 66.17) 53.04 (48.26, 57.76)
Age, mean (95% CI) (years) 45.46 (41.40, 49.52) 43.48 (41.89, 45.06) 45.41 (43.54, 47.28) 46.64 (44.97, 48.30) 0.038

Race/ethnicity (%) 0.361
Mexican American 4.73 (1.52, 13.79) 4.91 (3.34, 7.16) 6.13 (4.14, 8.99) 7.03 (4.96, 9.88)

Other Hispanic 6.84 (2.44, 17.76) 6.14 (4.17, 8.96) 7.20 (5.22, 9.86) 6.56 (4.61, 9.24)
Non-Hispanic White 63.01 (44.80, 78.14) 67.54 (60.54, 73.84) 66.28 (59.36, 72.58) 68.35 (63.38, 72.93)
Non-Hispanic Black 20.79 (12.00, 33.56) 13.01 (9.69, 17.26) 11.36 (8.75, 14.64) 10.40 (7.98, 13.46)

Other race 4.63 (1.79, 11.40) 8.40 (5.51, 12.61) 9.02 (6.42, 12.54) 7.66 (5.75, 10.13)

Education (%) 0.502
Less than high school 16.70 (9.34, 28.08) 10.86 (8.44, 13.86) 14.20 (10.82, 18.42) 13.28 (9.82, 17.72)

High school 23.31 (12.86, 38.51) 20.27 (16.29, 24.92) 19.30 (14.90, 24.63) 22.88 (18.43, 28.03)
More than high school 59.98 (44.64, 73.59) 68.88 (63.79, 73.55) 66.49 (60.71, 71.82) 63.84 (57.45, 69.79)

Marital status (%) 0.501
Married 45.22 (31.88, 59.29) 50.45 (45.43, 55.46) 46.76 (41.46, 52.14) 51.84 (47.29, 56.35)
Single 50.68 (36.51, 64.74) 41.19 (36.81, 45.73) 46.01 (40.48, 51.64) 40.95 (37.12, 44.89)

Living with a partner 4.10 (1.21, 13.00) 8.36 (5.87, 11.77) 7.22 (4.98, 10.36) 7.21 (5.06, 10.19)
Poverty-to-income ratio, mean (95% CI) 2.60 (2.07, 3.13) 2.88 (2.68, 3.08) 2.65 (2.43, 2.88) 2.75 (2.53, 2.96) 0.241

BMI, mean (95% CI) (kg/m2) 28.05 (25.90, 30.20) 29.41 (28.55, 30.26) 31.03 (29.96, 32.10) 31.70 (30.80, 32.59) 0.001

Smoked at least 100 cigarettes in life (%) 0.224
Yes 50.51 (34.88, 66.05) 43.61 (37.64, 49.77) 45.57 (39.23, 52.06) 51.05 (44.87, 57.20)
No 49.49 (33.95, 65.12) 56.39 (50.23, 62.36) 54.43 (47.94, 60.77) 48.95 (42.80, 55.13)

Hypertension (%) 0.003
Yes 36.62 (23.68, 51.82) 29.25 (24.35, 34.68) 37.71 (32.22, 43.53) 41.20 (36.32, 46.25)
No 63.38 (48.18, 76.32) 70.75 (65.32, 75.65) 62.29 (56.47, 67.78) 58.80 (53.75, 63.68)

Diabetes (%) 0.394
Yes 13.66 (6.13, 27.72) 8.60 (6.62, 11.09) 12.50 (9.65, 16.04) 13.57 (10.14, 17.92)
No 82.01 (66.25, 91.36) 88.34 (84.69, 91.22) 85.06 (80.97, 88.39) 84.24 (79.54, 88.03)

Borderline 4.33 (0.98, 17.18) 3.06 (1.32, 6.94) 2.44 (1.26, 4.67) 2.19 (1.29, 3.70)
BUN, mean (95% CI) (mmol/L) 4.72 (4.20, 5.24) 4.65 (4.50, 4.80) 4.79 (4.58, 5.00) 4.97 (4.80, 5.15) 0.075

Cr, mean (95% CI) (umol/L) 73.95 (69.17, 78.72) 74.05 (72.23, 75.86) 77.18 (74.93, 79.42) 80.06 (77.99, 82.13) 0.0002
Blood cotinine, mean (95% CI) (ng/mL) 94.98 (52.24, 137.72) 53.90 (38.51, 69.29) 61.44 (49.13, 73.75) 68.29 (51.47, 85.12) 0.200

Blood Pb, mean (95% CI) (ug/dL) 1.20 (0.92, 1.49) 1.00 (0.91, 1.08) 1.03 (0.94, 1.13) 1.17 (1.06, 1.28) 0.007
Blood Cd, mean (95% CI) (ug/dL) 0.56 (0.42, 0.71) 0.46 (0.37, 0.55) 0.49 (0.44, 0.54) 0.59 (0.50, 0.69) 0.106
Blood Hg, mean (95% CI) (ug/dL) 1.53 (1.00, 2.06) 1.40 (1.14, 1.65) 1.24 (1.05, 1.42) 1.13 (0.88, 1.37) 0.126
Blood Se, mean (95% CI) (ug/dL) 197.90 (190.03, 205.77) 194.14 (191.52, 196.75) 192.45 (189.50, 195.40) 194.60 (191.24, 197.97) 0.567

Blood Mn, mean (95% CI) (ug/dL) 9.62 (8.37, 10.88) 10.15 (9.81, 10.49) 10.10 (9.77, 10.42) 9.72 (9.39, 10.06) 0.179

Note: Data are expressed as weighted means (95% Cis) or proportions. Q1–Q4: Grouped by quartile according to
the blood eosinophil counts. Our data included blood metal concentrations, blood eosinophil counts, demographic
data, examination data, laboratory data, and questionnaire data for the second analysis. BUN: blood urea nitrogen;
Cr: blood creatinine; Pb: lead; Cd: cadmium; Hg: mercury; Se: selenium; Mn: manganese.

Table 2. Multivariate weighted linear model analysis reveals the association between the blood metal
and blood eosinophil count.

Non-Adjusted Model Minimally Adjusted Model Fully Adjusted Model

β (95% CI) p value β (95% CI) p value β (95% CI) p value

Log blood Pb (ug/dL) 24.76 (8.22, 41.30) 0.005 17.66 (−0.78, 36.09) 0.066 25.39 (6.91, 43.88) 0.010
Log blood Cd (ug/dL) 4.18 (−7.55, 15.91) 0.487 7.18 (−5.56, 19.92) 0.274 17.51 (−0.43, 35.45) 0.063
Log blood Hg (ug/dL) −1.91 (−11.32, 7.50) 0.693 −4.35 (−14.13, 5.43) 0.387 −3.23 (−13.20, 6.75) 0.530
Log blood Se (ug/dL) 14.48 (−68.49, 97.45) 0.734 −6.99 (−86.32, 72.35) 0.864 −7.60 (−82.84, 67.64) 0.844

Log blood Mn (ug/dL) −14.27 (−40.80, 12.26) 0.296 −6.18 (−37.67, 25.31) 0.702 −5.87 (−37.43, 25.68) 0.717
Note: Non-adjusted model adjusts for none. Minimally adjusted model adjusts for age, race/ethnicity. Fully adjusted
model adjusts for gender, age, race/ethnicity, education level, marital status, poverty to income ratio, BMI, smoked at
least 100 cigarettes in life, hypertension, diabetes, blood urea nitrogen, blood creatinine and blood cotinine.

126



J. Clin. Med. 2023, 12, 1543

Figure 2. Stratified association of blood Pb on blood eosinophil counts in the prespecified and
exploratory subgroups. Above adjusts for gender, age, race/ethnicity, education level, marital status,
poverty to income ratio, BMI, smoked at least 100 cigarettes in life, hypertension, diabetes, blood
urea nitrogen, blood creatinine and blood cotinine. In each case, the model was not adjusted for the
stratification variable itself.

3. Results

3.1. Characteristics of the Participants

The baseline characteristics, which were of a weighted distribution, are shown in
Table 1, including the demographic data, examination data, laboratory data, and question-
naire data of selected participants from the NHANES (2011–2018) survey. In our study,
the average age of selected participants was 45.46 years old, and non-Hispanic Whites
were the main population. Then, we divided different blood eosinophil counts into four
quartiles (Q1–Q4). The distribution of race, education, marital status, poverty-to-income
ratio, smoking status, diabetes history, blood urea nitrogen and blood cotinine in Q1–Q4 of
blood eosinophil count indicated no statistical difference (p-value > 0.05), and gender, age,
BMI, hypertension history, blood creatinine showed statistical differences (p-values < 0.05).
Compared with the various groups, the distribution difference of blood Pb showed statisti-
cal significance, which may indicate a difference in exposure to Pb. However, blood Cd,
Hg, Se, and Mn showed no exposure difference between the four quartile groups of blood
eosinophil count.
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3.2. The Associations between the Blood Metal Concentrations and Blood Eosinophil Counts

After all blood metal concentrations were naturally log-transformed, we applied the
weighted multivariate linear regression model to assess the association of blood metal con-
centrations with blood eosinophil count in three different models (Table 2). According to the
results, we found that only blood Pb was positively correlated with blood eosinophil count
in the non-adjusted model and fully adjusted model, which was statistically significant. In
the non-adjusted model, the blood eosinophil count increased by 24.76 (8.22, 41.30)/uL for
each additional unit of blood lead of natural logarithmic conversion (ug/dL) (p < 0.05). In
the fully adjusted model, which adjusted for gender, age, race/ethnicity, education level,
marital status, poverty income ratio, BMI, smoking status, hypertension history, diabetes
history, blood urea nitrogen, blood creatinine, and blood cotinine, the blood eosinophil
count increased by 25.39 (6.91, 43.88)/uL for each additional unit of blood lead of natural
logarithmic conversion (ug/dL) (p < 0.05). In the minimally adjusted model, which ad-
justed for gender, age, race/ethnicity, blood Pb also showed a positive association with
blood eosinophil count but without statistical significance (p > 0.05). The above results
indicated that long-time Pb exposure as an independent risk factor may increase the blood
eosinophil counts of adults with asthma.

