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1. INTRODUCTION 

Aerosols play a leading role in our respiratory system. Bacterial, viral and fungal 

infections can enter our body through the airways but it is a lso an advantageous 

opportunity for therapeutic approaches. Different drugs, such as bronchodilators, 

corticosteroids and antibiotics can be administered via inhalation. Increasing 

effectiveness by local absorption and reducing systemic side effects make inhalation 

therapy a significant cornerstone of treating airway diseases. Chronic obstructive 

pulmonary disease (COPD) and asthma bronchiale affect over 0.5 billion patients 

worldwide and due to tobacco smoking and air pollution COPD prevalence tends to be 

higher and make COPD the third leading cause of death.(1-3) Regarding its growing 

prevalence, COPD patients need better therapeutic possibilities to improve pulmonary 

function and decrease mortality rates. COPD maintenance therapy contains three main 

groups of inhalative agents such as beta-adrenergic-agonists, muscarinic antagonists and 

corticosteroids.(2)  

1.1. Chronic obstructive pulmonary disease (COPD)  

1.1.1. Epidemiology and pathophysiology of COPD 

COPD affects more than 380 million people worldwide.(4) The most important risk factor 

and the most frequent cause of COPD is tobacco smoking but several additional risk 

factors should be mentioned as dust, indoor air pollution from burning biomass fuels, 

noxious fumes and, moreover, individual genetical factors, effect of preterm birth, 

prenatal maternal smoke exposure and childhood infections.(5-8) The above mentioned 

factors result in pathological changes involving the airways, the parenchyma and even 

the vasculature. As a result of oxidative stress, increased macrophage cell count in the 

affected loci and elevation of inflammatory mediators, chronic inflammation develops in 

the wall of airways leading to airway wall thickening, airway narrowing, increased mucus 

production, smooth muscle remodeling, decreased mucociliary clearance on the long-

term.(9-11) The symptoms of the disease are the consequences of the different 
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pathological changes, and include chronic cough, sputum production and shortness of 

breath, initially under exercise but later also at rest. These changes can lead to decrease 

in quality of life (QoL) and to an increased risk of infections resulting sudden worsening 

of symptoms – called acute exacerbations (AE).(2, 12) During stable condition or AEs 

inhaled agents like anti-inflammatory and bronchodilator drugs are the basis of 

therapy.(2)  

1.1.2. Symptoms of COPD 

Main symptoms of chronic obstructive pulmonary disease include dyspnea, chronic 

cough and chronic sputum production.(2) In cases with history of smoking or 

occupational exposure to fumes or dusts, clinician should consider COPD a potential 

underlying cause of varying symptoms.(8, 13) However, COPD patients experience signs 

of disease progression which are not specific for this disorder, several conditions might 

help the diagnosis. Usually, the first symptoms occur in middle age or elderly patients 

and most of them suffer only from effort dyspnea or recognize recurring infections, 

especially during cold weather episodes. Most patients realize problems when they are 

not able to perform different activities in the way as other persons in the same age while 

early diagnosis of COPD should be emphasized.(14) Despite the improvement of COPD 

diagnosis, many patients are misdiagnosed for asthma.(15) Regarding dyspnea, a useful 

assessment tool is the questionnaire for dyspnea by British Medical Research Council 

(mMRC).(16)  

Hyperinflation caused by airway obstruction may result in hyperventilation as the 

elevated residual volume (RV) and its ratio to total lung capacity (TLC) cause decreased 

tidal volume.(17, 18) A brief but historical categorization of phenotypes might simplify 

identifying COPD patients, since a typical hyperinflated, emphysematous chest coupled 

with cachectic figure can be labeled as a “pink puffer”, while a “blue bloater” patient is 

usually overweight and tends to be cyanotic due to insufficient ventilation/perfusion ratio 

(V/Q) according to the traditional depiction by Netter.(19) Nonetheless, these categories 

are normally not completely distinguished and occur as a fusion of them, it supports the 

suspicion of COPD. The modern conception of COPD phenotypes separate the followings 

according its clinical representation: frequent exacerbators/chronic systemic 
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inflammation; chronic bronchitis; COPD-asthma overlap phenotype; 

emphysema/hyperinflation; chronic bacterial colonization.(20) However, there are no 

sharp boundaries between these phenotypes. 

Physical changes resulting from COPD, especially hyperinflation causes lowered 

breathing and heart sounds which is roughly objective signs of the disease, however 

expirational wheezing refer to airway obstruction as well as prolonged forced expiration 

(> 6 seconds).(20) Additional symptoms as increased mucus production and chronic 

cough – even unproductive – may stand for COPD.(20) These symptoms support the 

diagnosis of COPD but further examinations are needed to establish the disease.  

1.1.3. Diagnosis of COPD 

The main diagnostic criteria of COPD are determined by lung function  (LF) 

measurements. Dynamic parameters of expiration as forced vital capacity (FVC), f orced 

expiratory volume in 1 second (FEV1) and their ratio (FEV1/FVC) describe the most 

appropriate yet clear way the worsening of breathing capacity in COPD. Certain 

numerical criteria of the diagnosis might lead to underdiagnosis of the disease under 50 

years and overdiagnosis in elderly patients as LF parameters decrease by aging,(21, 22) 

however, because of its simplicity, the criterion of post-bronchodilator FEV1/FVC value 

less than 0.7 is widely used and serves as a cornerstone in international 

recommendations.(2) Reversibility test performed with definite amount of inhaled 

bronchodilator agents are inevitable to differentiate reversible and irreversible obstructive 

ventilatory disorders and must be carried out in the diagnostic process of COPD. Airway 

obstruction can be categorized by FEV1 decrease as shown in Table 1.(23) Besides FEV1, 

peak expiratory flow (PEF) might refer to airway obstruction and simpler to perform, 

though its sensitivity compared with FEV1 is moderate.(24) Body plethysmography tests 

present increasing values regarding RV, TLC and RV/TLC as described previously, while 

diffusion measurements may show decreased diffusion capacity of the lungs for carbon 

monoxide (DLCO) in combined syndrome of emphysema and pulmonary fibrosis.(25)  



9 
 

Table 1. Grades and severity of airway obstruction in COPD patients according to GOLD 

2023 Report.(26) 

GOLD 1 Mild FEV1 ≥ 80% predicted 

GOLD 2 Moderate 50% ≤ FEV1 < 80% predicted 

GOLD 3 Severe 30% ≤ FEV1 < 50% predicted 

GOLD 4 Very severe FEV1 < 30% predicted 

COPD: chronic obstructive pulmonary disease; FEV1: forced expiratory volume in 1 

second; GOLD: Global Initiative for Chronic Obstructive Lung Disease. 

 

It is important to note that the classification of the disease is based not only on quantifiable 

changes in breathing capacity but also on the patients’ QoL. Quality of life is assessed by 

two questionnaires according to the Global Initiative for Chronic Obstructive Lung 

Disease (GOLD), one of them was already mentioned before (mMRC) while the other is 

the COPD Assessment Test (CAT®) asking about eight different fields of limitation due 

the disease.(16, 27) Both of them representing an impaired QoL as their values increase. 

Besides QoL questionnaires, exacerbations mean a factor of deterioration of COPD. 

Categories of the disease according to the GOLD 2015 Report are presented in Table 

2.(23) It is important to note that the latest categorization of COPD in 2023 places patients 

with more severe exacerbation history into one group as presented in Table 3.(26) 

Table 2. Categories of COPD patients according to GOLD 2015 Report.(23) 

Exacerbation history  

≥ 2 moderate exacerbations 

or ≥ 1 leading to 

hospitalization 

C D 

0 or 1 moderate 

exacerbations (not leading 

to hospitalization) 

A B 

 mMRC 0-1 

CAT < 10 

mMRC 2-4 

CAT ≥ 10 

Symptom assessment 
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CAT: COPD Assessment Test; COPD: chronic obstructive pulmonary disease; GOLD: 

Global Initiative for Chronic Obstructive Lung Disease; mMRC: Modified Medical 

Research Council.  

Table 3. Categories of COPD patients according to GOLD 2023 Report.(26)  

Exacerbation history  

≥ 2 moderate exacerbations 

or ≥ 1 leading to 

hospitalization 

E 

0 or 1 moderate 

exacerbations (not leading 

to hospitalization) 

A B 

 mMRC 0-1 

CAT < 10 

mMRC 2-4 

CAT ≥ 10 

Symptom assessment 

CAT: COPD Assessment Test; COPD: chronic obstructive pulmonary disease; GOLD: 

Global Initiative for Chronic Obstructive Lung Disease; mMRC: Modified Medical 

Research Council.  

 

 

1.1.4. Management of COPD 

Treatment of COPD should be divided into two main groups, stable and exacerbated 

patients. Stable COPD patients use an inhalative regimen of combined bronchodilator 

agents, supplemented with inhaled corticosteroids (ICS). The recommended group of 

agents are shown in Table 4.(23) ICS are frequently debated agents in the treatment of 

COPD as several studies found increased risk of pneumonia using such drugs.(28-30) 

During an AE requiring hospitalization therapeutic scheme is usually complemented by 

systemic steroid, nasal oxygen supplementation and mucolytics while in severe cases 

phosphodiesterase inhibitors can be added.  
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Table 4. Therapeutic recommendations of inhaled medications in COPD according to 

GOLD 2015 Report.(23) 

Category Recommended inhaled medication 

A SABA* or SAMA* 

B LABA or LAMA 

C ICS + LABA or LAMA 

D ICS + LABA and/or LAMA 

*When necessary; COPD: chronic obstructive pulmonary disease; GOLD: Global 

Initiative for Chronic Obstructive Lung Disease; ICS: inhaled corticosteroid; LABA: 

long-acting beta2-agonist; LAMA: long-acting muscarinic antagonist; SABA: short-

acting beta2-agonist; SAMA: short-acting muscarinic antagonist. 

