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Abstract

:

Despite females being more often affected by asthma than males and the prevalence of COPD rising in females, conflicting evidence exists as to whether sex may modulate the correct inhaler technique. The aim of this study was to assess the impact of sex on the proper use of inhaler devices in asthma and COPD. A pairwise meta-analysis was performed on studies enrolling adult males and females with asthma or COPD and reporting data of patients making at least one error by inhaler device type (DPI, MDI, and SMI). The data of 6,571 patients with asthma or COPD were extracted from 12 studies. A moderate quality of evidence (GRADE +++) indicated that sex may influence the correct use of inhaler device in both asthma and COPD. The critical error rate was higher in females with asthma (OR 1.31, 95%CI 1.14–1.50) and COPD (OR 1.80, 95%CI 1.22–2.67) using DPI vs. males (p < 0.01). In addition, the use of SMI in COPD was associated with a greater rate of critical errors in females vs. males (OR 5.36, 95%CI 1.48–19.32; p < 0.05). No significant difference resulted for MDI. In conclusion, choosing the right inhaler device in agreement with sex may optimize the pharmacological treatment of asthma and COPD.
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1. Introduction


Asthma and chronic obstructive pulmonary disease (COPD) are chronic respiratory diseases that affect over 600 million people worldwide and cause more than 3.5 million deaths annually [1,2,3].



Despite the availability of effective treatment options and well-established recommendations for disease diagnosis, management, and prevention [1,3], suboptimal symptom control and disease stability remain widespread among asthmatic and COPD patients [4]. Inadequate inhaler technique is one of the major determinants hampering proper disease control, and it has been associated with worse health status and a higher risk of hospitalization and acute exacerbations [5,6,7,8].



Inhaled medications are the gold standard for the treatment of asthma and COPD, having the advantage of rapid and high local drug delivery into the airways, while minimizing the risk of systemic side effects [9]. The Global Initiative for Asthma (GINA) [1] and the Global Initiative for Chronic Obstructive Lung Disease (GOLD) [3] recommendations recognized the importance of assessing patients’ inhaler technique regularly and providing inhaler skills training in case of poor inhalation technique before considering any step up in treatment.



A recent systematic review and meta-analysis by Chrystyn et al. [10] estimated that up to 100% of patients have made at least one overall error and up to 92% have made at least one critical error in handling inhaler devices, with a higher frequency of error rate reported in COPD patients compared to those with asthma. Device-specific handling errors in inhaler performance jeopardize the effectiveness of drug delivery, patient’s adherence to medication, and disease control, contributing substantially to health care costs [5,11].



Although errors in the proper use of inhaler devices have been addressed in terms of type of device [12,13] and patients’ preferences [13], limited and conflicting evidence exists as to whether sex may be a major predictor of inadequate inhaler performance [14,15]. In some studies, female sex was associated with an increased risk of errors in inhalation technique, with a higher proportion of men able to perform maneuvers correctly [14,16,17,18]. By contrast, other studies suggested a worse performance in males [19] or no real difference between females and males [20,21,22]. Even data originating from a meta-analysis did not result in conclusive findings [10].



Asthma morbidity is more common in female patients, and the prevalence of COPD is rising in females [23,24]. Moreover, raising attention has been drawn to the importance of examining sex-related differences in non-communicable diseases [25]. Thus, the implication that incorrect use of inhaler devices may be more common in females represents a major concern.



The current GINA [1] and GOLD [3] documents do not address the hypothesis that sex is associated with an incorrect use of inhaler devices in asthma and COPD. Thus, it may be assumed that the lack of any specific information could be due to there being no real difference between females and males in the ability of patients to use inhaler devices properly; conversely, no firm conclusion has yet been reached. Therefore, given such an uncertain background, the aim of the present systematic review and meta-analysis was to assess the impact of sex on the proper use of inhaler devices in asthma and COPD.




2. Materials and Methods


2.1. Search Strategy and Study Eligibility


The protocol of this systematic review and meta-analysis has been submitted to the international prospective register of systematic reviews (PROSPERO, registration ID: CRD42022333152) and performed in agreement with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses Protocols (PRISMA-P) [26], and the relative flow diagram is shown in Figure 1. This study satisfied all the recommended items reported by the PRISMA 2020 checklist (Table S1) [27].