3.3. Stratified Associations between Blood Pb Concentrations and Blood Eosinophil Counts

To confirm the stability of multivariate linear regression analysis results, we further
analyzed stratified associations between the blood Pb concentrations and blood eosinophil
counts in a specific subgroup by gender, age, race, education level, marital status, poverty-
to-income ratio, BMI, smoking status, hypertension history, and diabetes history (Figure 2).
According to stratified analysis results, it was possible that males, age < 40 and ≥60 years
old, non-Hispanic Whites, those who declared their marital status to be single, the low
and middle group of poverty-to-income ratio, 25 < BMI ≤ 28, those who had smoked
<100 cigarettes and ≥100 cigarettes in life, those who were without hypertension, and those
who were without diabetes had higher blood eosinophil counts, with increasing blood Pb
concentrations displaying a significant trend (p < 0.05). Furthermore, we found that the
variables of gender, poverty-to-income ratio, and blood Pb may have an interaction effect
associated with blood eosinophil counts (p for interaction < 0.05).

3.4. Using Machine Learning from the XGBoost Algorithm Model to Explore the Blood Metals’
Relative Importance

To identify which metal exposure affected blood eosinophil counts of adults with
asthma most, we constructed the machine learning XGBoost algorithm to determine the
relative importance among all selected blood metals. The blood metal variables we selected
included blood Pb, Cd, Hg, Se, and Mn. In light of the results of each blood metal’s
contribution according to the XGBoost model, we observed that blood Pb was the most
critical variable in the blood eosinophil counts, followed by blood Se, Mn, Hg, and Cd
(Figure 3). The above analysis was conducted using logarithmically transformed blood
metal data. Ultimately, blood Pb, as the most relative variable, was further applied to
constructing smooth curve models in our study.

3.5. Exploring Dose-Response Relationships of Blood Pb Concentrations with Blood Eosinophil
Counts by the Generalized Additive Model (GAM)

The GAM is very sensitive to identifying linear relationships or non-linearity. To verify
the reliability and stability of the analysis results, we used the GAM to explore the linear
relationship between the blood Pb concentrations and blood eosinophil counts. Based on
the fully adjusted model (Figure 4), we constructed a smooth fit curve to reflect the possible
association. These analyses were conducted using logarithmically transformed blood Pb
data. We observed the linear relationship between blood Pb concentrations with blood
eosinophil counts after adjusting gender, age, race/ethnicity, education level, marital status,
poverty-to-income ratio, BMI, smoking status, hypertension history, diabetes history, blood
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urea nitrogen, blood creatinine, and blood cotinine. In addition, we still used the segmented
regression model to further verify the linear relationship of blood Pb concentrations with
blood eosinophil counts (Table 3). The log-likelihood ratio test showed that p was more
than 0.05, indicating that there was no significant difference between model 1 (one-line
model) and model 2 (segmented regression model). Thus, it was more suitable to use the
one-line model, and the inflection point was not statistically significant. All the above
results indicated that the blood Pb concentration was linearly and positively correlated
with blood eosinophil counts.

Figure 3. XGBoost model reveals the relative importance of each blood metal on blood eosinophil
counts and the corresponding variable importance score. The X-axis is the importance score, the
relative number of a variable used to distribute the data; the Y-axis is the blood metal.

Figure 4. Dose-response relationships of blood Pb concentrations with blood eosinophil counts. The
solid line and shadow area represented the corresponding β values and 95% confidence intervals.
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Table 3. Threshold effect analysis of between blood Pb and blood eosinophil count using the two-
piecewise linear regression model.

β (95% CI) p-Value

Model I
Linear effect 25.39 (10.53, 40.26) 0.001

Model II
Inflection point (K) −0.87
Log blood Pb < K 56.23 (−5.73, 118.19) 0.075
Log blood Pb > K 21.30 (4.43, 38.18) 0.013

Log likelihood ratio 0.312
Note: Models I and II all adjusted for gender, age, race/ethnicity, education level, marital status, poverty-to-
income ratio, BMI, smoking status, hypertension history, diabetes history, blood urea nitrogen, blood creatinine,
and blood cotinine.

4. Discussion

Environmental factors were generally considered to be related to the occurrence and
progression of asthma. Blood eosinophils play a crucial role in the occurrence, progression,
and treatment of asthma [43–47]. However, according to previous studies, the results
investigating the correlation between metal elements and the occurrence and progression
of asthma were inconsistent [31,48,49]. Meanwhile, the studies on the impact of metal ele-
ments on blood eosinophil counts among adults with asthma are few. In this cross-sectional
study, we assessed the relationship between blood metal concentrations (Pb, Cd, Hg, Mn
and Se) and blood eosinophil counts among 2026 adults with asthma who participated in
the NHANES survey from 2011 to 2018 (2011–2012, 2013–2014, 2015–2016, 2017–2018) in
the USA. In order to rank the relative importance of exposure to different metals to blood
eosinophil counts, we first constructed the machine learning XGBoost model to determine
the order of selected metals. We found that blood Pb is the most important metal on blood
eosinophil counts, followed by blood Se, Mn, Hg, and Cd. Next, we constructed three
weighted linear models (the non-adjusted model, minimally adjusted model, and fully
adjusted model) by multivariate regression analysis to determine which metal exposure
might be regarded as the independent risk factor. Our study indicated that natural log-
transformed blood Pb concentrations were positively associated with blood eosinophil
counts in the non-adjusted model and fully adjusted model with statistical significance. In
contrast, the association between blood Se, Mn, Hg, Cd, and blood eosinophil counts was
not statistically significant in the three models. The above results suggested that long-time
Pb exposure as a risk factor might be correlated with the immune system disorder of
asthmatic adults and affect the occurrence, development, and exacerbation of asthma.

To our knowledge, Pb is a ubiquitous environmental contaminant with potential
immunotoxicity [50]. Though Pb exposures in the environment, as a result of the phase-out
of leaded gasoline, have been significantly reduced, Pb is still found in paint, food, and lead-
containing consumer products and detected in the general population. Especially among
the population of low socioeconomic status, people are increasingly concerned about the
possible adverse impacts of exposure to environmental Pb [37]. The immune system is
shown to be one of the most sensitive targets for lead toxicity [51]. An epidemiological study
in the USA reported that Ellen M. Wells et al. observed a significant association of lead with
increased eosinophils among non-Hispanic Whites with asthma after control confounding
factors [52]. Additionally, another cross-sectional study involving 2447 participants also
observed a positive association between blood Pb concentrations and blood eosinophil
counts [34]. However, this cross-sectional study did not conduct stratified analyses in
different populations to verify the stability and reliability of this association. In the same
way, we found that the association between blood Pb concentrations and blood eosinophil
counts demonstrated population differences among American adults with asthma. We
identified the high-risk group for Pb exposure through stratified analysis, including males
aged less than 40 years old and 60 years old or older, non-Hispanic Whites, those who
reported their marital status as single, the low and middle group of the poverty-to-income
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ratio, those who had a BMI between 25 and 28, non-Hispanic blacks, those who were
without hypertension, and those who were without diabetes. Furthermore, we observed a
linear relationship between natural log-transformed blood Pb concentrations and blood
eosinophil counts, which indicated that the disorder of the immune system might be
associated with the accumulation of Pb exposures.

In our study, the selected metal exposure included Cd, Hg, Mn, and Se in addition
to lead. However, few studies investigated the associations between Cd, Hg, Mn, and Se
exposures and blood eosinophil count. Cd exposure can occur through contaminated water,
contaminated food, smoking, and occupational settings [53,54]. In an epidemiological study,
Chao-Hsin Huang et al. reported that a high concentration of Cd was associated with a high
eosinophil count [34]. Hg is a ubiquitous heavy metal, which is a growing public concern
owing to its wide distribution and serious adverse health impacts. Some studies have
reported modulatory effects of Hg on the immune system [55,56]. In an experimental animal
study, Adam M. Schaefer et al. observed an inverse relationship of blood Hg concentrations
with blood eosinophils among free-ranging bottlenose dolphins [57]. Similarly, another
American study demonstrated developmental exposure to environmental Hg had no
correlation with blood eosinophil counts in childhood. Mn and Se are necessary nutrients,
but the intake of these elements’ concentrations beyond the homeostatic capacity of the
body may cause adverse effects [58]. A previous study including 2447 adults found urine
Mn was not associated with blood eosinophil counts [34]. Another small case-control study
found that the asthma group had lower serum Se concentrations and higher indicators
of oxidative stress [42]. In our study, in three models, we observed that the associations
between blood Cd, Hg, Mn, Se, and blood eosinophil counts were not statistically significant
among asthmatic adults in the USA.

Compared with previous studies, our study has several advantages. First, our study
provides a nationally representative, relatively large sample of asthmatic adults, which
includes information on quite a few potential confounders. Second, considering that
confounders may affect the results, we identify the high-risk group on the Pb exposures
and verify the stability of the results through stratified analysis. Next, we use the machine
learning XGBoost algorithm to determine which type of metal exposure affects blood
eosinophil counts most. Then, we observed the linear relationship between blood Pb
concentrations and blood eosinophil counts by constructing a smooth curve.

Nonetheless, some limitations in interpreting our results need to be taken into ac-
count. Though our study is nationally broad, most of the data are based on the American
population. Data on populations of countries with less developed economies are still
lacking, and heavy metal exposure may be different due to differences in national de-
velopment. Secondly, this study is a cross-sectional survey, so we cannot distinguish a
causal relationship. Thirdly, we cannot determine the drug use of participants. Finally,
some other potential confounders, such as information on IgE-dependent sensitization,
allergic diseases, parasitic diseases, and so on, may not be taken into consideration. In
conclusion, we suggest constructing more predictive models between metal exposures and
body biomarkers, including blood eosinophils, in the future clinical setting to guide clinical
prevention and therapy.

5. Conclusions

In our study, we observed that blood Pb was positively and independently correlated
with blood eosinophil counts among American adults with asthma. We suggested that
long-time Pb exposure as a risk factor might be correlated with the immune system disorder
of asthmatic adults and affect the occurrence, development, and exacerbation of asthma.
Though our study did not elucidate the exact mechanism of action of Pb on the development
and exacerbation of asthma, our findings would help to better identify the association of
Pb and asthma from an epidemiological perspective. Finally, we wished to attract more
attention to the association between metal exposure and asthma.
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Abstract: Background: Skeletal muscle mass (SMM) has been suggested to be associated with
multiple health-related outcomes. However, the potential influence of SMM on asthma has not been
largely explored. Objective: To study the association between SMM and clinical features of asthma,
including asthma control and exacerbation, and to construct a model based on SMM to predict the
risk of asthma exacerbation (AEx). Methods: In this prospective cohort study, we consecutively
recruited patients with asthma (n = 334), classified as the SMM Normal group (n = 223), SMM Low

group (n = 88), and SMM High group (n = 23). We investigated the association between SMM and
clinical asthma characteristics and explored the association between SMM and asthma control and
AEx within a 12-month follow-up period. Based on SMM, an exacerbation prediction model was
developed, and the overall performance was externally validated in an independent cohort (n = 157).
Results: Compared with the SMM Normal group, SMM Low group exhibited more airway obstruction
and worse asthma control, while SMM High group had a reduced eosinophil percentage in induced
sputum. Furthermore, SMM Low group was at a significantly increased risk of moderate-to-severe
exacerbation compared with the SMM Normal group (relative risk adjusted 2.02 [95% confidence interval
(CI), 1.35–2.68]; p = 0.002). In addition, a model involving SMM was developed which predicted
AEx (area under the curve: 0.750, 95% CI: 0.691–0.810). Conclusions: Low SMM was an independent
risk factor for future AEx. Furthermore, a model involving SMM for predicting the risk of AEx
in patients with asthma indicated that assessment of SMM has potential clinical implications for
asthma management.