1.2. Inhalative agents 

Inhalation therapy was known 4000 years ago in Egypt where Datura Stramonium leaves 

were burnt and its smoke containing scopolamin and atropin was inhaled, which agents 

had hallucinogenic effects and as anticholinergic drugs, functioned as 

bronchodilators.(31) Besides well-known bronchodilator and anti-inflammatory drugs 

many groups of different agents might be conveyed via our respiratory system for 

example antibiotics and novel inhaled medications as monoclonal antibodies, muscarinic 

antagonist-beta2-agonists (MABAs), inhalative phosphodiesterase-3/4 inhibitors, 

phosphoinositide 3-kinase δ (PI3Kδ) inhibitors, inhaled vaccines etc.(32-36)  

Although, COPD patients might reach further therapeutic choices in the future, currently 

the international recommendations focus on the three main groups of beta-adrenergic-

agonists, muscarinic antagonists and corticosteroids. Table 5 contains the currently 

available acting agents, combinations, compact inhaler types and duration of action 

according to GOLD 2023 Report.(26)  
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Table 5. Commonly used maintenance medications in COPD according to GOLD 2023 

Report.(26) 

Generic Drug Name Inhaler Type Duration of Action 

ß-adrenergic agonists 

Short-acting (SABA) 

Fenoterol pMDI 4-6 hours 

Levalbuterol pMDI 6-8 hours 

Salbutamol (albuterol) pMDI, MDI 4-6 hours 

Terbutaline DPI 4-6 hours 

Long-acting (LABA) 

Formoterol DPI 12 hours 

Indacaterol DPI 24 hours 

Olodaterol SMI 24 hours 

Salmeterol pMDI, DPI 12 hours 

Muscarinic antagonists 

Short-acting (SAMA) 

Aclidinium bromide pMDI 6-8 hours 

Oxitropium bromide pMDI 7-9 hours 

Long-acting (LABA) 

Aclidinium bromide pMDI, DPI 12 hours 

Glycopyrronium bromide DPI 12-24 hours 

Tiotropium pMDI, DPI, SMI 24 hours 

Umeclidinium DPI 24 hours 

Combination of SABA+SAMA in one device 

Fenoterol/ipratoprium SMI 6-8 hours 

Salbutamol/ipratropium SMI, pMDI 6-8 hours 

Combination of LABA+LAMA in one device 

Formoterol/aclidinium DPI 12 hours 

Formoterol/glycopyrronium pMDI 12 hours 

Indacaterol/glycopyrronium DPI 12-24 hours 

Vilanterol/umeclidinium DPI 24 hours 

Olodaterol/tiotropium SMI 24 hours 

Combination of LABA+ICS in one device 

Formoterol/beclometasone pMDI, DPI 12 hours 

Formoterol/budesonide pMDI, DPI 12 hours 

Formoterol/mometasone pMDI 12 hours 

Salmeterol/fluticasone proprionate pMDI, DPI 12 hours 

Vilanterol/fluticasone furoate DPI 24 hours 

Triple Combination of LABA+LAMA+ICS in one device 

Fluticasone/umeclidinium/vilanterol DPI 24 hours 

Beclometasone/formoterol/glycopyrronium pMDI, DPI 12 hours 

Budesonide/formoterol/glycopyrrolate MDI 12 hours 
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DPI: dry powder inhaler; ICS: inhaled corticosteroid; LABA: long-acting beta2-agonists; 

LAMA: long-acting muscarinic antagonists; pMDI: pressurized metered dose inhaler; 

SABA: short-acting beta2-agonists; SAMA: short-acting muscarinic antagonists; SMI: 

soft mist inhaler. 

1.2.1. Beta-adrenergic-agonists 

Beta2-agonist have an effect on airway wall smooth muscle cells and by stimulating 

beta2-adrenergic receptors these drugs increase the cyclic adenosine-monophospate 

resulting in a functional antagonism of bronchoconstriction.(37) We differentiate 

subgroups by their duration of action and divide beta2-agonist in two main groups – short-

acting beta2-agonists (SABAs) and long-acting beta2-agonists (LABAs). In the 

management of obstructive airway diseases SABAs and LABAs play a crucial role. 

However, for asthmatic patients LABAs alone are not permitted, only combination 

therapy is recommended according to the guidelines.(1, 38, 39) In the context of COPD, 

LABAs are the cornerstone of inhalative therapy, combined with muscarinic antagonists. 

SABA has a duration of acting of 4 to 6 hours.(40) These agents are mostly administered 

as reliever therapy in both COPD and asthma or used during disease worsening requiring 

hospitalization. LABAs have mostly 12 hours as duration of action but novel agents such 

as olodaterol or vilanterol act as ultralong-acting beta2-agonists (ULABAs) with a 24-

hour-long duration of action, consequently given once daily.(40) While beta2-agonists 

have an impact on symptom improvement (41), do not modify the annual decrease of 

FEV1.(42)  

1.2.2. Muscarinic antagonists 

Muscarinic antagonists inhibit the effect of acetylcholine on M3 receptors and this 

inhibition results in blocking of bronchoconstriction and decrease in mucus 

production.(43, 44) Short-acting muscarinic antagonists (SAMAs) also have an inhibitory 

effect on natural inhibitory M2 receptor, causing vagal bronchoconstriction.(45) Long-

acting muscarinic antagonists (LAMAs) bind not so strongly to M2 receptors as SAMAs 

and have longer – 12 to 24 hours – duration of action, while SAMAs have 4 to 6 hours’ 



14 
 

duration of action.(46-48) Muscarinic antagonists are essential in the treatment of COPD 

patients alongside with beta2-agonists. Some studies showed an improvement of 

symptoms in COPD in patients using muscarinic antagonists and a decrease in 

exacerbation rates but not direct increase in FEV1 compared to beta2-agonists.(49, 50) 

LAMAs also have a direct effect on improving airway ciliary function enhancing 

mucociliary clearance in COPD patients.(51) The use of these agents are relatively safe 

as adverse effects are unusual and the most frequently occurring is dryness of mouth as 

an anticholinergic effect.(44) By occasional cases, COPD patients treated by aerosols 

containing muscarinic antagonists, acute glaucoma was observed as the solution of 

muscarinic antagonists contacted the eyes.(52)  

1.2.3. Inhaled corticosteroids 

Inhaled corticosteroids have anti-inflammatory effect in airway diseases.(53) 

Nevertheless, airway inflammation in COPD is deemed to be unresponsive to inhaled 

corticosteroids, likely due to smoking.(54, 55) Unlike in asthma, in the therapy of COPD 

ICS is not considered as a monotherapy but combined with a LABA (ICS-LABA) or 

added to a LABA-LAMA combination to form an open triple therapy or be part of a fixed 

dose triple combination (FDTC) of ICS-LABA-LAMA.(2) In COPD, ICS was already 

investigated in many clinical studies to find out its therapeutical benefit and showed that 

ICS improves the exacerbation rate, LF and symptoms in combination with LABA versus 

mono-LABA and expresses the same advantage in a triple combination versus LABA-

LAMA, or even ICS-LABA combination.(56-58) The side effects of corticosteroids are 

well-known, such as osteoporosis, hyperglycemia or increased risk of infections, 

however, inhalation route can reduce the disadvantageous impact of corticosteroids by 

local acting and the need for lower amount of ICS. Systemic adverse effects of ICS – such 

as adrenal suppression or skin thinning - are already documented but disputed as well.(59, 

60) Oral candidiasis is a well-documented side effect but can be easily prevented by 

mouth rinse.(61) The association between increased risk of pneumonia ICS usage remains 

a subject of debate. While cases of pneumonia have been recorded during ICS usage, 

development of lower respiratory infections is influenced by numerous factors. In 
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situations where individuals encounter frequent exacerbations, ICS is recommended.(2, 

57, 60, 62)  

1.3. Types of inhalers 

Inhalers are particular devices whose mechanisms and inner structure are constructed to 

form a mixture of inhalative drugs, carrier molecules and air which the patient can easily 

inhale in order to reach a satisfying deposition at the desired locations. Inhaler dev ices 

are designed to provide inhaled particles between one and five micrometers which are in 

the best size range to deposit in small airways where targets of COPD therapeutical agents 

take place.(63, 64) Three different forms of inhaled particles are available in clinical 

practice: solutions, suspensions and dry powders. These medications are conveyed by 

various types of inhalation devices divided into four main groups. One group is applied 

in emergency situations or serious cases where the patient’s ability to inhale is 

limited.(65) This inhaler is the nebulizer which mostly requires electricity to function and 

regular maintenance.(66) The other three groups are compact, portable devices such as 

the pressurized metered dose inhalers (pMDIs), the dry powder inhalers (DPIs) and the 

soft mist inhaler (SMI).(64) Inhalation therapy of COPD is based on the use of the last 

three groups and the clinician has several options to choose with the purpose of an 

individualized and effective treatment.(2)  

1.3.1. Pressurized metered dose inhalers 

The pMDIs were the first compact inhaler devices. Initially, it was designed to administer 

epinephrine in asthma patients (Medihaler-Epi, 1956).(67, 68) Later on, the device took 

place in the maintenance treatment of obstructive ventilatory disorders and are available 

in many countries containing different combinations of SAMAs and SABAs, or LAMAs, 

LABAs and ICSs.(2) The main components of pMDIs are the canister containing the 

acting agents in liquid phases - solution or suspension – and the propellant, and the 

actuator.(69) The propellants were originally chlorofluorocarbons (CFCs) but since 1996 

when the Montreal Protocol was implemented, the use of CFC is forbidden due to its 

damage to the ozone layer. After the prohibition of CFC hydrofluoroalkenes (HFAs) have 
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been applied as an alternative propellant. HFAs have been proved to be more suitable in 

this context, as they produce slower aerosol sprays than CFCs. This slower speed helps 

reduce the possibility of impaction in the laryngo-pharyngeal region before entering the 

airways.(70, 71) After the actuation of the device, a relatively fast spray is formed, which 

the patient can inhale with the right coordination. PMDIs have comparatively high 

deposition values (20-40% of the metered dose), but the main disadvantage of this 

particular type of inhalator device is that it is difficult to actuate and inhale at the same 

time.(72-74) When used correctly, pMDIs offer a widely available option in inhaled 

therapy containing numerous combinations of different inhalative medications.  

1.3.2. Dry powder inhalers 

DPIs are the most versatile inhaler devices nowadays. The first device was on the market 

from 1967 (Spinhaler) which was a single dose capsule inhaler.(68) Currently both single 

dose capsule inhalers and multi dose DPIs are available. The main difference using a DPI 

compared to a pMDI is that the former does not contain any propellant so that the patient 

has to generate a sufficient flow to remove the agents from its inner structure.(64, 75) The 

formulation of inhalative agents differs from pMDIs’ as well. Instead of solution or 

suspension, DPIs contain a mixture of acting agents attached to carrier particles creating 

a distribution of inhalative agents developed by various pharmacological methods.(76) 

One notable advantage of DPIs is that the inhalation maneuver is independent from the 

act of loading the device, which reduces the influence of poor coordination on the 

efficiency of usage due to a lesser extent. In contrast to pMDIs, the size of inhaled agents 

is not constant but depends on the peak inspiratory flow (PIF) or, according to the latest 

studies, the pressure drop generated by the patient.(77, 78) The more powerful inhalation 

the patient produces, the more advantageous distribution of inhaled particles is the result 

as increased fine particle fraction contributes to better lung deposition .(79) Considering 

the above-mentioned factor, the use of some DPIs is limited in case of patients with 

impaired LF.(80)  
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1.3.3. Soft mist inhaler 

SMI is the latest type of compact inhalers and is able to generate a slow running mist of 

fine particles. The only available device is called Respimat®, developed in 2004 by 

Boehringer Ingelheim.(68, 81) Similarly to pMDIs, it has a canister containing the active 

agents in a solution.(81) By actuating the device, a previously tensioned spring provides 

the energy to force a metered amount of medication through a special nozzle generating 

an aerosol of fine mists.(81) Compared to pMDIs, which create a relatively fast-moving 

aerosol increasing the number of impacted particles in upper airways, SMI forms a slow 

vapor giving the patient enough time to inhale and simultaneously lowering the rate of 

impaction.(82, 83) Due to its longer duration, the vapor provides better circumstances to 

reach a good coordination of actuation and inhalation resulting a theoretically better 

effectivity of deposition. The fraction of fine particles is approximately 75%, which is 

double the value of pMDIs. Respimat® has very low resistance(84), so patients with 

impaired LF parameters are able to use these devices. ICSs are currently not available in 

SMI.  