A comprehensive literature search was performed for clinical studies assessing the impact of sex on the proper use of inhaler devices for asthma or COPD. In this regard, the PICO (patient problem, intervention, comparison, and outcome) framework was applied to develop the literature search strategy, as previously reported [28]. Namely, the “patient problem” included patients suffering from asthma or COPD; the “intervention” regarded the use of different types of inhaler devices (dry powder inhaler (DPI), metered-dose inhaler (MDI), and soft mist inhaler (SMI)) for the administration of drugs in asthma or COPD; the “comparison” was performed between females and males; and the assessed “outcome” was the association between the improper use of inhaler devices and sex.



The search was performed in ClinicalTrials.gov, Cochrane Central Register of Controlled Trials (CENTRAL), Embase, EU Clinical Trials Register, MEDLINE, Scopus, and Web of Science, in order to provide relevant studies written in English and published from 1 January 1980 up to 3 January 2022. The summary of the search string was as follows: (sex OR gender) AND (asthma OR COPD). Detailed information regarding the expanded search string and translations are reported in Table S2. Citations of previous published reviews were checked to select further pertinent studies, if any [10,12,15,29,30].



Literature search results were uploaded to Eppi-Reviewer 4 (EPPI-Centre Software. London, UK), a web-based software program for managing and analyzing data in literature reviews that facilitates collaboration among reviewers during the study selection process.




2.2. Study Selection


Studies that enrolled adult males and females with asthma or COPD, written in English, and reporting the frequency or the number of patients making at least one overall error and/or an error exposing them to the risk of receiving a severely reduced dose or no medication being inhaled or reaching the lungs (referred to as critical error) [31] by specific inhaler device type were included in the meta-analysis.



Considering the limited knowledge regarding the impact of sex on inhaler technique [14,15], clinical trials, observational studies, and randomized controlled trial were selected in this meta-analysis in order to collect the greatest amount of data currently available on this topic. When the design of observational studies was not clearly reported, it was assessed by using previously published criteria [32].



The definition of critical error was in agreement with the International Pharmaceutical Aerosol Consortium on Regulation and Science (IPAC-RS) inhaler common use error matrix [33], developed for the assessment of use-related risk of harm caused by reduced dose delivery of a specific inhaler device. Critical error was considered equivalent to the IPAC-RS inhaler use error dosing scores of 7 and 10, corresponding respectively to the categories of high effect and maximal effect on the delivery to the lung of an individual dose [33].



Studies reporting combined data of a mixed population of patients with asthma and COPD or pooled data for all types of inhaler devices rather than for specific inhaler types (i.e., DPI, MDI, SMI) were not included in the analysis in order to perform a detailed analysis on specific diseases and devices and thus prevent the risk of affecting results by potential confounding factors.



Two reviewers independently examined the studies, and any difference in opinion concerning the selection of relevant studies from literature searches and databases was resolved by consensus.




2.3. Data Extraction


Data from included clinical studies were extracted from published papers and/or supplementary files. Data were checked for study references and characteristics and duration of observation, number of analyzed patients, type of inhaler device, patients’ diagnosis and setting, age, sex, forced expiratory volume in the 1st second (FEV1), FEV1/forced vital capacity (FVC), exacerbation ratio in the previous year, the frequency of overall errors, and/or critical errors by inhaler type, and study quality assessment via the Jadad Score [34], Cochrane Risk of Bias 2 (RoB 2) [35], and Joanna Briggs Institute (JBI) Critical Appraisal Checklist Tool [36].



Data regarding the proper use of inhaler devices were extracted from the primary publications as the number of patients making ≥1 error in inhaler technique, with no adjustments. When data were reported as odds ratio (OR), the number of patients making ≥1 error in inhaler technique was calculated from crude OR values.



Data were extracted in agreement with data extraction for complex meta-analysis (DECiMAL) recommendations [37]. The inter- and intra-rater reliability for data abstraction was assessed via the Cohen’s kappa score, as previously described [38]. Briefly, Cohen’s kappa ≥ 0.80 indicated excellent agreement, coefficients between 0.61 and 0.80 represented substantial agreement, coefficients between 0.41 and 0.61 moderate agreement, and <0.41 fair to poor agreement.




2.4. Endpoint


The endpoint of this pairwise meta-analysis was to assess the impact of sex on the proper use of specific inhaler devices for the treatment of asthma and COPD.




2.5. Data Synthesis and Analysis


A pairwise meta-analysis was performed to assess the association between the frequency in making overall errors and/or critical errors by inhaler device type and sex. Results were expressed as OR and 95% confidence interval (95%CI). Since data were selected from a series of studies performed by researchers operating independently and a common effect size could not be assumed, a binary random-effects model was used to balance the study weights and adequately estimate the 95%CI of the mean distribution of the ORs for the investigated variables [39,40,41,42].