Keywords: asthma; skeletal muscle mass; exacerbation; clinical prediction model

1. Introduction

Asthma is a common chronic respiratory disease affecting 1–18% of the population
in different countries [1] Uncontrolled asthma may lead to reduced physical activity in
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daily life [2]. Lack of physical activity and other risk factors such as aging, nutritional
status, and chronic inflammation could contribute to progressive loss of skeletal muscle
mass (SMM) [3]. Reduced SMM is related to functional comorbidities, including mobility
disorders, risk of falls and fractures, and loss of physical independence in activities of
daily living for patients with asthma, which would increase the demand on the healthcare
system [3]. Bioelectrical impedance analysis (BIA), as an inexpensive and non-invasive
technique, provides measurements of SMM with little complexity [4].

SMM has been shown to affect health outcomes differentially. A decrease in muscle
mass has been linked to greater insulin resistance and protection against the development
of type 2 diabetes [5]. In contrast, lower amounts of SMM are associated with numerous
health problems. A recently published study suggested that a lower muscle mass leads
to an increased risk of cardiovascular events [6]. Moreover, the substantial loss of muscle
mass relative to fat mass, termed “sarcopenia”, has been found to have a negative effect on
the quality of life and survival of patients [7–9]. This relationship has been observed not
only in the elderly population and in cancer patients, in whom muscle loss is prevalent,
but also in the general population [3,10].

There is increasing evidence that the loss of SMM is associated with lung health [11,12].
This may be relevant to asthma and chronic obstructive pulmonary disease (COPD), both
of which are chronic inflammatory airway diseases [13]. Reduced SMM has been associated
with impaired lung function and poor health status in patients with COPD [14–16]. We and
others have shown that various extra-pulmonary traits, including obesity, are associated
with asthma control [17–19]. However, to date, no studies have specifically examined SMM
as a potential extra-pulmonary treatable trait in asthma outcome in future.

In this prospective cohort study, we explored whether reduced SMM was associated
with worse asthma control and exacerbation (AEx). Subsequently, a prediction model
involving SMM for identifying the risk of AEx was developed. The relative importance of
SMM for all screened predictors in the model for predicting AEx was also assessed.

2. Materials and Methods

2.1. Study Design and Patients

The ASAN (https://www.severeasthma.org.au, accessed on 3 December 2022) is a
multicenter clinical research network (Australia, Singapore, China, and New Zealand) in a
real-world setting. This prospective cohort study consecutively recruited adult patients
(aged ≥ 18 years) diagnosed with stable asthma at the West China Hospital, Sichuan
University. Asthma was diagnosed based on the Global Initiative for Asthma [1]. Stable
asthma was defined as no respiratory tract infections, asthma exacerbations, or systemic
corticosteroid (SCS) use in the previous 4 weeks. Patients who were unable to complete the
questionnaires, perform spirometry, perform the sputum induction, or were pregnant or
breastfeeding were excluded from the study.

We recruited 334 patients (recruitment period: March 2014 to October 2018). According
to the age, sex, height, and weight of the individual, the range of normal values for SMM in
Asian populations was calculated using a validated equation by multifrequency BIA and
classified as SMM Normal group [20,21]. SMM values lower than the 10th percentile of the
reference values were classified as SMM Low group and values of SMM equal to or higher
than the 90th percentile of the reference values were classified as SMM High group [20,21].
These patients were followed for 12 months to assess the occurrence of AEx. We used these
participants as the training cohort to explore the association between SMM and asthma
and construct a prediction model.

We independently recruited 157 patients as the validation cohort (recruitment period:
November 2018 to October 2020) to validate the prediction model established in the training
cohort (Figure 1). As in the training cohort, these patients were also followed up for
12 months to assess the occurrence of AEx. All patients (training and validation cohorts)
were included in this study satisfying the above inclusion/exclusion criteria.
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Figure 1. Flowchart for patient inclusion in the training and validation cohorts. SMM, skeletal
muscle mass.

All patients provided written informed consent before participating in the study. The
study was approved by the Institutional Review Board of West China Hospital, Sichuan
University (Chengdu, China) (2014-30) and registered in the Chinese Clinical Trial Registry
(ChiCTR-OOC-16009529; http://www.chictr.org.cn, accessed on 3 December 2022).

2.2. Data Collection and Clinical Assessments

Participants were followed up for 1 year with visits at baseline, 1 month, 3 months,
6 months, 9 months and 12 months.

Baseline data of the participants were collected, which included demographics, medi-
cations at/prior to study entry, asthma history, atopy, BMI, asthma control questionnaire-6
(ACQ-6), psychological status assessed using the Hospital Anxiety and Depression Scale
(HADS) [22]. And all included subjects underwent spirometry, sputum induction, fractional
exhaled nitric oxide (FeNO), blood sampling and body composition (BC).

2.3. Anthropometric and BCAssessments

SMM was measured as a parameter in BC assessments at baseline. BC was evaluated
using BIA (InBody S10 analyzer; Biospace Co., Ltd., Seoul, Republic of Korea) according
to the user manual [20]. Body resistance (R) was used to estimate the total body SMM
according to the method previously described by Janssen et al. as follows [21]:

SMM (kg) = [(Ht2/R × 0.401) + (sex × 3.825) + (age × −0.071)] + 5.102

where Ht is height in centimeters and R is BIA resistance in ohms; for sex, men = 1 and
women = 0, and age is in years.

Anthropometric and BC assessments were performed by trained nutritionists. The
patients had overnight fasting, emptied their bladder by urinating, removed their clothes,
and stood during the measurements, during which the ambient temperature remained at
25 degrees centigrade. Height and weight were measured to the nearest 0.1 cm and 0.1
kg when wearing light clothing and no shoes [23]. BMI was calculated (BMI = weight
[kg]/height squared [m2]). Waist circumference and hip circumference were measured at
the navel and maximum posterior protuberance of the buttocks, respectively.

BC variables, including visceral fat area (VFA) (cm2), fat mass (FM) (kg), percentage
body fat (PBF), and SMM (kg), were estimated.
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2.4. Spirometry and FeNO

Spirometry was performed at baseline according to the American Thoracic Soci-
ety/European Respiratory Society (ATS/ERS) standards using a spirometer (Med Graphics
CPES/D USB, St. Paul, MN, USA) [24]. Pre-bronchodilator FEV1 and pre-bronchodilator
forced vital capacity (FVC) were also measured. The largest pre-bronchodilator FEV1 and
FVC values from the three forced expiratory curves were used for analysis [24]. We mea-
sured FeNO before spirometry testing using a NIOX analyzer (Aerocrine, Solna, Sweden)
in accordance with the ATS/ERS recommendations [25].

2.5. Sputum and Blood Processing

Sputum induction, processing, and blood analyses were performed at baseline as
described in our previous studies [26,27]. The total and differential blood cell counts
and serum immunoglobulin E (IgE) levels were measured. Details are provided in the
Supplementary Materials.

2.6. Atopy

Atopy was confirmed at baseline by at least one positive skin prick test (SPT) of
common allergens, defined as a wheal diameter ≥ 3 mm after 15 min. The details are
provided in the Supplementary Materials [28].

2.7. Asthma Control

Asthma control was assessed using the ACQ-6 at baseline [29]. The ACQ score is the
mean of the six items and ranges from zero (totally controlled) to six (severely uncontrolled).
A mean score of ≥ 0.75 is indicative of partially controlled or uncontrolled asthma. In our
study, the patients were dichotomized into 2 groups on the basis of ACQ scores. We labeled
those with scores of less than 0.75 as the well-controlled asthma and those with scores of
more than 0.75 as the incompletely controlled asthma.

2.8. Asthma Exacerbation

We have collected the exacerbation history of all patients at baseline and follow-up for
1 year at 3 months, 6 months, 9 months and 12 months to assess exacerbations (face-to-face
visits or telephone calls if unable to attend). An asthma exacerbation was defined based on
ATS/ERS statement [30].

The definition of a severe asthma exacerbation for clinical trials should include at least
one of the following: (a) use of SCS (tablets, suspension, or injection), or an increase from
a stable maintenance dose, for at least 3 days. For consistency, courses of corticosteroids
separated by 1 week or more were treated as separate severe exacerbations and (b) a
hospitalization or emergency room (ER) visit because of asthma, requiring SCS [30].

The definition of a moderate asthma exacerbation included one or more of the fol-
lowing: deterioration in symptoms, deterioration in lung function, and increased rescue
bronchodilator use. These features lasted for 2 days or more, but not be severe enough to
warrant SCS use and/or hospitalization. ER visits for asthma (e.g., for routine sick care)
that do not require SCS were classified as moderate exacerbations [30].

2.9. Statistical Analyses

For categorical data, descriptive variables were presented as n (%). Continuous data
were presented as means with standard deviations or medians with interquartile ranges,
depending on the distribution assessed by the Kolmogorov–Smirnov test. Differences
in continuous data between the training and validation cohorts were assessed using the
Mann–Whitney U test. The differences between the three groups were evaluated using
one-way analysis of variance or Kruskal–Wallis H test for continuous variables, and the
Chi-square test or Fisher’s exact test for categorical variables, as appropriate.