1.3.4. Nebulizers 

With the development of pMDIs, nebulizers also became a cornerstone of inhaled drug 

delivery, not only in obstructive pulmonary diseases but also in infections, as nebulizers 

are able to aerosolize many types of drugs such as antibiotics, mucolytics and 

bronchodilators. Three main categories of nebulizers are used: jet nebulizers, ultrasonic 

nebulizers and mesh nebulizers.(64) Jet nebulizers are the most widely used and these are 

mostly tabletop devices using a compressor to generate flow of compressed air between 

2 and 10 L/min.(66) Compressed air draws medication through a capillary tube from a 

reservoir and with a nozzle the medication can be aerosolized. Most frequently, jet 

nebulizers are applied with a corrugated tube as a reservoir, however, the flow and aerosol 

forming is constant in most cases so the loss of medication during breath-hold and 

exhalation is significant. Newly developed devices like breath-enhanced and breath-

actuated jet nebulizers are dedicated to decrease the wastage of medication and also the 

exposure the health-care personnel.(66) Despite its lower efficacy, jet nebulizers are still 

cheaper, easy to use and are able to generate aerosols from viscous fluids and 
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suspensions.(66) Ultrasonic nebulizers include a piezoelectric crystal vibrating at high 

frequencies to generate aerosol.(85) Ultrasonic nebulizers have some disadvantages 

compared to jet nebulizers since they are not able to aerosolize viscous fluids and might 

degrade heat-sensitive-materials.(66) The last group of nebulizers are the mesh nebulizers 

which devices use also piezoelectric crystals in a form of a mesh or an aperture plate.(86) 

It has many advantages compared to ultrasonic nebulizers such as smaller residual volume 

and higher fine particle fraction. Owing to the latter, mesh nebulizers can be 2 or 3 times 

more effective regarding pulmonary deposition (PD), compared to jet nebulizers.(87) 

Delivery of viscous fluids are still an unsolved problem by mesh nebulizers as it can clog 

the plate during operation but mesh nebulizers can easily deliver solutions and 

suspensions.(66, 88)  

1.4. Pulmonary deposition 

Respiratory system provides a very efficient way for medications to be administered in 

several conditions. As the same amount of blood flows through the lungs as the other 

organs and tissues of our body, our respiratory system has the best blood supply of our 

circulation making it an appropriate locus to deliver therapeutical agents.(89) Regarding 

systemic therapies, lungs give a good opportunity for fast absorption and to increase a 

particular agent’s serum concentration as it avoids first pass metabolism but its 

measurement possibilities create an obstacle in achieving effective therapy.(90) 

Although, administering systemic therapy via inhalation is easy and noninvasive, its 

unreliability makes it subordinate against intravenous drug administration.  

The outstanding role of inhalative medication prevails in medical conditions where the 

target of treatment is located in the airways.(91) Proper deposition depends on the type 

of medication – ICS might act beneficially throughout the whole conductive airway 

region as an anti-inflammatory agent, meanwhile muscarinic antagonists and 

bronchodilators must deposit in loci where mucus production and smooth muscles are 

substantial.(91) Inhalative medications dispose different pharmacological characteristics 

such as formulation and size distribution. Inhaled aerosols consist medication in liquid or 

solid particles dispersed in air. Regardless its liquid or solid phase, the size of particle 

determinates its locus of deposition.(91) There are three major mechanisms of deposition: 
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impaction, sedimentation and diffusion.(92) Inertial impaction is the most considerable 

before entering lower respiratory system, in the pharyngeal and laryngeal region and the 

main bronchi.(92) Usually, impaction affects particles larger than 10 µm but above 5 µm 

is still significant.(92) Gravitational sedimentation is the main mechanism for inhaled 

particles to deposit in the small airways, the range of particle size is between 1 and 8 

µm.(92) Brownian diffusion plays role in the deposition of particles under 0,5 µm.(92) 

Normally, during a 5 or 10-second-long breath-hold time during drug inhalation, a 

significant fraction of small particles do not settle and are basically exhaled. Generally, 

aerosols are not monodisperse systems where all particles are at the same size but 

polydisperse systems with a quite extensive range of particles. By determining a particle’s 

impact, not its size but its mass is taken into account as a 10 µm particle contains the same 

acting capacity as 1,000 particles with the diameter of 1 µm. Mass median aerodynamic 

diameter (MMAD) can describe an aerosol meaning that half of the particles are smaller 

while the other half of the particles are larger than the certain value.(93) Gravitational 

sedimentation is the most meaningful way of deposition in inhalative treatment of COPD, 

however, targeting this particular area of small airways are influenced not only by 

formulation and size distribution but the amount of acting agents and LF parameters of 

the patient like inspiratory vital capacity (IVC), time of inhalation and breath-hold and - 

in case of DPIs – the PIF.(94) In summary, the ideal inhalation therapy delivers particles 

between 1 and 5 µm in order to reach a high deposition in small airways and peripheral 

lung regions. As the inhaled agents must act locally in order to increase its therapeutical 

effect and decrease its side effects, we have inspected the effectivity of pulmonary drug 

delivery and quantified the deposited amount in comparison with the metered dose.  

1.4.1. Measurement of pulmonary drug delivery 

Measuring pulmonary drug delivery challenges investigators. In vivo studies are mainly 

examinations using radioscintigraphy.(95, 96) Radioscintigraphy is a well-known method 

to evaluate pharmacokinetic and pharmacodynamic characteristics of different drugs in 

the human body. Besides the gastrointestinal tract, our respiratory system might be easily 

examined with radiolabeled particles. Several methods are applicable in order to 

radiolabel inhaled particles in different formulations.(97) For example, drugs dissolved 
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in solutions are usually labeled with 99mTc-DTPA, where after absorbing particles through 

healthy lungs, the technetium-labeled molecule has a half-time approximately 1 hour in 

the body, as it is excreted from the blood throughout the kidneys.(95) Particles not 

entering the respiratory system then swallowed are not absorbed in the gastrointestinal 

tract helping the separation of different fractions of the emitted dose. Various drugs can 

be radiolabeled and then inhaled after generating aerosols via nebulizers, pMDIs and 

DPIs.(97) However, there is a major ethical concern regarding radioscintigraphy as it 

might expose radiation burden on patients or healthy volunteers. Radiolabeled inhaled 

particles may not present higher risk for the human body as other novel medications, 

however all studies must be accepted by the standards set by Ethical Committees.  In 

addition to in vivo techniques, certain studies have employed pharmacokinetic methods 

to assess the pulmonary deposition of inhaled particles by measuring levels of specific 

agents in the bloodstream and their urinary excretion.(98-100) However, it is important 

to note that pharmacokinetic methods cannot differentiate between the deposition in 

certain regions of the lungs and cannot reveal the amount of drug eliminated through 

mucociliary clearance.(101) In vitro studies are based on replicas of the human respiratory 

system. In vitro drug delivery evaluation setup performed by Delvadia et al. contained an 

inhaler attached to a replica of the upper airways which was applied as a small, medium 

and large model representing anatomical differences.(102) The copy of the lower airways 

was positioned in a chamber modeling the human chest and further connected to a 

breathing apparatus separated by a filter.(102) Throughout this system the deposition of 

inhaled drugs could be measured by high-performance liquid chromatography.(102) In 

vitro studies are advantageous considering that patients or healthy volunteers are not 

required to perform even several evaluations yet this technique has limitations regarding 

the lack of anatomical variabilities of the models and must be validated by  in vivo studies. 

In silico methods provide an alternative where numerical modeling or computational fluid 

dynamics are able to perform thousands of drug delivery evaluations without the presence 

of patients or healthy volunteers.(103-105) In silico measurements need data about 

anatomical structures of the respiratory system, LF parameters such as static and dynamic 

values and information about the inhaled particles and its size distribution.(105-107) By 

validating these methods by in vivo studies, various evaluations can be carried out via in 

silico methods.(104, 107) The Stochastic Lung Model was developed in 1990 and based 
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on Monte Carlo technique.(105) The model is able to simulate the deposition probability 

of a particular inhaled particle in the airways using previously measured geometric data 

and LF values differentiating extrathoracic, bronchial and acinar deposition.(105) 
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2. OBJECTIVES 

1. Comparing LF parameters measured by a hand-held spirometer using four 

different commercially available inhaler devices in stable and exacerbated COPD 

patients and healthy subjects.  

2. Investigating repeatability of inhalation maneuvers using four different 

commercially available inhalation devices. 

3. Calculating pulmonary and extrathoracic deposition based on inhalation 

maneuvers performed using three commercially available low-resistance inhaler 

devices. 

4. Investigating repeatability of pulmonary and extrathoracic deposition in three 

commercially available inhaler devices.  
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3. METHODS 

3.1. Subjects 

 

Patients with stable and exacerbated COPD as well as healthy volunteers were recruited 

to participate in our study which involved two main phases. In the first phase (Phase 1), 

stable (LF-COPD-S, n=16) and exacerbated (LF-COPD-AE, n=15) COPD patients took 

part in our study alongside healthy volunteers (LF-Controls, n=22). All COPD patients 

were diagnosed according to GOLD as post-bronchodilator FEV1/FVC <0.7 by a 

respiratory specialist. Exacerbated patients were recruited <72 hours after hospital 

admission due to severe AE. All patients belonged to D category according to the then 

valid (2015) GOLD Guideline.(23) Therapy was chosen by the treating physician, but all 

patients were given systemic corticosteroid. Subjects with acute respiratory tract 

infections in stable COPD and control group were excluded, as were exacerbated patients 

with pneumonia or the need for non-invasive ventilation. Healthy volunteers were the 

employees of the Department of Pulmonology. Subject recruiting took place between 

April and December 2015 at the Department of Pulmonology, Semmelweis University, 

Budapest, Hungary. In the first phase, patients performed standard LF measurements, 

body plethysmography, inhalation maneuvers through commercially available inhalation 

devices, symptoms and QoL were assessed.  