A subgroup analysis was conducted by grouping data from the overall analysis in agreement with the different types of inhaler devices.



The test for heterogeneity (I2) was performed to quantify the between-study dissimilarity, as previously reported [43]. Although a naïve ranking of values for I2 would not be standardized for all circumstances, low, moderate, and high heterogeneity may be identified for I2 values around 25%, 50%, and 75% [44]. Moreover, substantial heterogeneity may be considered for values of I2 greater than 50% [45]. Sensitivity analysis was carried out to identify the studies that introduced a significant and/or substantial level of heterogeneity (I2 > 50%) in the quantitative synthesis [44].




2.6. Quality of Studies and Risk Bias


The summary of the risk of bias for each included randomized controlled trial (RCT) was analyzed via the Cochrane RoB 2 [35] and Jadad score [34]. The weighted assessment of the overall risk of bias was analyzed via the Cochrane RoB 2 [35] by using the robvis visualization software [46,47].



The Jadad score, with a scale of 1–5 (a score of 5 being the best quality), was used to assess the quality of the RCTs concerning the likelihood of bias related with randomization, double blinding, withdrawals, and dropouts. The quality of studies was assessed as follows: total score ≤ 2, low quality; total score = 3, medium quality; total score ≥ 4 high quality.



The methodological quality of observational cross-sectional studies was evaluated by using the JBI Critical Appraisal Checklist Tool for analytical cross-sectional studies [36]. The checklist consisted of eight question items assessing the inclusion criteria for the definition and detailed description of the sample; use of valid and reliable way to measure the exposure; use of objective and standard criteria to measure the condition, identification, and strategies to deal with confounding factors; use of a valid and reliable way to measure outcomes; and suitability of statistical analysis. In the present systematic review and meta-analysis, each item of the JBI checklist was rated as “yes” and given 1 point or “no”, “unclear”, or “not applicable” and given 0 points. The quality assessment score was calculated on the proportion of “yes” responses for the possible maximum score and judges the results as high risk, moderate risk, or low risk of bias in agreement with the percentage of the achieved score, which was ≤49%, 50–69%, or ≥70%, respectively.



The risk of publication bias was assessed by applying the funnel plot and Egger’s test if ≥10 studies were included in the meta-analysis [48] and in the case of a significant and/or substantial level of heterogeneity, as previously described [49].



The quality of the evidence was assessed in agreement with the Grading of Recommendations Assessment, Development, and Evaluation (GRADE) system, indicating ++++ for high quality of evidence, +++ for moderate quality of evidence, ++ for low quality of evidence, and + for very low quality of evidence [50].



Two reviewers independently assessed the quality of individual studies, and any difference in opinion about the quality score was resolved by consensus.




2.7. Software and Statistical Significance


GraphReader was used to extract data from the figures, when necessary (graphreader.com); Open-MetaAnalyst was used to perform the pairwise meta-analysis [43]; GRADEpro GDT to assess the quality of evidence [50]; and robvis visualization software to perform the RoB 2 tool [46,47]. The statistical significance was assessed for p < 0.05.





3. Results


3.1. Study Characteristics


Of the 128 potentially relevant records identified in the initial search, 12 studies were deemed eligible for qualitative and quantitative syntheses. Data obtained from 5724 asthmatic patients and 847 COPD patients were extracted from 11 observational cross-sectional studies [51,52,53,54,55,56,57,58,59,60,61] and 1 RCT [31]. The study by Harb et al. [31] was interventional and randomized in design; however, the error frequency in inhaler technique was assessed at baseline, prior to verbal and demonstrative instructions on correct performance.



Of the overall 6571 patients, 3716 (56.55%) were females and 2855 (43.45%) were males. The relevant patient demographics, study characteristics, and study quality assessment have been summarized in Table 1. The investigated inhaler devices included DPI (Aerolizer, Accuhaler, Breezhaler, Diskhaler, Diskus, Easyhaler, Ellipta, Genuair, HandiHaler, Rotahaler, and Turbuhaler), MDI or pressurized MDI (pMDI) with or without a spacer (such as Ventolin, Atrovent, or Combivent), and SMI (Respimat). The inhaler technique was evaluated for DPI in 11 studies [31,51,53,54,55,56,57,58,59,60,61], for MDI in 8 studies [31,51,52,53,55,56,58,60], and for SMI in 2 studies [31,55]. Data on bronchoreversibility were not reported in Table 1 as none of the analyzed studies included this information.