In addition, post-hoc Bonferroni comparisons were performed, with the cutoff for
significance set at α/n (α = 0.05, where n is the number of comparisons). Logistic regression
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was used to assess the associations between SMM and asthma control at baseline (odds
ratio [OR], 95% confidence interval [95% CI]), SMM and AEx during follow-up (relative risk
[RR], 95% CI). Considering that COPD, obstructive sleep apnea, bronchiectasis, diabetes,
obesity, and gastroesophageal reflux disease (GERD) may be confounding factors in the
relationship between SMM and AEx [31–33], multivariable logistic regression by backward
elimination in a stepwise fashion and sensitivity analysis was used to explore the effect
of confounders on the results of the analysis. The above analyses were conducted using
SPSS version 26.0 (IBM Corp., Armonk, NY, USA). In all statistical analyses, a p value of
less than 0.05 was considered statistically significant.

2.10. Clinical Prediction Model for Predicting AEx
2.10.1. Selection of Variables and Clinical Prediction Model Establishment

We used a logistic model to select the variables to construct a prediction model [34].
We then calculated the area under the receiver operator characteristic (ROC) curve (AUC)
to determine how many candidate factors should be chosen [35]. The details are provided
in the Supplementary Materials [36].

Multivariable logistic regression was incorporated in the training cohort, combining
significant predictors from the least absolute shrinkage and selection operator (LASSO)
method into one final model [37]. This model displayed RR and 95% CI. Each predictor’s
contribution in the full model was measured as the partial chi-square statistic minus the
predictor degrees of freedom [38].

2.10.2. Nomogram Establishment of Predicting AEx

Relationships among predictors in the model were visualized using a nomogram [39],
which maps the predicted probabilities into points on a scale from 0 to 100 in a user-friendly
graphical interface [40]. In this study, we established a nomogram for predicting AEx,
named “AEx nomogram”. The details are provided in the Supplementary Materials.

2.10.3. Performance of the Model and Clinical Applicability of the Nomogram

The concordance index (C-index), Hosmer–Lemeshow (HL) goodness-of-fit test, and
calibration curve were performed in the training and validation cohorts to estimate the
prediction performance of the nomogram [41,42]. The internal and external validity of the
model was determined. Internal validation was performed using 1000 bootstrap samplings
to produce bias-corrected estimates of the model’s performance [43]. External validation
was performed on a validation cohort. We then set the two models to further explore
whether SMM improves the performance of the prediction model. Model 1 was adjusted
for all the predictors from a prediction model minus SMM, while Model 2 was adjusted
for all the predictors from a prediction model. The net reclassification improvement (NRI)
(>0) can be viewed as an improvement in discrimination by adding SMM to the training
and validation cohorts. Likewise, integrated discrimination improvement (IDI) (>0) was
considered an improvement in discrimination by adding SMM in the two cohorts.

Finally, decision curve analysis (DCA) was conducted to determine the clinical useful-
ness of the AEx nomogram by quantifying the net benefits at different threshold probabili-
ties in the training cohort [44,45]. To determine the applicability of SMM in the nomogram,
we built three models: (A) a model containing only one variable-SMM, (B) an AEx nomo-
gram with subtraction of SMM, and (C) an AEx nomogram. A clinical impact curve (CIC)
was developed based on the DCA of a model (C) to visually display the estimated number
of patients at a high risk of AEx for each risk threshold [46]. The details are provided in the
Supplementary Materials.

Model performance, validation, and applicability were performed using R software
(version 4.0.2; R Foundation for Statistical Computing, Vienna, Austria). The “glmnet”
package was used for binary LASSO method, “rms” for nomogram and calibration curve
plotting, “pROC” for AUC calculation, “PredictABEL” for NRI and IDI calculation, and
“DecisionCurve” for decision curve analysis.
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3. Results

3.1. Participant Characteristics

A total of 219 participants (65.6%) were female, with a median age of 44.0 (Q1, Q3:
35.0, 55.0) years and a median BMI of 23.02 (20.99, 25.02) kg/m2. The prevalence of family
history of asthma and atopy was 38.5% and 35.9%, respectively. The median scores of
HADS-D and HADS-A in these patients were 1.0 (0, 3.0) and 1.0 (0, 4.0), respectively; 6.6%
(n = 22) participants had anxiety symptoms, and 7.5% (n = 25) had depression symptoms.
There were 149 patients (44.6%) with incompletely controlled asthma and 96 patients
(28.7%) had experienced at least one severe exacerbation in the last 12 months. Rhinitis
(53.6%) and eczema (20.4%) were the most common comorbidities.

Of the 334 participants, 223 (66.8%) were classified into the SMM Normal group, 88
(26.3%) were classified into the SMM Low group, and 23 (6.9%) were classified into the
SMM High group. Compared with the SMM Low group, SMM High group had less airway
obstruction (1.64 [1.28, 2.49] vs. 2.32 [2.02, 2.65] L, p = 0.013 for pre-bronchodilator FEV1 in
liters and 66.0 [47.0, 82.5] vs. 92.0 [78.0, 104.0] %, p < 0.001 for FEV1% predicted) (Table 1).

Table 1. Demographic and clinical characteristics of the included patients grouped by SMM.

Variables SMM Normal SMM Low SMM High χ2/H p Value

n 223 88 23

Anthropometric/asthma data

Age, years, median (Q1, Q3) 44.5 (36.8, 62.0) 57.0 (40.0, 69.0) 47.5 (38.3, 53.0) 0.010 0.995

Female/male, n (%) 148 (66.4)/75 (33.6) 58 (65.9)/30 (34.1) 13 (56.5)/10 (43.5) 0.901 0.637

BMI

kg/m2, median (Q1, Q3) 24.09 (22.77, 26.37) 20.66 (19.46, 22.77) * 27.85 (27.29, 30.11) *, ** 111.165 <0.001

Normal/overweight/obese, n (%) 130 (58.3)/75
(33.6)/17 (7.6) 66 (75.0)/5 (5.7)/0 (0) * 3 (13.0)/8 (34.8)/12 (52.2) *, ** NA <0.001 §

WHR, median (Q1, Q3) 0.88 (0.84, 0.92) 0.83 (0.79, 0.90) * 0.93 (0.90, 0.95) *, ** 29.483 <0.001

Smoking history (n),
current/ex/never smoker 18/29/176 6/17/65 4/2/17 5.058 0.281

Pack years & median (Q1, Q3) 13.00 (2.50, 26.00) 21.50 (6.63, 32.00) 18.25 (3.50, 32.00) 1.276 0.528

Asthma duration (y), median (Q1, Q3) 5.0 (2.0, 20) 5.0 (2.0, 19.5) 9.0 (2, 25.0) 0.771 0.680

Early-onset asthma #, n (%) 38 (17.0) 14 (15.9) 6 (26.1) NA 0.024 §

Atopy status, n (%) 79 (38.3) 35 (44.9) 6 (30.0) 1.812 0.404

Previous upper respiratory infection-
induced asthma exacerbations, n (%) 155 (69.8) 67 (76.1) 15 (65.2) 1.652 0.438

Asthma family history, n (%) 73 (32.7) 37 (42.0) 14 (60.9) * NA 0.031 §

Spirometry

Pre-bronchodilator FEV1, L,
median (Q1, Q3) 2.06 (1.64, 2.85) 1.64 (1.28, 2.49) 2.32 (2.02, 2.65) ** 8.632 0.013

Pre-bronchodilator FEV1% predicted,
median (Q1, Q3) 76.0 (62.0, 90.0) 66.0 (47.0, 82.5) * 92.0 (78.0, 104.0) ** 15.684 <0.001

Pre-bronchodilator FEV1/FVC, %,
median (Q1, Q3) 66.01 (57.54, 76.79) 66.41 (55.23, 75.43) 74.43 (59.28, 82.21) 2.316 0.314

Asthma control

ACQ-6 scores, median (Q1, Q3) 0.5 (0, 1.3) 0.8 (0.3, 1.3) 0.2 (0, 0.6) ** 8.384 0.015

Incompletely controlled asthma, n (%) ‡ 95 (42.6) 49 (55.7) 5 (21.7) ** 9.599 0.008

Health status

HADS-A

Median (Q1, Q3) 1.0 (0, 4.0) 1.0 (0, 4.0) 1.0 (0, 2.0) 3.332 0.189

≥8, n (%) ¶ 15 (6.7) 6 (6.8) 1 (4.3) NA 1.000 §

HADS-D 0.504
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Table 1. Cont.

Variables SMM Normal SMM Low SMM High χ2/H p Value

Median (Q1, Q3) 1.0 (0, 3.0) 1.0 (0, 3.0) 0 (0, 2.0) 1.370 0.504

≥8, n (%) ¶ 16 (7.2) 8 (9.1) 1 (4.3) NA 0.780 §

Asthma-related medications

ICS (BDP equivalent) dose (μg/d),
median (Q1, Q3) 400.0 (400.0, 1000.0) 500.0 (400.0, 1000.0) 400.0 (200.0, 625.0) 4.064 0.131

ICS/LABA, n (%) 135 (60.5) 44 (50.0) 13 (56.5) 2.877 0.237

OCS use

n (%) 8 (3.6) 1 (1.1) 2 (8.7) NA 0.157 §

Days with OCS use for exacerbation,
median (Q1, Q3) 7.00 (6.50, 7.00) 7.00 6.00 (2.00, 10.00) 0.084 0.959

Daily doses of OCS equivalent to
prednisone †, mg, median (Q1, Q3) 20.00 (20.00, 32.50) 20.00 55.00 (30.00, 80.00) 3.598 0.165

Cumulative doses of OCS equivalent to
prednisone †, mg, median (Q1, Q3)

157.50 (140.00,
280.00) 140.00 430.00 (60.00, 800.00) 0.242 0.886

Leukotriene modifier, n (%) 74 (33.2) 24 (27.3) 9 (39.1) 1.584 0.453

Theophylline, n (%) 35 (15.7) 19 (21.6) 3 (13.0) NA 0.428 §

Exacerbation in the past year, n (%)

Severe exacerbation 57 (25.6) 29 (33.0) 10 (43.5) 4.303 0.116

Hospitalization 59 (26.5) 22 (25.0) 3 (13.0) 1.994 0.369

Emergency room visit 31 (13.9) 14 (15.9) 2 (8.7) NA 0.728 §

Unscheduled visit 68 (30.5) 28 (31.8) 5 (21.7) 0.899 0.638

Comorbidity, n (%)

Rhinitis 129 (57.8) 42 (47.7) 8 (34.8) 6.113 0.047

Bronchiectasis 11 (4.9) 4 (4.5) 0 (0.0) NA 0.825 §

Sleep apnea 3 (1.3) 0 (0.0) 0 (0.0) NA 0.646 §

GERD 14 (6.3) 4 (4.5) 1 (4.3) NA 0.922 §

Eczema 45 (20.2) 17 (19.3) 6 (26.1) NA 0.750 §

COPD 11 (4.9) 11 (12.5) 0 (0.0) NA 0.037 §

Diabetes 7 (3.1) 1 (1.1) 1 (4.3) NA 0.346 §

Abbreviations: SMM, skeletal muscle mass; BMI, body mass index; WHR, waist-to-hip ratio; FEV1, forced
expiratory volume in 1 s; FVC, forced vital capacity; ACQ, asthma control questionnaire; HADS-A, Hospital
Anxiety and Depression Scale-Anxiety; HADS-D, Hospital Anxiety and Depression Scale-Depression; ICS, inhaled
corticosteroid; BDP, beclomethasone dipropionate; LABA, long-acting beta-agonist; OCS, oral corticosteroid;
GERD, gastroesophageal reflux disease; COPD, chronic obstructive pulmonary disease; NA, not applicable; Q1,
first quartile; Q3, third quartile. & Never smokers were excluded from the analysis of pack-years. Pack years:
the number of cigarettes smoked per day × years of smoking. ‡ Incompletely controlled asthma: ACQ mean
scores ≥ 0.75. ¶ Depression or anxiety disorders was defined as a score ≥ 8 on the respective HADS-D or HADS-A
domains. # Early-onset asthma (onset before 12 years of age). † The calculations based on the patients of using
OCS in the past year. * p < 0.05 vs. SMM Normal, ** p < 0.05 vs. SMM Low. The significance level is 0.05. Significance
values have been adjusted by the Bonferroni correction for multiple tests. § Fisher’s exact probability.