In the second phase (Phase 2), we formed groups of subjects for whom body 

plethysmography measurements were available and modeled PD with the Stochastic 

Lung Model. Numerical modeling was carried out in groups of stable (PD-COPD-S, 

n=13) and exacerbated (PD-COPD-AE, n=12) COPD patients and healthy volunteers 

(PD-Controls, n=17). Body plethysmography values were not available in cases where 

subject’s compliance was insufficient.  

All individuals were informed about the aims and methods of the study and signed the 

informed consent form. The study was approved by the ethics committee (TUKEB 

239/2015). 
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3.2. Study design 

Subjects performed LF and body plethysmography in a single visit. After a 30-minute-

long break, through-device inhalation maneuvers were evaluated using at least three 

inhaler devices, followed by a second sequence of inhalation maneuvers through each 

inhaler device. Between the two different sequences, a 5-minute-long break took place. 

During the breaks we assessed symptoms and quality of life forms were filled. 

Repeatability of inhalation parameters were calculated between the two subsequent 

inhalations of each device.(108) PD was modeled later by the Stochastic Lung Model, 

independently from subject attendance.(109)  

3.3. Lung function and body plethysmography measurements 

Pulmonary function measurements were performed using an electronic spirometer and 

body plethysmography (PDD-301/s; Piston, Budapest, Hungary) according to the 

American Thoracic Society and European Respiratory Society guidelines.(110) LF 

variables were presented as the percentage of predicted values using references of the 

European Coal and Steel Community.(111, 112) None of the records was a post-

bronchodilator measurement.(108, 109)  

3.4. Inhalation maneuvers through different inhalers 

Inhalation maneuvers were performed through four commercially available inhalers in 

our investigation: one pMDI by Chiesi® (Chiesi®-pMDI), two DPIs (Ellipta® and 

Genuair®) and one SMI (Respimat®). We did not apply inhalation devices with active 

agents. Subject performed inhalation maneuvers using an electronic spirometer (PDD-

301/s; Piston, Budapest, Hungary) with built-in ambient temperature, pressure and 

humidity sensors for the fully automatic body temperature, pressure, water vapor 

saturated (BTPS) correction. Measurement apparatus included a PinkFlow flowmeter 

(PPF-18, Piston, Budapest, Hungary), determining flow based on the principle of a 

symmetric and averaging Pitot tube; a connecting piece which was a metal ring with an 

adaptable rubber cover preventing air leak between the inhaler and the PinkFlow, an 

inhaler device and a bacterial filter attached to the opposite side of the flowmeter through 
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which the subjects were asked to perform maneuvers. The measurement setup is depicted 

on Figure 1. Initially, eight different inhalers were tested with a 3-L calibration pump at 

30-60-90 L/min flow to assess whether our equipment could correctly measure flow 

through different devices. Only four inhalers were able to fulfill the criteria to provide 

reliable measurement parameters. Before inhalation maneuvers, we instructed subjects 

about the recommended usage of each device provided by their manufacturers. Subjects 

were allowed to ask questions before the inhalations but were not allowed to practice 

them. Steps of the inhalation maneuver were as follows: (1) preparation of the device; (2) 

long exhalation; (3) attachment of the inhaler to the flexible connecting piece; (4) deep 

inhalation through the inhaler to total lung capacity, with optimal actuation of pMDI and 

SMI by the examiner and simultaneous recording of the prespecified parameters; (5) 

breath-holding for 10 seconds (when possible) while the inhaler device was detached 

from the connecting piece; and (6) long exhalation. Measured parameters were the 

following: through-device inspiratory vital capacity (IVCd), through-device peak 

inspiratory flow (PIFd), inhalation time (tin) and breath-hold time (tbh). Subjects performed 

the measurements through all four inhalers first in a random manner, then repeated the 

inhalation maneuvers in a different second sequence with at least a 5-minute-long break 

between sequences. Patients and controls carried out a total of six to  eight recordings. 

Patients were taking inhaled medication, but the specific types of their regular inhalers 

were not recorded. On the other hand, the controls had no prior experience with inhalation 

devices prior to the study.(108, 109)  
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Figure 1. Measurement setup attached to Genuair®. I: Inhaler device, II: Flowmeter, III: 

Bacterial filter, IV: Spirometer. Another version of this figure has been published in 

Erdelyi et al.(108) Copyright © 2020 Mary Ann Liebert, Inc.  

3.5. Assessment of symptoms and quality of life 

As a part of the investigation, subjects were asked to fill out questionnaires which 

included the mMRC and the Hungarian version of CAT®. Additionally, participants used 

the visual analogue scale (VAS), scaled from 0 to 10, to assess the general health 

condition of the subjects. No health problem was represented by a score of 0, while a 

score of 10 suggested poor health condition.(108, 109) 
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3.6. Numerical modeling of pulmonary and extrathoracic deposition 

Using the Stochastic Lung Model, we calculated deposition fraction values as PD and 

extrahoracic deposition (ETD). The calculated values were expressed as a percentage of 

the metered dose. The initial development of the model was carried out by Koblinger and 

Hofmann, and it has undergone subsequent development. The Stochastic Lung Model has 

been utilized to simulate the deposition of various aerosols, including inhaled drug 

particles, within the pulmonary and extrathoracic regions. The model’s structu re of the 

conducting airways is generated stochastically based on distribution functions for airway 

lengths, diameters, branching angles, and gravity angles (Raabe). The geometric 

representation of the acinar airways is derived from the Haefeli-Bleuer and Weibel 

description. Subsequently, deposition fractions in the extrathoracic airways are calculated 

using empirical deposition formulas. In the pulmonary airways, deposition fractions are 

modeled by tracking a large number of inhaled particles from inhalation until their 

deposition within the airways or their leave from the lungs through exhalation. Particle 

deposition can occur through impaction, gravitational sedimentation and Brownian 

diffusion. Input data such as breathing parameters, the size distribution and density of the 

drug particles of the drug particles are required. Standard spirometry and body 

plethysmography measurements are utilized to obtain inhalation parameters. RV and 

through-device spirometry data, such as IVCd, tin and tbh were applied as input values, 

which were provided for both Chiesi®-pMDI and Respimat® devices. Genuair® was 

excluded from deposition calculations due to missing data. For the calculation we used 

the particle size distribution values of Spiriva® Respimat®, Foster® pMDI and Trimbow® 

pMDI. PD and ETD values were calculated from the first and second inhalation maneuver 

and their mean was used for further statistical analysis.(109) 

3.7. Statistical analysis 

Statistical analysis was performed using GraphPad Prism Software 8 (GraphPad 

Software, La Jolla, CA, USA) and SPSS Statistics V22 (International Business Machines 

Corporation, NY, USA). The results are expressed as the mean ± standard error of the 

mean (SEM) or median (interquartile range). One-way ANOVA followed by 

Bonferroni’s multiple comparison test or Kruskal-Wallis test with Dunn’s multiple 
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comparison test were used as appropriate. Repeatability of deposition values was assessed 

by the Bland-Altman test. Results were considered to be statistically significant when the 

p value was less than 0.05.(108, 109) 
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4. RESULTS 

4.1. Phase 1 

4.1.1. Clinical characteristics of participants 

The summary of the characteristics of patient groups and control volunteers is provided 

in Table 6. There were significant differences between COPD patients and the control 

group in terms of age, current smoking habits and cumulative smoking history. Patients 

with AE were considerably younger and had a higher proportion of current smokers, but 

had smoked fewer pack years compared to patients in the LF-COPD-S group. All patients 

in the LF-COPD-AE group were classified as GOLD D, indicating they required 

hospitalization due to a relapse and no previous stable state was available for them. COPD 

patients had a high prevalence of comorbidities, particularly vascular comorbidities in the 

LF-COPD-AE group. Patients with exacerbation presented more symptoms based on 

mMRC, CAT® and VAS scores. The maintenance inhalation therapy was similar among 

the patient groups, with the majority of patients receiving triple therapy.(108) 

 

Table 6. Clinical characteristics of controls and patients in Phase 1.  

 LF-Controls 

(n = 22) 

LF-COPD-S 

(n = 16) 

LF-COPD-AE 

(n = 15) 

Female/male 14/8 10/6 11/4 

Age (years) 44 ± 3 66 ± 2* 59 ± 2* 

BMI (kg/m2) 24.9 ± 0.8 25 ± 1.2 25.7 ± 1.8 

Smoking habit, n (%)**    

Current smoker 11 (50) 5 (31.25) 10 (67) 

Former smoker 1 (4.5) 8 (50) 5 (33) 
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Never smoker 10 (45.5) 3 (18.75) 0 (0) 

Pack year 18 ± 4 50 ± 6* 36 ± 3* 

GOLD category 2015, n (%)    

A NA 2 (12.5) 0 (0) 

B NA 2 (12.5) 0 (0) 

C NA 5 (31) 0 (0) 

D NA 7 (44) 15 (100) 

Quality of life    

mMRC 0 (0–0)1 2 (1–2)2* 4 (3–4)* 

CAT® 3 (1–7) 9 (7–22)2* 26 (15–31)* 

VAS 1 (0–3)3 5 (4–5)2* 7 (5–10)4* 

Comorbidities, n (%)    

Osteoporosis  1 (6) 4 (7) 

Diabetes mellitus  1 (6) 3 (2) 

Hypertension  4 (25) 2 (13) 

Atherosclerosis  0 (0) 5 (33)# 

Myocardial infarct  0 (0) 2 (13) 

Cerebral stroke  0 (0) 4 (27)# 

Maintenance COPD therapy, n (%)    

ICS NA 12 (75) 14 (93) 

LABA NA 15 (94) 15 (100) 

LAMA NA 15 (94) 15 (100) 

Theophylline NA 4 (25) 7 (47) 
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* p < 0.05 vs. Control, #p < 0.05 vs S-COPD. ** Chi-square test: p < 0.01. 1n = 21; 2n = 

12; 3n = 20; 4n = 14. BMI: Body Mass Index; CAT: COPD Assessment Test; GOLD: 

Global Initiative for Chronic Obstructive Lung Disease; ICS: inhaled corticosteroid; 

LABA: long-acting beta2-agonist; LAMA: long-acting muscarinic antagonist; LF-

COPD-AE: patients with exacerbated COPD; LF-COPD-S: patients with stable COPD; 

mMRC: modified Medical Research Council; NA: not applicable; VAS: Visual 

Analogue Scale. Another version of this table has been published in Erdelyi et al.(108) 

Copyright © 2020 Mary Ann Liebert, Inc. 