The definition of critical error as reported in the studies is shown in Table 2. The inter-rater reliability for data abstraction was excellent before and after the learning process (Cohen’s Kappa 0.96 and 1.00, respectively). The intra-rater reliability produced a Cohen’s kappa of 1.00 after the learning process.




3.2. Pairwise Meta-Analysis


3.2.1. Asthma


No significant (p > 0.05) difference between females and males was observed in making at least one overall error in the use of inhaler devices (OR 0.83, 95%CI 0.56–1.23; I2 0%; GRADE ++) (Figure 2A). The subgroup analysis confirmed the not significant (p > 0.05) association between sexes in the improper use of DPI and MDI, and no substantial heterogeneity was detected (Figure 2A).



There was a trend towards significance (p = 0.11) in the association of female sex with making at least one critical error in the use of inhaler devices (OR 1.20; 95%CI 0.96–1.49; I2 56.05%; GRADE ++), which was mainly driven by the effect estimate resulting for DPI (Figure 2B). In this regard, the subgroup analysis indicated that significantly (p < 0.01) more female than male patients made at least one critical error in the use of DPI (OR 1.31, 95%CI 1.14–1.50; I2 1.49%; GRADE +++), whereas no significant (p > 0.05) difference between sexes was detected for MDI (Figure 2B). The substantial and significant level of heterogeneity (I2 90.76%, p < 0.01) detected in the subgroup analysis for MDI could not be resolved as only two studies [53,56] were included.




3.2.2. COPD


No significant (p > 0.05) difference was observed between females and males in making at least one overall error in the use of inhaler devices (OR 0.93, 95%CI 0.76–1.15; I2 0%; GRADE ++) (Figure 3A). The subgroup analysis indicated no significant (p > 0.05) difference by sexes in the improper use of DPI and MDI, and no substantial heterogeneity was detected (Figure 3A). Female sex was significantly (p < 0.05) associated with making at least one overall error in the use of SMI (OR 9.09, 95%CI 1.15–71.98; GRADE +++), but the effect estimate resulted from only one study [31], and thus heterogeneity was not estimated (Figure 3A).



Sensitivity analysis performed by excluding the RCT of Harb et al. [31] in the DPI subgroup confirmed the not significant (p > 0.05) difference between sexes in making at least one overall error, and no substantial heterogeneity was detected (data not shown).



Patients making at least one critical error in the use of inhaler devices were significantly (p < 0.001) more likely to be female than male (OR 1.89, 95%CI 1.35–2.63; I2 48.99%; GRADE +++) (Figure 3B). In the subgroup analysis, female sex was significantly (p < 0.01) associated with making at least one critical error in the use of DPI (OR 1.80, 95%CI 1.22–2.67; I2 60.02%; GRADE +++) (Figure 3B). Sensitivity analysis indicated that the substantial and significant (p = 0.01) level of heterogeneity was resolved after removing from the analysis the study of Jang et al. [55] and that of Harb et al. [31] for the arm DPI Ellipta; the first study introduced a bias due to the small study effect [63], and the second one was the only study outlying on the left-hand side of the equality line. When significant and substantial heterogeneity was resolved by sensitivity analysis, results confirmed the significant (p < 0.001) association of female sex with making at least one critical error in the use of inhaler devices (OR 1.95, 95%CI 1.46–2.60; I2 28.86; GRADE +++) and of DPI (OR 1.90, 95%CI 1.35–2.68; I2 43.63%; GRADE +++).



Sensitivity analysis by excluding the RCT by Harb et al. [31] in the DPI subgroup could not be performed as this would have left only the study by Jang et al. [55] included, thus generating a single effect estimate.



No significant (p > 0.05) difference by sexes was observed in the improper use of MDI, and no substantial level of heterogeneity was detected (Figure 3B). Female sex was significantly (p < 0.05) associated with making at least one critical error in the use of SMI (OR 5.36, 95%CI 1.48–19.32; I2 0%; GRADE ++) (Figure 3B).





3.3. Risk of Bias and Quality of Evidence


The RCT trial by Harb et al. [31] included in this pairwise meta-analysis was ranked as being of low quality (Jadad score < 3). The traffic light plot for the assessment of the risk of bias is reported in Figure 4A, and the weighted plot for the assessment of the overall risk of bias by domains is shown in Figure 4B. The RCT [31] had a low risk of bias for the randomization process, missing outcome data, and selection of the reported results. There were some concerns for the risk of bias in the measurement of the outcome and no information concerning deviations from intended intervention.