In addition, we explored the differences in inflammatory variables among the three
groups. Participants with the SMM High group had fewer sputum eosinophils (0 [0, 0.25]
vs. 0.25 [0, 3.50] %, p = 0.016) than those with the SMM Normal group. The peripheral blood
cell counts showed no significant differences among the three groups (all p > 0.05). The
IgE (p = 0.217) and FeNO (p = 0.464) levels did not differ significantly among the three
groups (Table S1).

3.2. Anthropometric and BC Assessments

Compared with the SMM Normal group, SMM High group had a significantly higher
waist-to-hip ratio (WHR) and BMI. The SMM Low group had a significantly lower WHR
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and BMI, while the SMM Low group had a significantly lower FM, PBF, and VFA than
patients in the SMM Normal group (Table S2).

3.3. Asthma Control

There were significant differences in asthma control among the three groups. SMM High

group had better asthma control than SMM Low group (ACQ-6 median scores,
0.2 [0, 0.6] vs. 0.8 [0.3, 1.3], p = 0.005). Logistic regression modeling showed that SMM Low

group was at a significantly increased risk of incompletely controlled asthma (OR adj 1.67
[95% CI: 1.01–2.75], p = 0.045) (Table 2).

Table 2. Association of SMM with incompletely controlled asthma (ACQ ≥ 0.75) using multivariable
logistic regression with adjustment for confounders.

Group β SE for β OR adj 95% CI for OR adj p Value

Lower Upper

SMM Normal Reference

SMM High −0.983 0.523 0.374 0.134 1.044 0.060

SMM Low 0.512 0.255 1.668 1.012 2.749 0.045
Abbreviations: SMM, skeletal muscle mass; ACQ, asthma control questionnaire; OR, odds ratio. Adjusted for
age, sex, BMI, ICS/LABA, cumulative doses of OCS equivalent to prednisone, smoking status, severe asthma
exacerbation in the past year, forced expiratory volume in 1 s% predicted.

3.4. Asthma Exacerbation

Compared with the SMM Normal group, SMM Low group had a greater proportion of
participants experiencing severe AEx (13.6% vs. 24.4%, p = 0.006) and moderate-to-severe
AEx (25.8% vs. 40.2%, p = 0.022) (Table 3).

Table 3. Asthma exacerbation within the 12-month follow-up period grouped by SMM in the
training cohort.

Variables SMM Normal Group SMM Low Group SMM High Group Total χ2/H p Value

n 213 82 23 318

Moderate-to-severe
exacerbation

n (%) 55 (25.8) 33 (40.2) * 4 (17.4) 92 7.595 0.022

Mean ± SD 0.61 ± 1.40 0.94 ± 1.53 * 0.52 ± 1.24 0.65 ± 1.40 7.149 0.028

Severe exacerbation

n (%) 29 (13.6) 20 (24.4) 0 (0) ** 49 NA 0.006 §

Mean ± SD 0.27 ± 0.84 0.43 ± 0.96 0 ± 0 ** 0.28 ± 0.83 9.399 0.009

Abbreviations: SMM, skeletal muscle mass; SD, standard deviation; NA, not applicable. * p < 0.05 vs. SMM Normal,
** p < 0.05 vs. SMM Low. The significance level is 0.05. Significance values have been adjusted by the Bonferroni
correction for multiple tests. § Fisher’s exact probability.

We further established logistic regression models to analyze the risk of AEx in the three
groups. As a result, the SMM Low group had an increased risk of moderate-to-severe AEx
adjusting for age, sex, BMI, smoking status, inhaled corticosteroids (ICS)/long-acting beta-
agonist (LABA), cumulative doses of OCS equivalent to prednisone, pre-bronchodilator
FEV1% predicted and moderate-to-severe asthma exacerbation last year (SMM Normal group
as the reference; RR adj 2.02 [95% CI: 1.35–2.68]; p = 0.002) (Figure 2).

Likewise, the SMM Low group was still significantly associated with moderate-to-severe
AEx compared with the SMM Normal group adjusting confounders including age, sex, BMI,
smoking status, ICS/LABA, cumulative doses of OCS equivalent to prednisone, pre-bro-
nchodilator FEV1% predicted and severe asthma exacerbation last year, COPD, sleep apnea,
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bronchiectasis, diabetes, obesity, and GERD using multivariate logistic regression analysis
with stepwise backward elimination (RR adj 1.72 [95% CI: 1.19–2.29]; p = 0.006) (Table S3).

Figure 2. Associations of the SMM (skeletal muscle mass) with (A) severe exacerbation; univariate lo-
gistic regression analysis, (B) moderate-to-severe exacerbation, univariate logistic regression analysis.
(C) severe exacerbation; multiple logistic regression analysis. Adjusted for age, sex, BMI, smoking
status, ICS/LABA, cumulative doses of OCS equivalent to prednisone, severe exacerbation in the
past year, pre-bronchodilator forced expiratory volume in 1 s% predicted (D) moderate-to-severe
exacerbation, multiple logistic regression analysis, with normal SMM as the reference. Adjusted
for age, sex, BMI, smoking status, ICS/LABA, cumulative doses of OCS equivalent to prednisone,
severe exacerbation in the past year, pre-bronchodilator forced expiratory volume in 1 s% predicted.
CI, confidence interval; RR, relative risk; RR adj, adjusted relative risk. Blue, SMM High; Orange,
SMM Low; Black, SMM Normal.

Additionally, after excluding the patients with COPD, sleep apnea, bronchiectasis,
diabetes, obesity, and GERD, our sensitivity analysis indicated that this did not change
the association between reduced SMM and AEx in the asthmatics (RR adj 1.77 [95% CI:
1.06–2.53]; p = 0.032) (Table S4).

3.5. Clinical Prediction Model
3.5.1. Selection of Variables and Establishment of a Clinical Prediction Model

In the training cohort, there were 17 variables with missing data (missing rates: 0.2% to
40.1%) (Table S5). The associations between 28 potential risk factors are shown in Table S6.
Seven variables with nonzero coefficients in the LASSO method remained and were then
included in the final multivariate logistic regression model (Figure S1), including low SMM
(categorical variable) (RR 2.21 [95% CI: 1.12–3.66]; p = 0.019), VFA (categorical variable) (RR
1.78 [95% CI: 1.03–3.08]; p = 0.039), sputum eosinophils (continuous variable, %) (RR 1.01
[95% CI: 0.99–1.03]; p = 0.078), exacerbation in the past year (categorical variable) (RR 2.21
[95% CI: 1.28–3.81]; p < 0.001), rhinitis (categorical variable) (RR 1.42 [95% CI: 0.83–2.44];
p = 0.114), previous upper respiratory infection-induced asthma attack (categorical variable)
(RR 2.47 [95% CI: 1.20–5.09]; p = 0.001), and HADS-D scores (continuous variable, score)
(RR 1.06 [95% CI: 0.97–1.15]; p = 0.116) (Figure 3).

3.5.2. Nomogram of Predicting AEx

A nomogram containing the seven variables in the logistic regression model was
constructed (Figure 4). The importance of each variable in the full model is illustrated
(Figure S2). The SMM level had the third-largest predictive value among the seven variables.
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Figure 3. Risk factors in the prediction model for future moderate-to-severe exacerbation of asthma
in the following years. Green dot, point estimate; Black line, 95% confidence interval.

Figure 4. Asthma future exacerbation nomogram. The asthma future exacerbation nomogram
was developed on the basis of established multivariable regression models in the whole cohort
population. Using the nomogram, the probability of future asthma exacerbation in the following year
can be estimated as follows. First, the judgment on predictor variables (e.g., yes or no, SMM Low or
SMM High) can be obtained from patients. Second, if a predictor is judged as “Yes”, the value of the
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predictor can be designated by drawing an upward straight line from “Yes” up to the “Points” line.
Third, add up the points of all the predictors assessed as “Yes” to get the total points. Finally, the
probability of future asthma exacerbation in the following year can be obtained by drawing a straight
line from the “Total Points line” down to the “Risk of exacerbation in the following year” line. SMM,
skeletal muscle mass; VFA, visceral fat area; D, HADS-D; SEO, sputum eosinophils; URI, previous
upper respiratory infection induced asthma attack.

3.5.3. Performance of the Prediction Model and Clinical Applicability of the Nomogram

There were no significant differences in sociodemographic characteristics between the
training and validation cohorts (Tables S7 and S8). The C-indices of the nomogram in the
training and validation cohorts were 0.750 (95% CI: 0.691–0.810) and 0.793 (0.704–0.882),
respectively (Figure 5), indicating moderate accuracy. The p values of the HL tests (training
cohort: p = 0.531; validation cohort: p = 0.465) indicated a lack of significance, suggesting
no evidence of poor goodness-of-fit for the prediction model in the two cohorts. Likewise,
the calibration curves, showed that the observed and predicted future risk of moderate-
to-severe AEx in the final multivariate model were in good agreement in the training and
validation cohorts (Figure S3). The NRI and IDI values indicated that SMM offered a
significant statistical improvement in the performance of the prediction model in both the
training and validation cohorts. The NRI was 0.285 (95% CI: 0.061–0.508; p = 0.013) in the
training cohort (Table S9), whereas in the validation cohort, the NRI was 0.481 (0.100–0.861,
p = 0.013). Similar results were obtained using IDI.