 

4.1.2. Lung function results 

COPD groups exhibited similarly severe airflow obstruction and lung hyperinflation 

based on LF parameters, whereas the LF-Controls group had normal LF parameters, as 

shown in Table 7.(108) 
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Table 7. Lung function values in Phase 1.  

 LF-Controls 

(n = 22) 

LF-COPD-S 

(n = 16) 

LF-COPD-AE 

(n = 15) 

FVC, % predicted 100 ± 3 75 ± 6* 63 ± 6* 

FEV1, % predicted 95 ± 2 39 ± 5* 32 ± 4* 

FEV1/FVC, % 80 ± 2 43 ± 3* 46 ± 3* 

PEF, % predicted 84 ± 7 39 ± 4* 32 ± 2* 

FEF25-75%, % predicted 78 ± 5 16 ± 3* 16 ± 2* 

PIF, L/s 4.8 ± 0.4 2.5 ± 0.2* 2.5 ± 0.3* 

IVC, % predicted 98 ± 2 70 ± 6* 64 ± 5* 

TLC, % predicted 93 ± 2 104 ± 6 113 ± 8* 

TGV, % predicted 119 ± 5 168 ± 12* 193 ± 15* 

RV, % predicted 83 ± 6 152 ± 17* 192 ± 19* 

RV/TLC 0.28 ± 0.02 0.56 ± 0.04* 0.66 ± 0.04* 

Raw, % predicted 108 ± 6 295 ± 3* 297 ± 31 * 

* p < 0.05 vs. Control. FEF25-75%, forced expiratory flow at 25-75% of the pulmonary 

volume; FEV1, forced expiratory volume in the 1st second; FVC, forced vital capacity; 

IVC, inspiratory vital capacity; LF-COPD-AE: patients with exacerbated COPD; LF-

COPD-S: patients with stable COPD; PEF, peak expiratory flow; PIF, peak inspiratory 

flow; Raw, airway resistance; RV, residual volume; TGV, thoracic gas volume; TLC, 

total lung capacity. Another version of this table has been published in Erdelyi et 

al.(108) Copyright © 2020 Mary Ann Liebert, Inc. 
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4.1.3. Through-device inhalation parameters using different inhalers 

The results of testing IVCd, PIFd, tin and tbh for all four devices are presented in Table 8. 

Among the controls, IVCd was lower for all devices, whereas both COPD groups showed 

only a slight decrease. Notably, both LF-Controls and LF-COPD-AE had significantly 

lower PIFd compared to PIF during spirometry for all devices. In the LF-COPD-S group, 

PIFd was significantly reduced only during inhalation through Genuair®. There were no 

significant differences in IVCd and PIFd between COPD groups for each device. On 

average, tin ranged from 2 to 3 seconds, except for Genuair® in LF-Controls and LF-

COPD-AE patients. The mean tbh exceeded 10 seconds in LF-Controls and LF-COPD-S, 

while it slightly fell below the target in LF-COPD-AE patients.(108) 

 

 

Table 8. Spirometric and inhalation parameters measured through the different inhalers 

in Phase 1.  

LF-Controls (n=22)     

Spirometry:  IVC (L) 3.90 ± 1.06   

Spirometry: PIF (L/s) 4.80 ± 1.61   

 Ellipta® Chiesi®-pMDI Respimat® Genuair® 

IVCd (L) 3.41 ± 0.78 3.30 ± 0.88 3.58 ± 0.85 3.21 ± 0.91 

PIFd (L/s) 1.70 ± 0.49* 2.43 ± 0.97* 2.02 ± 0.67* 1.11 ± 0.38* 

tin (s) 2.94 ± 1.05 2.47 ± 1.00 2.70 ± 1.11 4.21 ± 1.50 

tbh (s) 10.04 ± 0.72 9.96 ± 0.53 10.06 ± 0.78 10.21 ± 0.78 

     

LF-COPD-S group (n=16)    

Spirometry:  IVC (L) 2.20 ± 0.85#   

Spirometry: PIF (L/s) 2.50 ± 0.77#   

 Ellipta® Chiesi®-pMDI Respimat® Genuair® 
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IVCd (L) 2.06 ± 0.73 2.12 ± 0.68 2.18 ± 0.81 1.76 ± 0.59 

PIFd (L/s) 1.35 ± 0.52 1.80 ± 0.64 1.53 ± 0.60 0.92 ± 0.26* 

tin (s) 2.43 ± 0.89 2.36 ± 1.02 2.49 ± 1.02 2.88 ± 0.33#& 

tbh (s) 10.35 ± 0.64 10.32 ± 0.51 10.49 ± 0.75 10.24 ± 0.82 

     

LF-COPD-AE group (n=15)    

Spirometry:  IVC (L) 2.12 ± 0.90#   

Spirometry: PIF (L/s) 2.51 ± 1.15#   

 Ellipta® Chiesi®-pMDI Respimat® Genuair® 

IVCd (L) 2.09 ± 0.98 2.00 ± 0.93 2.15 ± 0.94 1.99 ± 1.11 

PIFd (L/s) 1.17 ± 0.37* 1.68 ± 0.47* 1.39 ± 0.43* 0.78 ± 0.24* 

tin (s) 2.81 ± 0.99 2.31 ± 0.99 2.55 ± 0.96 3.46 ± 1.09 

tbh (s) 9.52 ± 0.95 9.67 ± 0.59 9.50 ± 1.35 9.88 ± 0.95 

     

IVC: inspiratory vital capacity; PIF: peak inspiratory flow; IVCd: through-device 

inspiratory vital capacity; LF-COPD-AE: patients with exacerbated COPD; LF-COPD-

S: patients with stable COPD; PIFd: through-device peak inspiratory flow; tin: inhalation 

time; tbh: breath hold time; *p<0.05 vs. values obtained by standard spirometry; #p<0.05 

vs. Control group; &p<0.05 vs. LF-COPD-AE. Another version of this table has been 

published in Erdelyi et al.(108) Copyright © 2020 Mary Ann Liebert, Inc. 

4.1.4. Repeatability of through-device inhalation parameters 

To assess the variability of inhalation maneuver parameters across different devices, the 

Bland-Altman analysis was employed. Given the limited number of patients in both 

groups, data from COPD patients who underwent measurements with all devices (LF-

COPD-S and LF-COPD-AE) were combined to form the All-LF-COPD group (n=20). 
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Significant differences were observed among the tested devices for both PIFd and IVCd 

(Figure 2 to Figure 5). In the figures, the X-axis represents the mean of the two 

measurements for IVCd and PIFd, while the Y-axis represents the difference between the 

first and second measurements.  

 

Figure 2. Bland-Altman analysis of through-device measurements for Ellipta®.  

The X-axis represents the mean of the two measurements for IVCd and PIFd, while the Y-

axis shows the difference of the repeated measurements (1 st measurement–2nd 

measurement). Each dot represents a person. The dashed line shows the average of the 

difference for all subjects.  

IVCd: through-device inspiratory vital capacity; LoA: Bland-Altman 95% limits of 

agreement; Meas: measurement; PIFd: through-device peak inspiratory flow. Another 

version of this figure has been published in Erdelyi et al.(108) Copyright © 2020 Mary 

Ann Liebert, Inc. 
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Figure 3. Bland-Altman analysis of through-device measurements for Chiesi®-pMDI.  

The X-axis represents the mean of the two measurements for IVCd and PIFd, while the Y-

axis shows the difference of the repeated measurements (1 st measurement–2nd 

measurement). Each dot represents a person. The dashed line shows the average of the 

difference for all subjects. 

IVCd: through-device inspiratory vital capacity; LoA: Bland-Altman 95% limits of 

agreement; Meas: measurement; PIFd: through-device peak inspiratory flow. Another 

version of this figure has been published in Erdelyi et al.(108) Copyright © 2020 Mary 

Ann Liebert, Inc. 



37 
 

 

Figure 4. Bland-Altman analysis of through-device measurements for Respimat®.  

The X-axis represents the mean of the two measurements for IVCd and PIFd, while the Y-

axis shows the difference of the repeated measurements (1 st measurement–2nd 

measurement). Each dot represents a person. The dashed line shows the average of the 

difference for all subjects.  

IVCd: through-device inspiratory vital capacity; LoA: Bland-Altman 95% limits of 

agreement; Meas: measurement; PIFd: through-device peak inspiratory flow. Another 

version of this figure has been published in Erdelyi et al.(108) Copyright © 2020 Mary 

Ann Liebert, Inc. 
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Figure 5. Bland-Altman analysis of through-device measurements for Genuair®.  

The X-axis represents the mean of the two measurements for IVCd and PIFd, while the Y-

axis shows the difference of the repeated measurements (1 st measurement–2nd 

measurement). Each dot represents a person. The dashed line shows the average of the 

difference for all subjects.  

IVCd: through-device inspiratory vital capacity; LoA: Bland-Altman 95% limits of 

agreement; Meas: measurement; PIFd: through-device peak inspiratory flow. Another 

version of this figure has been published in Erdelyi et al.(108) Copyright © 2020 Mary 

Ann Liebert, Inc. 

 

In addition, we determined the bias, which represents the difference between the X-axis 

and the average mean of the two measurements for PIFd and IVCd in both LF-Controls 

and All-LF-COPD groups for each device. This analysis allowed us to assess the 

similarity of these parameters between the two measurements and their deviation from 

zero. The results are presented in Table 9 (one-sample t-test). We observed that in the 



39 
 

control groups, PIFd was significantly higher during the second measurement when using 

Chiesi®-pMDI and Respimat® devices, and there was a trend towards higher values for 

the second maneuver with Genuair®. Additionally, we noticed a trend towards higher first 

IVCd with Genuair® in the control group. Interestingly, in the patient group, there was 

only a tendency for higher PIFd during the second measurement with Genuair®, but no 

significant bias in PIFd or IVCd was observed for any inhaler in COPD patients.(108) 
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Table 9. Repeatability of through-device inhalation parameters in Phase 1. 