Quality assessment of observational cross-sectional studies indicated that 10 studies [51,52,54,55,56,57,58,59,60,61] were at moderate risk of bias and 1 study [53] was at high risk of bias.



Funnel plot and Egger’s test were not performed since less than 10 studies were included in the meta-analyses.





4. Discussion


The results of this systematic review and meta-analysis provide a moderate quality of evidence that sex may influence the correct use of inhaler device in asthma and COPD. The rates of critical error were greater in asthmatic and COPD female patients using DPI compared to male patients; furthermore, the use of SMI was associated with a significant greater overall and critical error rates in COPD female patients compared to male patients.



A previous meta-analysis [10] already investigated device errors in asthma and COPD, indicating sex, across the patients’ characteristics, as a factor that may have an impact on device error rates. Effectively, meta-regression suggested that females performed a higher error frequency [10]. However, that meta-analysis [10] was not specifically focused on inhaler device, and notably, results regarding improper inhaler technique were reported as pooled data from both asthmatic and COPD patients [17,64,65]. A recent overview [29] on interventions to improve inhaler technique also highlighted that female sex was associated with poorer technique, but again, the authors based their conclusions on primary studies performed on pooled populations of both asthmatic and COPD patients [17,64,65], or on studies in which no data were reported for a specific inhaler device (i.e., MDI, DPI, SMI) [18]. Therefore, to the best of our knowledge, this is the first study that systematically quantified the impact of sex on the proper use of specific inhaler devices in asthma and COPD.



Indeed, the obtained results may have important clinical implications. While male patients may correctly use any type of inhaler device, clinicians and nurses should carefully assess whether female patients are really able to correctly actuate a DPI for the treatment of asthma or either a DPI or a SMI for the treatment of COPD. In this respect, the incorrect use of inhaler device may lead to an increase in medication dose to reach disease control [10], an important matter in asthma management since the dose of medications is related to the step severity of the disease [1]. Moreover, in COPD, any critical error is a potential risk factor for frequent exacerbations [66]. Ultimately, especially for female patients, careful monitoring and education around inhaler devices are pivotal components of COPD treatments in frequent exacerbators and in poorly controlled asthmatics.



Although choosing the right inhaler device for the right patient is a substantial component of personalized and precision medicine [67,68], current real-life evidence suggests that prescription of a specific inhaler device is unrelated to the characteristics of asthmatic and COPD patients [69,70]. A recent extensive review [71] on the past, present, and future of inhaled medicines provided good evidence that the improper use of inhalers and incorrect mode of breathing may lead to overall non-adherence of around 50%. However, despite the large improvement in the engineering of inhaler devices, the authors [71] did not refer to sex as a key factor modifying the correct use of inhaler devices. Certainly, before investing in innovative “electronic”, “intelligent”, or “smart” inhalers [71], it could be more rational to optimize the correct use of the currently available devices already approved for the treatment of asthma and COPD, at least according to the sex of patients in agreement to the results of our quantitative synthesis.



It has been extensively demonstrated that inhaler errors may significantly affect drug delivery, explaining the significant association between improper inhaler device use and poor asthma control and COPD disease stability [15]. Thus, considering that most of the drugs and fixed-dose combinations (FDCs) currently approved for the treatment of asthma and COPD are delivered via both MDI and DPI, it should not be challenging for clinicians to prescribe the right device to female patients [72,73,74]. Concerning SMI, since the tiotropium bromide/olodaterol FDC is not delivered via other inhaler devices [72], female COPD patients should be adequately trained to correctly use this inhaler device if they must be treated specifically with tiotropium bromide/olodaterol FDC.