Figure 5. Receiver operating characteristic (ROC) curve for the prediction model for AEx in the
training (A) and validation (B) cohorts. The x-axis, labeled specificity, represents the true-negative
rate. The y-axis, labeled sensitivity, represents the true-positive rate. The area under the curve (AUC)
and the 95% confidence interval (CI) are shown in the graph. AEx, asthma exacerbation.

Finally, the decision curve showed that using the AEx nomogram model (C) to predict
AEx added more benefits than either model (A) or model (B) with different threshold
probabilities (Figure S4A). In addition, with a threshold of 0.1 to 0.65, model (C) had the
maximum benefits range, as shown in the DCA curve, indicating that SMM played a critical
role in the clinical applicability of the prediction model.

The CIC visually shows the proportion of those with true AEx. The CIC also showed that
real patients who were at high risk of AEx are included by estimating the number of patients
with the risk threshold of 0.1 to 0.65 with the acceptable cost: benefit ratio (Figure S4B).
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4. Discussion

To the best of our knowledge, this is the first study to investigate the association
between SMM and asthma outcome in future. Even though previous studies have explored
the relationship between muscle and asthma [47,48], they aimed to evaluate the peripheral
muscle strength or the mechanism of reduced SMM in the patients with asthma, and did
not observe the association between SMM and asthma-related outcomes in future.

Our study indicated that patients in the SMM Low group had a lower BMI and more
airway obstruction. Moreover, low SMM as an independent risk factor was associated with
poor asthma control and an increased risk of AEx. In contrast, SMM High group patients
had less airway obstruction and sputum eosinophils, in association with better asthma
control. Additionally, the prediction model involving SMM for predicting AEx established
in our study had moderate discrimination, calibration, and clinical utility and demonstrated
that SMM played a critical role in the prediction model. Our study indicated that SMM
played an important role in asthma control and exacerbation, and reduced SMM could be a
potential extra-pulmonary treatable trait to target in clinical asthma management.

In this study, the SMM Low group had more airway obstruction, demonstrated by
reduced pre-bronchodilator FEV1% predicted, compared to the SMM High group. How-
ever, there was no difference in pre-bronchodilator FEV1/FVC, which is consistent with
previously published studies [49]. This could be explained by the fact that FEV1 represents
the expiration flow rate; therefore, FEV1 could be reduced in participants with low SMM
because they may have a weakened ability to inflate and deflate their lungs. However, the
ratio of FEV1/FVC may remain constant regardless of the muscle mass.

Previous study indicated that medication use, ICS in particular, significantly reduced
sputum eosinophils [50]. Although no significant difference was found in medication use
in the three groups, our study still found that the SMM High group had a lower sputum
eosinophils percentage. Two issues that can be explained as follows: SMM myocytes
express and secrete numerous cytokines such as IL-6. Steensberg et al. demonstrated that
physiological concentrations of IL-6 induce an anti-inflammatory response in humans [51].
Therefore, although we did not measure inflammatory cytokines, according to previous
relevant studies, we speculated that the SMM High group would have increased levels
of anti-inflammatory cytokines in circulation, which could inhibit the recruitment of in-
flammatory cells in the airway [52]. Conversely, the SMM Low group patients with higher
eosinophilic inflammation needed more ICS, indicating that there may be more severe
asthma. Hence, further studies are needed to elucidate the mechanisms by which SMM
reduces inflammation in asthma.

Low SMM can be considered a potential extra-pulmonary treatable trait because it is
clinically relevant, identifiable, measurable, and treatable [53]. It has been shown that most
myokines that are regulated by exercise counteract the detrimental effects of adipokines and
have beneficial effects on glucose and lipid metabolism and inflammation [54]. In contrast,
physical inactivity and muscle disuse lead to the loss of muscle mass and, consequently, to
the activation of a network of inflammatory pathways, which promotes the development
of a cluster of chronic diseases. Therefore, SMM could potentially provide an important
target for clinicians to guide the non-pharmacological treatment of patients with asthma.
For example, increasing physical activity can be used to increase SMM, thereby improving
asthma control and reducing exacerbations. This is in agreement with a study by McDonald
et al. [18], which identified sarcopenia as a potentially treatable trait of asthma.

As is well known, chronic intake of OCS and ICS induced clinically significant mus-
cle hypotrophy for daily treatment [55]. Furthermore, systemic and oral beta-agonists
could increase SMM while there has been no evidence to prove the association between
inhaled beta-agonists and SMM [56]. Therefore, ICS/LABA and cumulative doses of OCS
equivalent to prednisone, as two important confounders, were adjusted to relevant lo-
gistic models. We still found the SMM Low group was still significantly associated with
moderate-to-severe AEx. Accordingly, medication use had no effect on the results. This
study has several limitations that need to be addressed. Firstly, BC was measured using
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BIA only. Dual-energy X-ray absorptiometry is considered a more reliable method for
BC assessment. Nevertheless, previous reports have confirmed that multifrequency BIA
systems can provide accurate muscle mass and fat mass values that are comparable to those
measured using dual-energy X-ray absorptiometry in various populations [57,58]. Sec-
ondly, this was a population-based cohort study in China that was specific to the Chinese
population. Therefore, the clinical prediction model requires further external validation
in multiple centers and different races. Thirdly, although we did not deny that low SMM
also could be a consequence of incompletely controlled asthma leading to less physical
activity, which formed a vicious circle [2], our prospective cohort study design enabled
us to determine the causation that SMM was an exposure factor and AEx were taken as
outcomes. Finally, the imbalance of the sample size of a statistical test among the three
groups leads to influence the power of a statistical test [59]. Therefore, we calculated the
power of the multiple logistic regression for the risk of AEx between the SMM Low and
SMM Normal groups. However, the power of the multiple logistic regression was 0.8992.
Commonly, the value of power is required to be greater than 0.8 [60]. Thus, the imbalance
of sample size was not found to have an influence on the power of the risk of AEx between
the SMM Low and SMM Normal groups in our study.

5. Conclusions

We demonstrated that low SMM, as a potential extra-pulmonary treatable trait, is
an independent risk factor for asthma control and exacerbation. Furthermore, our model
involving SMM for predicting the risk of exacerbation in patients with asthma suggests
that SMM may be a suitable therapeutic target for clinical asthma management.
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Abstract: Exhaled breath analysis has great potential in diagnosing various respiratory and non-
respiratory diseases. In this study, we investigated the influence of inhaled corticosteroids (ICS)
on exhaled volatile organic compounds (VOCs) of wheezing preschool children. Furthermore, we
assessed whether exhaled VOCs could predict a clinical steroid response in wheezing preschool
children. We performed a crossover 8-week ICS trial, in which 147 children were included. Complete
data were available for 89 children, of which 46 children were defined as steroid-responsive. Exhaled
VOCs were measured by GC-tof -MS. Statistical analysis by means of Random Forest was used to
investigate the effect of ICS on exhaled VOCs. A set of 20 VOCs could best discriminate between
measurements before and after ICS treatment, with a sensitivity of 73% and specificity of 67% (area
under ROC curve = 0.72). Most discriminative VOCs were branched C11H24, butanal, octanal,
acetic acid and methylated pentane. Other VOCs predominantly included alkanes. Regularised
multivariate analysis of variance (rMANOVA) was used to determine treatment response, which
showed a significant effect between responders and non-responders (p < 0.01). These results show that
ICS significantly altered the exhaled breath profiles of wheezing preschool children, irrespective of
clinical treatment response. Furthermore, exhaled VOCs were capable of determining corticosteroid
responsiveness in wheezing preschool children.

Keywords: preschool wheezing; asthma; exhaled breath; volatile organic compounds; inhaled
corticosteroids; treatment response; children

1. Introduction

Exhaled breath analysis has shown great potential in diagnosing various respiratory
and non-respiratory diseases [1]. In children, volatile organic compounds (VOCs) in
exhaled breath were able to differentiate wheezing preschool children and children with
asthma from healthy controls [2,3]. Exhaled VOCs could also indicate asthma exacerbations
at an early stage [4,5] and predict future asthma in wheezing preschool children [6].

Currently, two methods are being used for exhaled breath analysis: an “offline”
method using gas chromatography mass spectrometry (GC-MS) to identify VOCs and an
“online” method, which mainly comprises electronic nose (eNose) technology. Although
both techniques have their own methodological and analytical strengths and limitations [1],
an exhaled breath analysis by means of GC-MS is considered the golden standard tech-
nique. In addition to the different methods, many potential confounding factors exist,
including diet, exercise and pharmacological treatment [7]. To date, the latter has been in-
sufficiently investigated, and it is yet unclear to what extent medication influences exhaled
VOCs’ patterns.
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Moreover, exhaled VOCs might have the potential to predict a clinical corticosteroid
response in wheezing preschool children. In adults with asthma, previous studies have
shown the ability to predict oral steroid responsiveness [8] and loss-of-control after inhaled
corticosteroid (ICS) withdrawal [9]. However, these studies have been performed in
adults with confirmed asthma. The treatment of preschool wheezing has been debated for
years, and it is yet unclear which wheezing preschool children might benefit from inhaled
corticosteroids. Aeroallergen sensitisation and blood eosinophilia have been suggested
as potential biomarkers to justify ICS prescription in wheezing preschool children [10].
However, in a recent randomised trial, blood eosinophilia-guided ICS prescription did not
improve preschool wheezing management compared to standard care [11]. Hence, there
is an urgent need for reliable biomarkers to predict steroid responsiveness in wheezing
preschool children.

In the present study, we investigated the influence of ICS on the exhaled breath
profiles of wheezing preschool children. We hypothesised that ICS significantly alter
exhaled VOCs. Furthermore, we investigated whether exhaled VOCs could predict a
clinical steroid response in wheezing preschool children.

2. Materials and Methods

2.1. Study Design

This study was part of the Asthma Detection and Monitoring (ADEM) study (clin-
icaltrial.gov: NCT 00422747), in which 202 wheezing children aged 2 to 4 years were
prospectively followed until 6 years of age [12]. The primary goal of the ADEM study was
to develop a non-invasive test for an early asthma diagnosis, including exhaled breath
analysis and early lung function measurements. A detailed study protocol with in- and
exclusion criteria was previously published [12,13].