  LF-Controls group  All-LF-COPD group 

 n Bias p-value* 95% LoA CR n Bias p-value* 95% LoA CR 

IVCd, L            

Ellipta® 22 0.068 0.47 -0.772–0.907 ±0.831 30 0.026 0.80 -1.056–1.109 ±1.066 

Chiesi®-pMDI 22 0.049 0.44 -0.522–0.620 ±0.566 31 0.048 0.46 -0.643–0.739 ±0.686 

Respimat® 22 0.040 0.45 -0.432– 0.511 ±0.467 31 -0.075 0.33 -0.900–0.751 ±0.828 

Genuair® 22 0.294 0.08 -1.156–1.743 ±1.528 20 0.014 0.83 -0.586–0.558 ±0.558 

PIFd, L/s           

Ellipta® 22 -0.049 0.47 -0.651–0.554 ±0.596 30 -0.095 0.10 -0.692–0.502 ±0.616 

Chiesi®-pMDI 22 -0.282 0.01 -1.235–0.671 ±1.083 31 -0.085 0.30 -0.961–0.790 ±0.877 

Respimat® 22 -0.319 0.002 -1.170–0.532 ±1.041 31 -0.128 0.20 -1.198–0.941 ±1.082 

Genuair® 22 -0.135 0.09 -0.833–0.564 ±0.731 20 -0.063 0.09 -0.367–0.242 ±0.321 

CR: coefficient of repeatability; IVCd: through-device inspiratory vital capacity; LoA: Bland-Altman 95% limits of agreement; 

N: number of subjects; PIFd: through-device peak inspiratory flow *p-value for one-sample t-test of the bias. Another version 

of this table has been published in Erdelyi et al.(108) Copyright © 2020 Mary Ann Liebert, Inc. 

The 95% limits of agreement and the coefficients of repeatability (CR) of IVCd and PIFd through the different inhalers were high and variable 

in both controls and patients. It is important to highlight that low CR represents better repeatability. Of note, the CR in COPD patients for 

IVCd was the largest using Ellipta® followed by Respimat®. For PIFd, CR was largest in Respimat®, followed by Chiesi®-pMDI in All-LF-

COPD group.  
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4.1.5. Ranking of inhalers based on the differences between inspiratory 

parameters 

Furthermore, we conducted a ranking of the four inhalers based in the differences 

observed between the two measurements of PIFd and IVCd, as depicted in Figure 6. This 

ranking provides insight into the inhalers that exhibited the smallest differences in 

parameters between the two inhalation maneuvers, denoted as Rank 1. Consistent with 

the findings based on the CR values in COPD patients, Respimat® and Genuair® 

demonstrated the least inter-measurement differences for IVCd, while Ellipta® and 

Genuair® exhibited the lowest variability for PIFd measurements.(108) 

 

Figure 6. Repeatability sequence summary of through-device measurements for the four 

inhalers in Phase 1. 

A: All-LF-COPD IVCd (n=20). B: All-LF-COPD PIFd (n=20). C: LF-Controls IVCd 

(n=22). D: LF-Controls PIFd (n=22). By each control subject and patient, a rank number 

between 1 and 4 was associated with each inhaler regarding the magnitude of the 

difference between the two values for PIFd and IVCd, respectively. Rank 1 was given to 

the device with the lowest difference between the two inspiratory measurements followed 
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by Rank 2, 3 and 4. On the figure, rank numbers are shown by 4 edges of the axes with 

blue color, and the sum of subjects with a certain rank are indicated on the axes. IVCd: 

through-device inspiratory vital capacity; PIFd: through-device peak inspiratory flow. 

Another version of this figure has been published in Erdelyi et al.(108) Copyright © 2020 

Mary Ann Liebert, Inc. 

 

4.2. Phase 2 

4.2.1. Clinical characteristics of participants 

A summary of the characteristics of both patients and control volunteers is provided in 

Table 10. It is observed that individuals diagnosed with COPD were notably older, had a 

higher prevalence of smoking, and had a greater cumulative smoking impact. All PD-

COPD-AE patients met the criteria for GOLD 2015 D category. PD-COPD patients 

exhibited a significant number of comorbidities; however, there were no significant 

differences in this aspect between stable and exacerbated patients. Patients experiencing 

exacerbations displayed more symptoms based on mMRC, CAT® and VAS scores. The 

maintenance inhalation therapy was similar across patient groups, with the majority of 

patients receiving triple therapy.(109) 
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Table 10. Clinical characteristics of controls and patients in Phase 2. 

 PD-Controls  PD-COPD-S PD-COPD -AE 

Number (n) 17 13 12 

Female/male 10/7 9/4 9/3 

Age (years) 43 ± 4 65 ± 2* 61 ± 2* 

BMI (kg/m2) 25.0 ± 0.9 25.6 ± 1.4 27.1 ± 2.0 

Smoking habit, n (%)**    

Current smoker 8 (47) 4 (31) 7 (58) 

Former smoker 1 (6) 9 (69) 5 (42) 

Never smoker 8 (47) 0 (0) 0 (0) 

Pack years 18 ± 5 50 ± 5* 36 ± 3* 

GOLD category 2015, n (%)    

A NA 1 (8) 0 (0) 

B NA 1 (8) 0 (0) 

C NA 5 (38) 0 (0) 

D NA 6 (46) 12 (100) 

Quality of life    

mMRC 0 (0–0)1 2 (1–2)2* 4 (3–4)* 

CAT® 2 (0–6) 
11 (7–
22)2* 

27 (18–30)* 

VAS 1 (0–3)3 5 (4–5)2* 8 (7–10)4* 

Comorbidities, n (%)    

Osteoporosis NA 0 (0) 3 (25) 

Diabetes mellitus NA 1 (8) 3 (25) 

Hypertension NA 4 (31) 2 (17) 

Atherosclerosis NA 4 (31) 4 (33) 

Myocardial infarction NA 0 (0) 2 (17) 

Stroke NA 0 (0) 2 (17) 

Maintenance COPD therapy, n (%)    

ICS NA 9 (69) 12 (100) 

LABA NA 12 (92) 12 (100) 

LAMA NA 12 (92) 12 (100) 
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Theophylline NA 3 (23) 6 (50) 

* p < 0.05 vs. PD-Control-s, ** Chi-square test: p < 0.01. 1n = 16; 2n = 10; 3n = 15; 4n = 

11. BMI: Body Mass Index; CAT: COPD Assessment Test; GOLD: Global Initiative for 

Chronic Obstructive Lung Disease; ICS: inhaled corticosteroid; LABA: long-acting 

beta2-agonist; LAMA: long-acting muscarinic antagonist; mMRC: modified Medical 

Research Council; NA: not applicable; PD-COPD-AE: patients with exacerbated COPD; 

PD-COPD-S: patients with stable COPD; VAS: Visual Analogue Scale. Data are shown 

as mean ± standard error of the mean (SEM) or median (interquartile range). Another 

version of this table has been published in Erdelyi et al.(109) (2023) Frontiers. 

4.2.2. Lung function results 

Table 11 provides information on LF parameters, indicating that both PD-COPD groups 

exhibited severe airflow obstruction and lung hyperinflation. In contrast, the PD-Controls 

group demonstrated normal LF parameters.(109)  
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Table 11. Lung function values in Phase 2. 

 PD-Controls PD-COPD-S PD-COPD-AE 

Number (n) 17 13 12 

FVC, % predicted 102 ± 3 79 ± 6* 67 ± 7* 

FEV1, % predicted 95 ± 2 42 ± 5* 35 ± 5* 

FEV1/FVC, % 79 ± 2 44 ± 3* 49 ± 3* 

PEF, % predicted 85 ± 8 41 ± 4*1 34 ± 3*2 

FEF25-75%, % predicted 76 ± 5 18 ± 3* 17 ± 2* 

PIF, L/s 5 ± 0.4 2 ± 0.1* 3 ± 0.3* 

IVC, % predicted 99 ± 3 77 ± 5* 67 ± 5* 

TLC, % predicted 93 ± 2 103 ± 5* 113 ± 8* 

TGV, % predicted 119 ± 5 168 ± 11* 193 ± 15* 

RV, % predicted 83 ± 6 152 ± 15* 192 ± 19* 

RV/TLC 0.28 ± 0.02 0.56 ± 0.03* 0.66 ± 0.04* 

Raw, % predicted 108 ± 6 295 ± 25*1 297 ± 31 * 

* p < 0.05 vs. PD-Controls, 1n=12, 2n=13. FEF25-75%, forced expiratory flow at 25-75% of 

the pulmonary volume; FEV1, forced expiratory volume in the 1st second; FVC, forced 

vital capacity; IVC, inspiratory vital capacity; PEF, peak expiratory flow; PIF, peak 

inspiratory flow; Raw, airway resistance; RV, residual volume; PD-COPD-AE: patients 

with exacerbated COPD; PD-COPD-S: patients with stable COPD; TGV, thoracic gas 

volume; TLC, total lung capacity. Data are shown as mean ± standard error of the mean 

(SEM). Another version of this table has been published in Erdelyi et al. (109) (2023) 

Frontiers. 

4.2.3. Through-device inhalation parameters using different inhalers  

The results of testing IVCd, PIFd, tin, and tbh for both pMDI and SMI devices are presented 

in Table 12. In the control group, IVCd was lower when measured with both devices 

compared to normal spirometry, while in both PD-COPD groups, it was only slightly 

lower. PIFd was significantly lower in the PD-Controls group and both PD-COPD groups 
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compared to PIF during spirometry for both devices. The average tin ranged between 2-3 

seconds for all groups. Mean tbh exceeded 10 seconds in the PD-Controls and PD-COPD-

S groups, but was significantly lower in PD-COPD-AE patients compared to LF-COPD-

S patients.(109)  

 

Table 12. Spirometric and inhalation parameters measured through the different inhalers 
in Phase 2. 

PD-Controls (n=17)   

Spirometry:  IVC (L) 4.02 ± 0.26 

Spirometry: PIF (L/s) 5.08 ± 0.36 

 Chiesi®-pMDI Respimat® 

IVCd (L) 3.36 ± 0.22* 3.61 ± 0.21* 

PIFd (L/s) 2.61 ± 0.22* 2.19 ± 0.15* 

tin (s) 2.23 ± 0.22 2.51 ± 0.23 

tbh (s) 9.95 ± 0.12 9.93 ± 0.16 

   

PD-COPD-S (n=13)  

Spirometry:  IVC (L) 2.35 ± 0.2** 

Spirometry: PIF (L/s) 2.48 ± 0.15** 

 Chiesi®-pMDI Respimat® 

IVCd (L) 2.23 ± 0.17** 2.29 ± 0.21** 

PIFd (L/s) 1.80 ± 0.16*,** 1.48 ± 0.14*,** 

tin (s) 2.44 ± 0.26 2.57 ± 0.27 

tbh (s) 10.39 ± 0.1 10.57 ± 0.18 

   

PD-COPD-AE (n=12)  

Spirometry:  IVC (L) 2.17 ± 0.25** 

Spirometry: PIF (L/s) 2.80 ± 0.32** 

 Chiesi®-pMDI Respimat® 

IVCd (L) 2.06 ± 0.23** 2.18 ± 0.21** 

PIFd (L/s) 1.79 ± 0.13*,** 1.48 ± 0.12*,** 

tin (s) 2.3 ± 0.28 2.52 ± 0.26 



47 
 

tbh (s) 9.55 ± 0.16*** 9.44 ± 0.40*** 

   

IVC: inspiratory vital capacity; PIF: peak inspiratory flow; IVCd: through-device 

inspiratory vital capacity; PD-COPD-AE: patients with exacerbated COPD; PD-COPD-

S: patients with stable COPD; PIFd: through-device peak inspiratory flow; tin: inhalation 

time; tbh: breath hold time; *p<0.05 vs. values obtained by standard spirometry; **p<0.05 

vs. PD-Controls; ***p<0.05 vs. PD-COPD-S. Data are shown as mean ± standard error 

of the mean (SEM). Another version of this table has been published in Erdelyi et al.(109) 

(2023) Frontiers. 