Generally, males are characterized by a better hand-to-eye coordination than females [75,76]. Thus, since inadequate hand-breath coordination may affect the proper use of MDI, along with poor fine motor control and hand or finger muscle weakness [77,78], we expected that females would have had more difficulty in using MDI instead of DPI. Conversely, we can suppose that the greater difficulty for females suffering from asthma and COPD in correctly using DPI may be related to a lower peak inspiratory flow (PIF) than male patients, as suboptimal PIF is a limiting factor for the correct actuation of DPI, a condition leading to inadequate drug-carrier disaggregation and insufficient drug deposition into the airways [79]. As a matter of fact, in both asthma and COPD, the PIF value reported for females is consistently lower than that reported for males, irrespective of the types of DPI used [80,81]. Effectively, previous findings suggested that female sex can be considered an independent risk factor for failing in the correct use of DPI in chronic obstructive airway disorders, mainly due to the differences in anthropometric features between the sexes affecting PIF [81,82]. Concerning the sex difference in the correct use of SMI, no previous findings are currently available; even a global systematic literature review and meta-analysis focused on device use errors with SMI did not investigate the potential impact of sex as a modifying factor [13]. Indeed, the slow-moving aerosol produced by SMI gives more time for a better inhalation-actuation coordination, which may enhance drug delivery [83]. However, according to the evidence that some patients may find the procedure of loading the cartridge into the inhaler challenging [79], we can speculate that sex difference in the development of three-dimensional spatial abilities [76] may explain the greater error rates reported for females compared to males in using SMI.



Certainly, this study has some limitations. First, we included in the quantitative synthesis both RCTs and observational studies; however, the sensitivity analysis performed by excluding the only RCT by Harb et al. [31] confirmed the effect estimate for the overall error rate. In any case, we have to highlight that integrating data from RCTs and observational studies in meta-analyses regarding complex interventions, such as the impact of sex on the correct use of inhaler devices, may improve the prediction of patient responses to therapies, regardless of the quality of included studies [84,85]. To date, there is no a priori reason to exclude observational studies from a qualitative synthesis [86,87], supporting that the greatest level in the new hierarchy of evidence is reached when both RCTs and observational studies exist with consistent findings [88]. Second, none of the studies included in the meta-analysis were specifically designed to assess the impact of sex on inhaler technique, explaining why a moderate risk of bias was generally reported by the JBI Checklist Tool. Only one study resulting from the PRISMA 2020 flow diagram evaluated the influence of sex on inhaler technique, but unfortunately, it reported data with no distinction between asthmatic and COPD patients, and for this reason the study was excluded at screening. Despite this limitation, the authors of [14] notably reported that patients reporting difficulties with using inhalers were more prevalent among females than males. Third, no consistent definition of “critical error” was stated; however, the several included studies [31,53,55,56,59,61] reported data for errors exposing a patient to the risk of receiving a severely reduced dose or no medication being inhaled or reaching the lungs, which can thus be referred to as critical errors, as shown in Table 2. Finally, the study by Jang et al. [55] was strongly underpowered to assess whether female sex could have been associated with the incorrect use of inhaler devices. In this regard, the sensitivity analysis confirmed that this study induced a bias via the so-called “small study effect”, a condition that leads to overrating of an effect estimate when it is assessed in small populations [89].



In conclusion, sex seems to be a significant factor modulating the correct use of inhaler device, with females performing more critical errors than men when using either DPI or SMI. Indeed, the quantitative synthesis of current evidence suggests that choosing the right inhaler device in agreement with sex may optimize the pharmacological treatment of asthma and COPD, or in other words, avoid that formulations are not properly inhaled. Further research is needed to improve the strength of the recommendations resulting from this study, by performing clinical trials specifically designed to assess the impact of sex on the proper use of inhaler devices in asthma and COPD.
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Figure 1. PRISMA 2020 flow diagram for the identification of the clinical studies included in the qualitative and quantitative syntheses. CENTRAL: Cochrane Central Register of Controlled Trials; PIF: peak inspiratory flow; PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses. 
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Figure 2. Forest plots of the association between the frequency of making at least one overall error (A) [51,52,54,60] or one critical error (B) [53,56,59,61] in the use of inhaler devices in asthma. DPI: dry powder inhaler; MDI: metered-dose inhaler; OR: odds ratio; 95%CI: 95% confidence interval. 
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Figure 3. Forest plots of the association between the frequency of making at least one overall error (A) [31,54,57,58] or one critical error (B) [31,55] in the use of inhaler devices in COPD. DPI: dry powder inhaler; MDI: metered-dose inhaler; OR: odds ratio; SMI: soft mist inhaler; 95%CI: 95% confidence interval. 
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Figure 4. Assessment of the risk of bias via the Cochrane RoB 2 tool displayed by means of a traffic light plot of the risk of bias of the included randomized clinical study (A) [31], and weighted plot for the distribution of the overall risk of bias within each bias domain via the Cochrane RoB 2 tool (B) (n = 1 clinical study). Traffic light plot reports five risk of bias domains: D1, bias arising from the randomization process; D2, bias due to deviations from intended intervention; D3, bias due to missing outcome data; D4, bias in measurement of the outcome; D5, bias in selection of the reported result. Yellow circle indicates some concerns on the risk of bias, green circle represents low risk of bias, and blue circle indicates no information. RoB: risk of bias. 
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Table 1. Study characteristics of the clinical studies included in qualitative and quantitative syntheses.