Figure 1 shows the study flowchart of the current study. Children who experi-
enced respiratory symptoms in the preceding month were included for a crossover
ICS trial. If applicable, earlier prescribed ICS were stopped 4 weeks before the first
study visit. During the initial visit, exhaled breath was collected, symptoms were
assessed and lung function was measured (see details below). Children were instructed
to refrain from solid foods and physical exercise 1 h before the measurement. Study
visits were postponed in case of an airway infection. Atopy was determined by using
the Phadiatop Infant test® (Phadia, Uppsala, Sweden). Subsequently, children were
randomly allocated to 8 weeks of ICS (Beclomethasone extrafine 100 μg twice daily, via
the Aerochamber®, Teva Pharma NL, Haarlem, The Netherlands) followed by 8 weeks
without ICS, or vice versa. No asthma medication other than salbutamol (Airomir®,
Teva Pharma, Haarlem, The Netherlands, for symptom relief) was allowed during the
study period. Compliance with the study medication was measured by weighing the
ICS canisters before and after therapy. Children were excluded if less than 80% of the
prescribed study medication was used. After 8 and 16 weeks, all measurements were
repeated. Children were followed until the age of 6 years, when a clinical diagnosis
(healthy, transient wheeze or true asthma) was made by two experienced paediatric
pulmonologists and a computer-based algorithm [6].
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Figure 1. Study flowchart.

2.2. Response to ICS

Children were considered responsive to ICS when there was a decrease in respiratory
symptoms of ≥30% and/or an improvement in airway resistance of ≥10% [13].

Airway resistance was determined by using the interrupter technique (MicroRint®,
Micro Medical Ltd., Rochester, UK). Respiratory symptoms were assessed by a short
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questionnaire evaluating symptoms of cough, wheezing and dyspnoea. A total symptom
score before and after treatment was calculated, ranging from six points (most severe
symptoms) to thirty points (no symptoms) [13].

2.3. Exhaled Breath Sampling and Measurements

Subjects were asked to breathe through a face mask connected to a valve of a resistance-
free 1 L plastic bag (Tedlar bag, SKC Ltd., Dorset, UK). Within an hour of collection, the
content of the sampling bag was transferred onto carbon-filled, stainless-steel desorption
tubes (carbograph 1TD/Carbopack X, Markes International, Llantrisant, UK).

The exhaled breath samples were measured by means of GC-tof -MS, as described
before [14]. The first steps consisted of releasing volatile compounds from the sorption
tubes by thermal desorption using the Markes International Ultra-Unity automated thermal
desorption equipment (Markes International). In the next step, 10% of the mixture of vapour
was loaded onto a cold (5 ◦C) sorption trap, while the remaining 90% of the mixture was
recollected into an identical sample tube. The vapour mixture was then reloaded from trap
into the GC-tof -MS analysis. The temperature of the GC was programmed as follows: first,
40 ◦C for 5 min; then, increased by 10 ◦C every minute until 270 ◦C was reached. This
temperature was maintained for 5 min. Electron ionisation at 70 eV was used with a 5 Hz
scanning rate over a range of m/z 35–350.

2.4. Data Pre-Processing

The raw, original GC-tof -MS spectra were pre-processed before an actual statistical
analysis. This consisted of noise removal, baseline correction and alignment, as previously
described [14]. Each step of data pre-processing was performed to increase the quality of
the data and to allow multivariate statistical analysis to focus on information of interest. For
each peak in the total ion current chromatogram, the peak picking was performed, which
consisted of calculating the area under the peaks by taking into account the corresponding
mass spectra at specific retention time. Note that these areas are proportional to relative
amounts of measured compounds. The absolute concentrations of the compounds were not
determined. Finally, the area under the peaks for each sample was merged by combining
the corresponding compounds based on retention time and similarities in mass spectra. To
make the spectra comparable, the final step of pre-processing involved normalisation by
probabilistic quotient normalisation.

The data were analysed by means of Random Forest (RF) and regularised multivariate
analysis of variance (rMANOVA) [15]. RF was used to determine the effect of ICS on
volatile metabolites in exhaled breath.

RF is a machine learning algorithm that creates many uncorrelated decision trees
that predict samples into the appropriate class (here, pre-ICS and post-ICS). RF combines
these decision trees to produce a general classification model. The RF model was validated
using an internal test set, which was selected using the Kennard and Stone algorithm (20%
of samples per class) [16]. This algorithm is based on Euclidian distance and allows for
selecting a representative training set. The training set was used for optimisation steps
(i.e., variable selection and selecting model complexity) and for developing a classification
RF model. The test set was subsequently used to validate the constructed model. In the
case of the RF model, an extra validation was employed using the so-called out-of-bag (oob)
error. For each RF tree, one-third of the training samples was left out and not used in the
construction of the classification model. These left-out cases were next used to establish the
prediction error. Compound selection was based on the variable importance as assessed
by RF in combination with an internal validation procedure in which the training set was
iteratively split up into a training and validation set. This process was run using 1000 trees
and 1000 iterations. The RF model provides a measure of the importance of a compound
that gives the most important compound the highest value. Based on this value, a set
of compounds that can discriminate between pre-ICS and post-ICS was selected. It is
important to state that the discriminatory RF model was first constructed and optimised on
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a training set, containing 80% of samples of each group, and the final, optimised model
containing only discriminatory VOCs was validated using an internal independent test set.
Note that RF looks for patterns, i.e., sets of compounds that allow for predicting the class
of interest, i.e., pre-ICS or post-ICS.

To visualise the results, a Principal Coordinate Analysis (PCoA) was performed on
the proximity matrix obtained from the RF model. The model performance was demon-
strated using receiver operating characteristics (ROC) curve. The statistical significance of
responsiveness to the therapy was investigated by means of rMANOVA.

Lastly, the set of discriminating VOCs was putatively identified using the National Insti-
tute of Standards and Technology (NIST) library in combination with expert interpretation.

3. Results

Of 150 eligible children, 147 (98%) were able to stop taking ICS and were included in
the trial. Unfortunately, only 65% of children appeared to be adherent to ICS treatment.
Complete data were available for 89 children (Figure 1), of which 46 children were defined
as steroid-responsive (52%). Subject baseline characteristics are given in Table 1. Baseline
characteristics showed a clinically not relevant but statistically significant difference in
airway resistance between responders and non-responders. The other characteristics were
not significantly different between groups.

Table 1. Baseline characteristics of responders and non-responders.

Responders Non-Responders

Study population (N) 46 43
Age (years), mean (SD) 3.2 (0.7) 3.4 (0.6)
Sex: male/female, n/n 20/26 25/18

Wheezing episodes, n (IQR) 8 (3–8) 8 (3–8)
Atopy, n/n (%) 12/45 (27) 9/41 (22)

Allergic rhinitis, n/n (%) 3/45 (7) 3/42 (7)
Eczema, n/n (%) 15/44 (34) 12/43 (28)

Positive API, n (%) 5/44 (11) 4/43 (9)
Inhaled corticosteroids, n/n (%) 12/45 (27) 9/42 (21)

Short acting β2-agonists, n/n (%) 23/46 (50) 19/42 (45)
Long acting β2-agonists, n/n (%) 1/46 (2) 0/42 (0)
Total symptom score, mean (SD) 24.7 (5.2) 26.4 (3.1)

Airway resistance (kPa s/L), mean (SD) * 1.6 (0.4) 1.4 (0.3)

Atopy is defined as a positive Phadiatop Infant test®. SD: standard deviation; IQR: interquartile range; API:
stringent asthma predictive index. * p = 0.005 between responders and non-responders (Mann–Whitney U test).
All other characteristics were statistically not significant (p > 0.05).

3.1. Influence of ICS on Exhaled VOCs

To identify the VOCs’ pattern related to ICS, the RF model compared individuals
before and after ICS treatment. The RF model was first optimised on the training set and
consequently validated using the test set. A set of 20 VOCs was selected as being the
most discriminative. The final RF model, built on the data containing individuals before
and after ICS treatment, and the set of 20 discriminative VOCs yielded a sensitivity and
specificity of 73% (95% confidence interval 64–82%) and 67% (95% confidence interval
57–77%) for internal test samples, respectively. The corresponding ROC curve is shown in
Figure 2.

The groups’ visualisation is shown in Figure 3A,B, where PCoA score plots are shown
for training and projected test samples. The difference between pre- and post-ICS samples
is observed between the first three principal coordinates (PCos), which explains 43.4% of
the variance. The test samples are projected into the space of the corresponding training
samples, which confirms the sensitivity and specificity of the RF model.
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Figure 2. Receiver Operating Characteristics curve for the test set of the random forest model
comparing individuals before and after ICS treatment using 20 discriminatory VOCs. The sensitivity
and specificity were found to be 73% and 67%, respectively, with an area under the curve equal to
0.72. ICS: inhaled corticosteroids; VOCs: volatile organic compounds.

Figure 3. Principal Coordinate Analysis score plot for (A) PCo1 and PCo3, and (B) PCo2 and PCo3 on
a proximity matrix obtained from the Random Forest model performed on the training set and 20 of
the most discriminatory volatile organic compounds. The test set was projected into the space defined
by the training samples. Every point belongs to a single breath fingerprint (blue stars: post-ICS
training set; red circles: pre-ICS training set; blue circles: post-ICS test set; red squares: pre-ICS test
set). The separation is observed on Principle Component 1, explaining 22.6% of the variance. PCo:
Principal Coordinate; ICS: inhaled corticosteroids.

In Appendix A Figure A1, responsiveness to ICS treatment is visualised in the
PCoA score plots. This figure demonstrates no natural clustering with respect to clin-
ical treatment response.

The top five compounds contributing to the discrimination between the pre- and post-
ICS treatments were putatively identified using the NIST library (Table 2). Interestingly,
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the levels of four compounds were reduced after ICS treatment and the level of only one
compound was increased after ICS treatment. The remaining VOCs were identified only
in a general way as the following family of compounds: two terpenes, seven alkanes and
four branched alkanes. The remaining two compounds could not be identified due to
insufficient mass spectrum, overlap in the retention time or absence of mass spectrum in
the NIST library.

Table 2. Putative identification of the top 5 volatile organic compounds contributing to differentiation
of individuals before and after treatment with ICS. ↓ indicates reduced level of a VOC in post-ICS
individuals in reference to pre-ICS; ↑ indicates increased level of a VOC in post-ICS individuals in
reference to pre-ICS.