4.2.4. Pulmonary (PD) and extrathoracic deposition (ETD) 

The results of numerical modeling for Foster® pMDI, Trimbow® pMDI and Spiriva® 

Respimat® are summarized in Figures 7 and 8. Both PD-COPD groups and PD-Controls 

exhibited significant differences when comparing the results of Spiriva® Respimat® to the 

two pMDIs in terms of PD and ETD. Spiriva® Respimat® resulted in significantly higher 

PD compared to Foster® pMDI and Trimbow® pMDI. For Foster® pMDI and Trimbow® 

pMDI, similar PD values were observed in PD-Controls, while ETD between PD-

Controls and PD-COPD-AE patients showed a significant difference. ETD values were 

significantly lower in all PD-COPD patients compared to healthy volunteers. Spiriva® 

Respimat® demonstrated significantly lower ETD values than Foster® pMDI and 

Trimbow® pMDI.(109) 
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Figure 7. Pulmonary deposition (PD). PD-COPD-AE: patients with exacerbated COPD; 

PD-COPD-S: patients with stable COPD. Another version of this figure has been 

published in Erdelyi et al.(109) (2023) Frontiers. 

 

Figure 8. Extrathoracic deposition (ETD). PD-COPD-AE: patients with exacerbated 

COPD; PD-COPD-S: patients with stable COPD. Another version of this figure has been 

published in Erdelyi et al.(109) (2023) Frontiers. 
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4.2.5. Repeatability of PD and ETD values calculated from repeated 

measurements 

To assess the variability of PD and ETD values calculated from inhalation maneuver 

parameters and particle size distribution, the Bland-Altman analysis was employed. 

Significant individual differences were observed for all tested medications in terms of PD 

and ETD, as depicted in Figures 9 and 10. The X-axis represents the mean of the two 

calculations for deposition values, while the Y-axis represents the difference between the 

two calculated values from repeated measurements (1st measurement - 2nd measurement). 

Moreover, the bias (the difference between the X-axis and the average mean of the two 

calculations for all subjects) was calculated for PD and ETD in PD-Controls, PD-COPD-

S and PD-COPD-AE groups for each inhaler. It was found that PD was significantly 

higher in the values calculated from the second measurements in PD-Controls using 

Foster® pMDI and Trimbow® pMDI. There was a tendency for the second value to be 

higher in healthy volunteers using Spiriva® Respimat®. No significant difference between 

the two values was observed in either PD-COPD group for the two pMDI devices, but in 

PD-COPD-S patients, the second value tended to be lower, while in PD-COPD-AE 

patients, it tended to be higher. 

The 95% limits of agreement and coefficients of repeatability (CR) for PD and ETD with 

different inhalers were high and varied in both control subjects and patients. It is 

important to note that a low CR indicates better repeatability. Notably, the CR for PD in 

PD-COPD-S and PD-COPD-AE patients was highest when using Trimbow® pMDI. The 

results are presented in Table 13 (one-sample t-test).(109) 
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Figure 9. Bland-Altman analysis of pulmonary deposition (PD). The X-axis represents 

the mean of the two measurements for PD, while the Y-axis shows the difference of the 

repeated measurements (first measurement–second measurement). Each dot represents a 

person. The dashed line shows the average of the difference for all subjects. LoA, Bland-

Altman 95% limits of agreement; Meas, measurement; PD-COPD-AE: patients with 

exacerbated COPD; PD-COPD-S: patients with stable COPD. Another version of this 

figure has been published in Erdelyi et al.(109) (2023) Frontiers. 
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Figure 10. Bland-Altman analysis of extrathoracic deposition (ETD). The X-axis 

represents the mean of the two measurements for PD, while the Y-axis shows the 

difference of the repeated measurements (first measurement–second measurement). Each 

dot represents a person. The dashed line shows the average of the difference for  all 

subjects. LoA, Bland-Altman 95% limits of agreement; Meas, measurement; PD-COPD-

AE: patients with exacerbated COPD; PD-COPD-S: patients with stable COPD. Another 

version of this figure has been published in Erdelyi et al.(109) (2023) Frontiers.
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Table 13. Repeatability of PD and ETD values calculated from repeated measurements. 

 PD-Controls 

 n Bias p* 95% LoA CR 

PD      

Foster® pMDI 17 0.80 0.02 -1.68 – 3.28 2.87 

Trimbow® pMDI 17 0.70 0.005 -1.21 – 2.61 2.31 

Spiriva® Respimat® 17 1.19 0.13 -4.86 – 7.23 6.31 

ETD      

Foster® pMDI 17 -0.5 0.046 -2.35 – 1.36 2.05 

Trimbow® pMDI 17 -0.59 0.032 -2.62 – 1.44 2.29 

Spiriva® Respimat® 17 -1.35 0.12 -7.93 – 5.22 6.91 

 PD-COPD-S 

 n Bias p* 95% LoA CR 

PD      

Foster® pMDI 13 -0.89 0.42 -8.45 – 6.67 7.47 

Trimbow® pMDI 13 -1.62 0.38 -14.2 – 10.91 12.46 

Spiriva® Respimat® 13 0.25 0.83 -7.89 – 8.39 7.84 

ETD      

Foster® pMDI 13 0.89 0.46 -7.32 – 9.11 8.08 

Trimbow® pMDI 13 1.31 0.26 -6.46 – 9.08 7.9 

Spiriva® Respimat® 13 -1.17 0.51 -13.28 – 10.94 11.86 

 PD-COPD-AE 

 n Bias p* 95% LoA CR 

PD      

Foster® pMDI 12 1.91 0.23 -8.24 – 12.06 10.42 

Trimbow® pMDI 12 1.8 0.27 -8.78 – 12.38 10.72 

Spiriva® Respimat® 12 0.72 0.58 -7.77 – 9.21 8.25 

ETD      

Foster® pMDI 12 -2.06 0.24 -13.22 – 9.1 11.42 

Trimbow® pMDI 12 -2.07 0.25 -13.57 – 9.43 11.74 

Spiriva® Respimat® 12 -0.93 0.52 -10.34 – 8.47 9.19 

CR: coefficients of repeatability; LoA: Bland-Altman 95% limits of agreement; n, 

number of subjects; PD-COPD-AE: patients with exacerbated COPD; PD-COPD-S: 
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patients with stable COPD. Significant differences are highlighted in bold. *p<0.05 for 

one-sample t-test of the bias. Another version of this table has been published in Erdelyi 

et al.(109) (2023) Frontiers. 

4.2.6. Ranking of inhalers based on the differences between deposition values 

Figure 11 presents the ranking of the three inhalers based on the differences between the 

two values of PD. The inhalers are ranked from smallest to largest difference, with Rank 

1 indicating the inhaler with the smallest difference, followed by Rank 2 and Rank 3. 

Consistent with the findings based on the CR values in patients with COPD, Respimat® 

demonstrated the smallest differences between the two deposition results for PD.  

 

Figure 11. Repeatability sequence summary of pulmonary deposition (PD) for the three 

inhalers of Phase 2.  

A: PD-Controls: healthy volunteers (n = 17); B: All-PD-COPD: patients with stable and 

exacerbated COPD (n=25); C: PD-COPD-S: patients with stable COPD (n=13); D: PD-

COPD-AE: patients with exacerbated COPD (n=12). By each control subject and patient, 

a rank number between 1 and 3 was associated with each inhaler regarding the magnitude 

of the difference between the two values for PD, respectively. Rank 1 was given to the 
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device with the lowest difference between the two inspiratory measurements followed by 

Rank 2 and 3. On the figure, rank numbers are shown by three edges of the axes, and the 

sum of subjects with a certain rank is indicated on the axes. COPD: chronic obstructive 

pulmonary disease. Another version of this figure has been published in Erdelyi et 

al.(109) (2023) Frontiers. 
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5. DISCUSSION 

Our work is the first that examined inhalation maneuvers, pulmonary deposition and their 

repeatability in stable and exacerbated COPD patients. Four commercially available 

inhaler devices (Chiesi®-pMDI, Ellipta®, Genuair® and Respimat®) were compared 

regarding inhalation parameters and repeatability. The importance of correct inhaler uses 

and proper lung deposition is inevitable, however, intraindividual variability may indicate 

inconsistent pulmonary drug delivery and therapeutical effectiveness.(84, 113)  

Achieving appropriate inhalation technique can be difficult especially in severe COPD 

patients as in the last 40 years errors persist. (114, 115) Regular inhaler training is also 

underlined in international guidelines in asthma and COPD patients.(1, 2) Low adherence 

in inhalation therapy in COPD might lead to symptom variability therefore correct and 

detailed training is needed by a respiratory specialist.(1, 114, 116, 117) Furthermore, 

patients’ preferences of inhaler devices might vary.(118) 

Inhaler performance is generally modeled by using individual differences of inhalation 

breath profiles.(84, 119) Pulmonary drug deposition is affected by inhalation parameters 

from which the most significant are IVCd, PIFd and tin. PIFd influences MMAD playing a 

crucial role in effective inhalation therapy in DPIs since MMAD is unfixed in such 

inhalers. MMAD can be determined by a cascade impactor using different flow rates.(94, 

113) Intraindividual and interinhalation differences in inhalation parameters can highly 

influence deposition performance resulting an alteration in therapeutic response. (94) 

During modeling pulmonary drug delivery breath-hold time is responsible for the fraction 

particles deposited by diffusion, however, in our highly controlled setup, time of breath-

hold directed by the examiner showed no significant differences.  

Feldman et al. investigated LF improvements in COPD patients using LABA-LAMA 

combination from Ellipta® compared with Respimat® showing differences in particular 

patients applying two different inhalers.(120) As our subjects performed repeated 

measurements in all four devices, variability was evaluated by repeatability 

measurements using Bland-Altman plot. We found significant individual differences in 

all four devices in LF-Controls and all LF-COPD patients. In LF-Controls significant 

difference was noted in PIFd through Chiesi®-pMDI and Respimat® which can be 

explained by the limited experience of inhaler use by these healthy subjects and, as well, 
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inspiratory muscle function could be better in this group. In  Bland-Altman analysis, 

higher CR values refer to worse repeatability as this can be observed in LF-COPD patients 

in PIFd and IVCd, however, the associated biases were not found to be significant which 

might be the consequence of previous experience in the use of different inhaler devices. 