Table 1. Study characteristics of the clinical studies included in qualitative and quantitative syntheses.





	Study, Year, and Reference
	Study Characteristics
	Observation Duration (Months)
	Number of Analyzed Patients
	Data Reported in the Primary Publication
	Inhaler Device (Brand)
	Patients’ Diagnosis (Setting)
	Age (Years)
	Male (%)
	Post Bronchodilator FEV1 (% Predicted)
	Post Bronchodilator FEV1/FVC
	AECOPD in the Previous Year (Ratio)
	JBI Checklist Tool
	Evaluated Outcome





	Akhoon et al., 2022 [51]
	Single-center, observational, cross-sectional study
	12.0
	207
	Number of patients making ≥1 overall error in inhaler technique
	DPI (Rotahaler), pMDI (NA), and pMDI + spacer (NA)
	Mild to moderate asthma (outpatient)
	39.0
	54.6
	NA
	NA
	NA
	Moderate bias
	Patients making ≥1 overall error in inhaler technique



	Arif et al., 2021 [52]
	Single-center, observational, cross-sectional study
	3.0
	146
	Crude OR with 95%CI for the association between sex and improper inhaler technique
	MDI (NA)
	Asthma (outpatient)
	38.5
	32.2
	NA
	NA
	NA
	Moderate bias
	Patients making ≥1 overall error in inhaler technique



	Ding et al., 2021 [54]
	Single-center, observational, cross-sectional study
	9.0
	52 (COPD); 22 (asthma)
	Number of patients making ≥1 overall error in inhaler technique
	DPI (Diskus, HandiHaler, Turbuhaler)
	Stable asthma, COPD (outpatient)
	68.0 (COPD); 58.0 (asthma)
	94.2 (COPD); 36.4 (asthma)
	57.6 (COPD); 86.5 (asthma)
	NA
	NA
	Moderate bias
	Patients making ≥1 overall error in inhaler technique



	Harb et al., 2021 [31]
	Single-center, non-drug interventional, randomized, open-label, crossover study
	NA
	180
	Number of patients making ≥1 overall error and ≥1 critical error in inhaler technique
	DPI (Aerolizer, Breezhaler, Diskhaler, Diskus, Easyhaler, Ellipta, Handihaler, Turbuhaler), non-breath-actuated pMDI, and SMI (Respimat)
	COPD (inpatient)
	61.7
	57.2
	NA
	NA
	NA
	NA *
	Patients making ≥1 overall error and ≥1 critical error in inhaler technique



	Jang et al., 2021 [55]
	Single-center, observational, prospective, cross-sectional study (secondary analysis of a previous cohort study [62])
	22.0
	261
	Number of patients making ≥1 critical error in inhaler technique
	DPI (Breezhaler, Diskus, Ellipta, Genuair, Turbuhaler), pMDI, and SMI (Respimat)
	COPD (outpatient)
	69.8
	93.5
	63.5
	0.59
	24.9% of patients with frequent AECOPD
	Moderate bias
	Patients making ≥1 critical error in inhaler technique



	Barbara et al., 2020 [56]
	Multicenter, observational, retrospective cross-sectional study using data from the iHARP database
	42.0
	4,134
	Number of patients making ≥1 critical error in inhaler technique
	DPI (Accuhaler, Turbuhaler) and MDI (NA)
	Asthma (primary care practice)
	50.0
	39.0
	NA
	NA
	NA
	Moderate bias
	Patients making ≥1 critical error in inhaler technique



	Baral et al., 2019 [57]
	Single-center, observational, cross-sectional study
	1.0
	204
	Number of patients making ≥1 overall error in inhaler technique
	DPI (Rotahaler)
	COPD (outpatient and inpatient)
	67.2
	46.1
	<80.0
	<0.7
	NA
	Moderate bias
	Patients making ≥1 overall error in inhaler technique



	Sriram et al., 2016 [58]
	Single-center, observational, cross-sectional study
	12.0
	150
	Number of patients making ≥1 overall error in inhaler technique
	DPI (Accuhaler, HandiHaler, Turbuhaler) and MDI + spacer (NA)
	COPD (inpatient and community-based participants)
	70.3
	52.0
	NA
	NA
	1.7
	Moderate bias
	Patients making ≥1 overall error in inhaler technique