Nr. Compound Name Concentration Changes in Post-ICS

1 Branched C11H24 ↓
2 Butanal ↓
3 Octanal ↓
4 Acetic acid (ester) ↑
5 Methylated pentane ↓

ICS: inhaled corticosteroids; VOC: volatile organic compound.

3.2. Exhaled VOCs and Clinical Response to ICS

Due to the limited number of subjects, it was not feasible to create a reliable prediction
model to discriminate between ICS responders and non-responders. Moreover, the study
design included both children later diagnosed as transient wheezers and children later
diagnosed as true asthmatics, for which treatment response might be different. As a result,
discriminatory models for each group need to be built separately. Therefore, rMANOVA
was used to demonstrate the usefulness of exhaled VOCs in determining steroid responsive-
ness. In this multivariate model, definitive diagnosis at an age of 6 years, i.e., true asthma
or transient wheeze, as well as responsiveness to ICS were used as the main factors. Since
airway resistance at baseline was statistically significantly different between responders
and non-responders, it was included in the rMANOVA model as a potential confounder.
The rMANOVA analysis yielded significant differences in VOCs’ profiles for responders
and non-responders and for later-diagnosed true asthma and transient wheeze as individ-
ual factors, as well as the interaction between them with a p-value < 0.01. This significant
interaction effect indicates that the variation is dependent on both factors simultaneously,
and thus, the commonly encountered One-Variable at a Time approach for investigating
treatment responsiveness would not necessarily result in the best overall optimal outcomes.

4. Discussion

This study showed that exhaled VOCs in wheezing preschool children were signifi-
cantly influenced by an 8-week trial of ICS, irrespective of a clinical treatment response. Our
classification model showed that 20 VOCs were the most discriminative, with a sensitivity
of 73% and specificity of 67%. The majority of these VOCs were alkanes, but the top five
discriminative VOCs (Table 2) also included aldehydes. Furthermore, exhaled VOCs before
the start of ICS treatment were significantly different between wheezing children who were
later classified as ICS-responsive compared to those classified as non-responsive. To the
best of our knowledge, this is the first study investigating ICS-induced changes in exhaled
VOCs in children, as determined by GC-MS. Moreover, this is also the first study that used
exhaled VOCs to assess a clinical ICS response in wheezing preschool children.

Our findings significantly contribute to the knowledge of clinically applying exhaled
breath analysis. Despite the 2017 ERS Task Force statement on exhaled biomarkers in lung
disease [7], exhaled breath sampling and analysis is still not standardised and large het-
erogeneity between studies exists. One important factor in standardising breath sampling
is the potential confounding role of pharmacological treatment. Only a few studies have
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focused on this topic. The study by Gaugg et al. showed significantly altered breath prints
in adults, as assessed by SESI-HRMS, 10 and 30 min after inhalation of salbutamol, which
was not shown after inhalation of the placebo [17]. However, in most studies, subjects are
instructed to not use their medication 2 to 4 h prior to breath sampling. Unfortunately, that
time window was not used in the study by Gaugg et al.; however, Brinkman and colleagues
investigated the association of exhaled VOCs, as measured by GC-tof -MS, with urinary
levels of salbutamol and oral corticosteroids in adults with severe asthma [18]. Their study
showed that exhaled breath profiles can be linked to recent medication use, with fairly
good accuracies. However, an important limitation of this study was that the specific time
and dose of medication intake were uncertain.

In children, no similar studies have been performed to date. In a previous study from
our research group, performed in the same study population, markers in exhaled breath
condensate (EBC) showed no differences before and after ICS treatment [13]. Two other
studies from the same research group, performed a metabolomic analysis of EBC in children
with asthma [19,20]. In non-severe asthma, this method was not able to detect differences
between steroid-naïve children and children using regular ICS [19]. Furthermore, EBC
profiles showed no differences after a 3-week course of ICS, despite significant clinical
improvements [20]. Probably, as also suggested by the authors, their approach was not
capable of detecting the subtle differences in exhaled breath profile potentially caused
by ICS.

By using GC-tof -MS, we were able to detect 20 VOCs that were most discriminative for
ICS use, of which the top 5 discriminative VOCs are shown in Table 2. The majority of these
identified VOCs were alkanes. Exhaled alkanes and, to a lesser extent, exhaled aldehydes
have been identified as significant markers for airway inflammation in various asthma
studies [21]. Interestingly, four out of our top five most discriminative VOCs, of which
two are alkanes and two are aldehydes, decreased after 8 weeks ICS. These findings might
suggest that the changes found in breath profiles were caused by the down-regulation of
airway inflammation. However, we cannot exclude that the differences in exhaled VOCs
were solely and directly induced by ICS, as we did not investigate drug levels or metabolites
in blood and urine to compare our findings. Moreover, the ICS-induced changes in breath
profiles were irrespective of a clinical treatment response, as shown in Figure A1. Of
interest, in the study by Brinkman et al., octanal in exhaled breath was associated with
urinary levels of oral steroids [18]. In our study, octanal was identified at the baseline visit,
when subjects were steroid-naïve for 4 weeks. Moreover, after the 8-week ICS trial, octanal
levels reduced, which implies that octanal is not a biomarker for ICS use.

In summary, we cannot fully conclude whether the ICS-induced changes in exhaled
VOCs were directly caused by the drugs or whether it truly reflected anti-inflammatory
changes in wheezing children. Nevertheless, our findings indicate that pharmacological
treatment should be taken into account when performing breath analysis. Most importantly,
when breathomics is used for diagnostic purposes, timing and dose of medication could
be important confounding factors as it is unclear how long the metabolic effects persist.
The common prohibition to use drugs 2–4 h prior to exhaled breath sampling might not be
sufficient to reduce the impact on exhaled VOCs. In our study, we were fairly sure about
medication use as we only included children in the final analysis when they were both
steroid-naïve at inclusion and considered treatment-adherent after the trial. As mentioned
before, exact medication intake was uncertain in the study by Brinkman et al. [18], and the
effects of salbutamol were only investigated until 30 min after inhalation in the study by
Gaugg et al. [17]. An extension of the latter study, including a longer follow-up duration
and the use of various drugs, is of pivotal importance to improving the standardisation
and reliability of exhaled breath analysis.

Another research aim of this study was the prediction of a clinical response to ICS
in wheezing preschool children. Unfortunately, due to the high number of insufficiently
adherent children, the sample size was too small to create a prediction model that could
be properly validated. Nonetheless, our results showed significant differences in exhaled
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VOC profiles between ICS responsive and non-responsive wheezing preschool children.
Moreover, this effect was dependent on the future diagnosis of these children at an age of
6 years: transient wheezing or true asthma. These results suggest that wheezing preschool
children who eventually developed asthma had a higher chance of being steroid-responsive.
Naturally, these results need validation and replication. However, the prediction of ICS
responsiveness could be a unique and innovative potential application of exhaled breath
analysis, as the treatment of wheezing preschool children has been debated for years [22].
Our findings are in line with a previous study in adults with asthma, in which an eNose
was able to predict a clinical corticosteroid response with a good accuracy [8]. In children,
most studies have focused on the use of fractional exhaled nitric oxide (FeNO) to predict a
treatment response, with mixed findings [23]. In an earlier part of the ADEM study, we
showed that FeNO and inflammatory markers in EBC could not predict a steroid response
in wheezing preschool children [13]. Finally, in the study by Cavaleiro Rufo et al., an
eNose analysis of EBC in children was able to identify children with asthma in need of ICS
therapy [24]. Response to treatment was not investigated in this study. Our findings could
implicate that exhaled breath analysis is able to better guide clinicians in identifying which
wheezing children might benefit from ICS, potentially preventing both overtreatment and
undertreatment with ICS and thereby reducing side effects as well as healthcare costs. The
potential of exhaled VOCs as a diagnostic tool for ‘personalised medicine’ in this age group
is highly interesting.

This study has several strengths. To the best of our knowledge, this is the first study
to investigate the effect of ICS maintenance therapy on exhaled VOCs’ profiles in children
at preschool age. Furthermore, this is the first study using exhaled VOCs, as measured by
GC-MS, in determining clinical steroid responsiveness in preschool children. Our study
was performed in a real-life setting, which makes it highly suitable for clinical practice.
Moreover, our subjects were clinically well characterised, including details on medication
use and treatment response.

Our study also had some limitations. First, weighing inhaler canisters is considered a
suboptimal strategy to identify treatment adherence [25]. However, in this real-life clinical
setting, we considered it to be the most optimal strategy. Second, as we were very strict
in identifying adherence, 35% of participating children were excluded from analysis. As
a result, the sample size was too small to create a reliable prediction model of treatment
response. Another limitation is that we did not assess blood eosinophils in this study.
However, we did measure FeNO, which is related to airway eosinophilia. In a previous
study, FeNO could not predict a steroid response in the same population [13]. Finally, we
did not investigate drug levels or metabolites in blood or urine to compare our findings.

5. Conclusions

An 8-week trial of ICS significantly influenced the exhaled breath profiles of wheezing
preschool children, irrespective of a clinical treatment response. Moreover, exhaled VOCs
were capable of determining corticosteroid responsiveness in wheezing preschool children.
These results highlight the urgent need for further standardisation of exhaled breath
analysis and its potential to guide therapy in a ‘personalised medicine’ approach.

Author Contributions: Conceptualization, M.A.G.E.B., S.K., Q.J. and E.D.; methodology and analysis,
M.A.G.E.B., A.S. and E.D.; investigation, K.D.G.v.d.K., Q.J. and E.D.; data curation, M.A.G.E.B.
and A.S.; writing—original draft preparation, M.A.G.E.B.; writing—review and editing, S.K., Q.J.,
K.D.G.v.d.K., F.-J.v.S., A.S. and E.D.; visualization, M.A.G.E.B. and A.S.; supervision, A.S. and E.D.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Dutch National Medical Ethical Committee (Centrale Commissie
Mensgebonden Onderzoek, CCMO): identifier number: NL17407.000.07/2007-001817-40, date of
approval 12 June 2007.

160



J. Clin. Med. 2022, 11, 5160

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available from the corresponding
author upon request.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Figure A1. Principal Coordinate Analysis score plot for (A) PCo1 and PCo3, and (B) PCo2 and
PCo3 on a proximity matrix obtained from the Random Forest model performed on training set and
20 most discriminatory volatile organic compounds. The samples are color-coded with respect to the
responsiveness to ICS treatment, with blue dots being responders and red ones being non-responders.
The figure demonstrates no natural clustering with respect to ICS responsiveness. PCo: Principal
Coordinate; ICS: inhaled corticosteroids.
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