Intrasubject repeatability of breath profiles is a meaningful influencing factor of 

therapeutical effectiveness as established based our and previous data.(121) Pulmonary 

drug deposition is determined by many aspects such as drug formulation, inhaler type or 

the quality of the produced aerosol as well as its sensitivity to breath profile. (121-126) 

Further characteristics of different inhalers may change the therapeutic response, for 

example quality attributes to inhaler performance. Our study examined an important 

factor: repeatability of inhalation maneuvers, which might lead to insufficient therapeutic 

effectiveness when patients are not able to perform similarly by usage of inhalers, 

especially those that must be twice consecutively according to its summary of product 

characteristics (SmPCs). However, our work has its limitations, investigating the 

repeatability of inhaler performance should be emphasized further as it may result in 

better inhalation therapy. 

Patients’ preferences vary regarding inhalers by many aspects. We ranked four different 

inhalers frequently prescribed in COPD patients regarding their repeatability. Through-

device inhaler performance showed individual differences in IVCd and PIFd. We found 

that most patients reached the best ranking in IVCd using Genuair® and Respimat®, 

however, these inhalers ended up at the third or fourth place in some COPD patients 

highlighting the individual differences in inhaler performance. The best rankings were 

provided by Ellipta® and Genuair® regarding PIFd, showing marked intrasubject 

differences. Our data supported the suggestion of the international recommendations as 

switching to another inhaler device or molecule in the same group as no therapeutical 

improvement is observable.(2) Nonetheless, no recommendation is available about the 

specific devices or molecules on which more emphasis should be placed.  

AEs of COPD are challenging for the clinician in choosing the right medication and 

inhaler. During AE patients suffer from symptom worsening and decrease in LF 

parameters. Patient admission should contain assessing inhaler use by the patient as it is 

difficult to measure the role of a possible technique error or non-compliance in 

development of AEs. Many patients treated by inhalation therapy are already given a 
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triple combination of ICS, LABA and LAMA, either in an open triple therapy or an 

FDTC. Despite the high intensity of inhalation regime, our patients were symptomatic in 

most cases. One of the main aims of therapy is symptom relief as it improves quality of 

life and may help increasing adherence of the patients. It is important for patients to have 

an additional option even if the therapeutic maximum has already been reached . 

We compared commercially available pMDIs (Foster®-pMDI and Trimbow®-pMDI) and 

one SMI (Spiriva® Respimat®) in COPD patients in order to evaluate the possible 

differences between and FDTC (ICS-LABA-LAMA) and open triple therapy (ICS-

LABA pMDI and LAMA SMI). Stochastic Lung Model applied in our work was 

validated by the following publications as our results tended to be very similar, numerical 

modeling presented ~25-28% pulmonary drug deposition in our model for pMDI while 

comparable results were performed by gamma scintigraphy using active agents from 

Trimbow®-pMDI in asthma patients and healthy subjects.(127) Another study 

investigated Respimat® by gamma scintigraphy in COPD patients and PD showed quite 

similar results to our modeling (~37% vs. 36-39%).(74)  

Previous scintigraphy studies showed that there was no significant difference in 

pulmonary drug deposition using Trimbow®-pMDI between asthma patients with mild 

airway obstruction and healthy controls.(127) Contrary to asthma patients, in COPD 

patients there is no available scintigraphy results of PD regarding FDTCs or open triple 

therapies. Our model was able to compare an FDTC and an open triple therapy, though it 

is not able to differentiate central and peripheral lung regions as gamma scintigraphy. 

Nonetheless, numerical modeling might be more advantageous compared to scintigraphy 

as it is safe and easily reproducible. We were able to assess PD in stable and acute 

exacerbated COPD patients by numerical modeling. The most important finding of our 

measurements is the similarity of PD value between PD-COPD-S and PD-COPD-AE as 

there was no significant difference for both low resistance pMDIs and SMI. Furthermore, 

we placed greater emphasis on repeatability as all three inhaled medications require two 

consecutive maneuvers according to their SmPCs, therefore we chose Foster®-pMDI and 

Trimbow®-pMDI and Spiriva® Respimat® as low resistance inhaler devices for our 

study.(128-130) 

The role of FDTCs in inhalation therapy has been risen in the last few years providing a 

great option for the clinician in choosing the right device as one inhaler contains the three 
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main medication of COPD maintenance therapy. TRINITY study investigated 

Trimbow®-pMDI versus an open triple therapy and the FDTC showed non-inferiority 

regarding moderate-to-severe exacerbation rates and pre-dose FEV1 for week 52.(131) 

However, TRINITY study used Spiriva® Handihaler® as the component containing 

LAMA while our investigation applied Spiriva® Respimat® which is a low-resistance 

device contrary to Handihaler® DPI.(131) Combination of two low-resistance inhaler 

devices in an open triple therapy might produce higher PD in stable and exacerbated 

patients and lead to better therapeutic effectiveness even in cases when the patient is not 

able to profit more from an FDTC. Switching from an FDTC to open triple therapy may 

present difficulties to patients by using two different devices, however it provides 

additional choice to the clinician and the patient as well. It is important to mention that in 

case of giving new device to a patient accurate education from a respiratory specialist is 

needed.  

Contrary to the fact, that inhalation devices are suitable for patients with reduced LF 

parameters, inhalation performance might be decreased.(132) One of the most significant 

factor that worsens patients’ capability to perform sufficient inhalation maneuvers is an 

AE of COPD. During exacerbation reduced inspiratory effort can be observed and LF 

parameters are impaired leading to possibly incoherent inhalation performance and a 

consequence, unstable pulmonary drug delivery. Nonetheless, our results showed no 

significant difference between stable and exacerbated patients using SMI and pMDI 

devices. Therefore, according to our result exacerbations did not influence pulmonary 

drug delivery negatively. This might be explained that inhaler technique is consistently 

checked during patient examination by stable and exacerbated patients as well.  

Previous investigations confirmed the importance of device handling in the effectiveness 

of inhaled therapy. It is simple to understand that the use of more than one inhaler device 

in COPD can worsen adherence to inhalation therapy.(133-135) For patients with 

impaired LF low resistance inhaler devices are suggested as they are not able to produce 

efficient inspiratory effort.(136, 137) Inhaler manufacturers usually rely on the value of 

peak inspiratory flow to check whether the patients are capable of performing sufficient 

inhalation performance, however, a recently debated parameter which might be examined 

later is pressure drop,(77) though our study did not contain its investigation. Despite the 

importance of reducing the number of inhalers during COPD inhalation therapy, our 
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results suggest that patients might profit -considering pulmonary drug delivery – from 

switching from a single inhaler FDTC to an open triple therapy combining to low 

resistance inhalers.  

Achieving correct inhalation technique and inhaler use, COPD patients, especially with 

impaired LF require appropriate education. Regular assessment of inhaler technique is 

needed in stable and exacerbated COPD patients during care.(138, 139) Severe COPD 

patients suffer from AEs frequently and during symptom worsening and hospitalization 

device handling might be more complicated. Our results show that an SMI can produce 

even pulmonary delivery in exacerbated patients. The significance of investigating 

measurement methods is underlined by repeatability. However, researching repeatability 

can show us differences in measurements performed by the same examiner on the same 

subjects, comparing different measurement methods carried out by separate examiners 

might place greater emphasis on reproducibility.(140) 

DPI devices may not be applied effectively in patients with reduced LF parameters, 

therefore the use of low resistance inhalers such as pMDIs and DPIs should be highlighted 

in severe COPD patients.(141) 
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6. CONCLUSIONS 

1. Comparing LF parameters through four commercially available inhaler devices 

showed that in healthy controls and exacerbated COPD patients produced 

significantly lower PIFd values comparing with standard spirometry values. 

Genuair® showed significantly lower PIFd in stable COPD. 

2. The repeatability of inhalation parameters revealed that no significant difference 

was observed in COPD patients, only in healthy subjects having a lack of 

experience in inhaler use. However, patients showed individual alterations 

regarding the difference of the two inhalations through the tested devices.  

3. Significantly higher PD and lower ETD values were produced by Spiriva® 

Respimat ® showed values comparing with Foster® -PMDI and Trimbow® -

pMDI. Our results emphasize that in case of severe COPD patients clinicians can 

switch from FDTCs to open triple low-resistance inhaler therapy in order to 

achieve higher deposition of inhaled agents.  

4. The repeatability of PD and ETD revealed that FDTC showed the highest CR 

indicating the lowest repeatability. Individual differences were observed in 

pulmonary deposition in the three commercially available inhalers.  
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7. SUMMARY 

Inhalation therapy is the cornerstone of obstructive airway disorders including COPD and 

improving the effectiveness of inhalation may increase therapeutic response using inhaled 

agents, in most cases ICS and bronchodilators in COPD therapeutical regime. In order to 

perfect inhaled therapy many factors relying on the patients’ capabilities, dev ices’ 

characteristics and the agents’ qualities should be taken into consideration.  

Our study aimed to assess the inhalation maneuvers, PD and repeatability of inhalation 

parameters and deposition using inhaler devices in stable and exacerbated COPD patients. 

While no significant differences were observed regarding standard spirometry and body 

plethysmography COPD patients presented severely impaired LF parameters. Through-

device LF parameters were measured using four commercially available inhaler devices: 

Chiesi®-pMDI, Ellipta®, Genuair® and Respimat® uniquely in the international literature. 

Inhalation parameters as PIFd were compared and highlighted that Genuair® showed 

significantly lower values suggesting that DPIs may not be the proper devices for all 

patients. As an often not sufficiently emphasized factor repeatability is crucial for a stable 

therapeutical effectiveness, however, it presented no significant d ifferences in COPD 

patients. Individual variances were observed regarding devices interpreting differences 

between two inhalations.  

PD and its improvement are essential to enhance therapy and our work examined three 

commercially available low-resistance inhaler devices using numerical modeling 

technique. Our study implies that in certain cases patients may benefit from switching 

from and FDTC to open triple low-resistance inhaler therapy. Obviously, patients’ 

preferences should be taken into consideration and regular patient education should be 

maintained by a physician. Similar to inhalation parameters, deposition values showed 

individual differences between two inhalations in the tested devices and the rate of 

repeatability tended to be different in inhalers.  

Our work is the first study emphasizing the importance of repeatability of inhaler use in 

severe COPD patients and healthy subjects and compared the deposition of an FDTC and 

open triple therapy in three low-resistance inhaler devices. Our study might help to further 

improve patient care and this already quickly developing field of COPD therapy.  
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