	Westerik et al., 2016 [59]
	Multicenter, observational, historical, cross-sectional study using data from the iHARP database
	29.0
	623
	Number of patients making ≥1 critical error in inhaler technique
	DPI (Diskus)
	Asthma (primary care practice)
	51.0
	39.0
	NA
	NA
	0.6
	Moderate bias
	Patients making ≥1 critical error in inhaler technique



	Onyedum et al., 2014 [60]
	Multicenter, observational, cross-sectional study
	7.0
	140
	Number of patients making ≥1 overall error in inhaler technique
	DPI (Diskus) and pMDI (NA)
	Asthma (outpatient)
	47.6
	46.4
	NA
	NA
	NA
	High bias
	Patients making ≥1 overall error in inhaler technique



	Coelho et al., 2011 [61]
	Single-center, observational, cross-sectional study
	16.0
	229
	Number of patients making ≥1 critical error in inhaler technique
	DPI (Aerolizer)
	Severe asthma (outpatient)
	≥18.0
	21.4
	NA
	NA
	NA
	Moderate bias
	Patients making ≥1 critical error in inhaler technique



	Lee et al., 2011 [53]
	Multicenter, observational, cross-sectional study
	NA
	223
	Number of patients making ≥1 critical error in inhaler technique
	DPI (Turbuhaler (Pulmicort and Symbicort), Diskus (Flixotide and Seretide)), and pMDI (Ventolin, Atrovent, or Combivent)
	Asthma (outpatient)
	56.7
	50.4
	NA
	NA
	NA
	High bias
	Patients making ≥1 critical error in inhaler technique







* Due to the interventional design of the study, the assessment of the risk of bias via JBI Checklist Tool was not performed. AECOPD: acute exacerbation of COPD; COPD: chronic obstructive pulmonary disease; DPI: dry powder inhaler; FEV1: forced expiratory volume in the 1st second; FVC: forced vital capacity; iHARP: Helping Asthma in Real People inhaler technique assessment initiative; JBI: Joanna Briggs Institute; MDI: metered-dose inhaler; NA: not available; pMDI: pressurized metered-dose inhaler; SMI: soft mist inhaler.
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Table 2. Definitions of errors exposing patient to the risk of receiving a severely reduced dose or no medication being inhaled or reaching the lungs (referred to as critical errors), as reported in the included studies.






Table 2. Definitions of errors exposing patient to the risk of receiving a severely reduced dose or no medication being inhaled or reaching the lungs (referred to as critical errors), as reported in the included studies.





	Author, Year, and Reference
	Critical Error Definition





	Harb et al., 2021 [31]
	The definition of critical error agreed with the recently published IPAC-RS critical error matrix. The critical error was equivalent to IPAC-RS maximal effect (score 10) and IPAC-RS high effect (score 7); “critical errors presented within the checklist are those exposing patients to the risk of receiving no dose or severely reduced dose”.



	Jang et al., 2021 [55]
	“Critical errors were defined as errors seriously compromising drug delivery to the lung”.



	Barbara et al., 2020 [56]
	“Inhaler technique errors associated with poor asthma outcomes were defined as errors significantly associated with uncontrolled asthma and/or an increased rate of asthma exacerbations (ie, having at least one exacerbation in the 12 months prior to review)”.



	Westerik et al., 2016 [59]
	“Serious inhaler technique errors identified by the HCPs were defined as errors potentially limiting drug uptake to the lungs, as enumerated by the iHARP steering committee before commencing the study”.



	Coelho et al., 2011 [61]
	Error in a key step that “when incorrectly performed by users, can significantly affect total deposition of the dose in the lungs”. “These steps are related to preparing the dose for total drug release and to inhaling the drug”.The following were considered key steps in the present study: “for the use of an Aerolizer DPI, placing the capsule in the appropriate chamber, pressing the lateral buttons of the inhaler, and inhaling quickly and deeply”.



	Lee et al., 2011 [53]
	Failure of any one of the key steps, including “coordinate hand movement and inhalation,” “load and prime device,” and “inhale forcefully and deeply”.







DPI: dry powder inhaler; HCP: healthcare provider; iHARP: Helping Asthma in Real People inhaler technique assessment initiative; IPAC-RS: International Pharmaceutical Aerosol Consortium on Regulation & Science.
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