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Abstract

Background Correct inhaler use depends on a complex interplay of factors, including device preparation and gen-
erating sufficient inspiratory flow. It is currently unknown which inhalation technique errors can be considered critical
in Chronic Obstructive Pulmonary Disease (COPD) patients on Dry Powder Inhaler (DPI) maintenance therapy.

Objective To investigate the association between inhalation technique errors and health status or exacerba-
tions in patients with COPD. Additionally, the association between the number of errors and COPD outcomes
was determined.

Methods The PIFotal study is a cross-sectional multi-country observational study in a primary care setting, includ-
ing 1434 COPD patients aged >40 years (50.1% female; mean age 69.2 yrs) using a DPI for their maintenance therapy.
Inhalation technique was video recorded and scored by two independent researchers using inhaler-specific check-
lists. Health status was assessed with two questionnaires; the Clinical COPD Questionnaire (CCQ) and the COPD
Assessment Test (CAT). The number of moderate and severe exacerbations in the past 12 months was recorded. Criti-
cal errors were identified based on their association with health status or exacerbations through multi-level prediction
models adjusted for identified confounding.

Results Errors in inhalation technique steps ‘Breathe in;'Hold breath; and ‘Breathe out calmly after inhalation’ were
significantly associated with poorer CCQ and CAT outcomes and thus deemed critical. None of the errors were sig-
nificantly associated with moderate exacerbations. Patients with errors ‘Preparation; ‘Hold inhaler in correct position
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during inhalation; and ‘Breathe in"had significantly more severe exacerbations, and therefore these errors were

also deemed critical. 81.3% of patients with COPD made at least one critical error. Specific combinations of errors
were associated with worse outcomes. The more inhalation technique errors identified, the poorer the health status
and the higher the exacerbation rate.

Conclusion In this study, we identified multiple critical inhalation technique errors in COPD patients using DPIs each
associated with poorer outcomes. Explorative analysis revealed that specific combinations of errors may be of clini-
cal relevance, especially those related to the inhalation manoeuvre. COPD outcomes worsened with increasing error
count. These results warrant further prospective longitudinal studies to establish the effect of correcting these errors
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on COPD control.

Exacerbation

Trial registration https://clinicaltrials.gov/ct2/show/NCT04532853 (31/08/2020)
Keywords Chronic Obstructive Pulmonary Disease, Inhaler technique, Inhaler errors, COPD health status,

Introduction

COPD is a progressive pulmonary disease characterized
by persistent respiratory symptoms and airflow limita-
tion [1]. It is a leading cause of morbidity and mortal-
ity that impacts the lives of approximately 384 million
patients worldwide [1, 2]. Pharmacological maintenance
therapy is primarily prescribed to reduce symptoms
and to prevent exacerbations. Long-acting bronchodila-
tors form the primary pharmacotherapeutic treatment
in COPD maintenance therapy and are most frequently
administrated using Dry Powder Inhalers (DPIs) [1, 3].
Incorrect use of inhalers, in particular DPIs, is a substan-
tial problem among COPD patients [4, 5]. Since DPIs are
breath-actuated, patients need sufficient inspiratory flow
to achieve optimal drug delivery into the airways. Moreo-
ver, correct preparation and handling of the device before
inhalation is required and key to treatment success [3, 6,
7].

The PIFotal study determined the association of Peak
Inspiratory Flow (PIF), inhalation technique and adher-
ence with COPD outcomes in patients with COPD using
DPIs for their maintenance therapy. A suboptimal peak
inspiratory flow (PIF) was common (in 29% of the study
population) and found to be significantly associated with
poor health status and therefore deemed a critical inhaler
error in COPD [8]. A considerable proportion (16%) of
participants were able to achieve an optimal PIF when
instructed to use maximum effort, but failed to do so
during a typical inhalation manoeuvre [8]. In light of the
importance of PIF for inhaler selection, and the room for
improvement in cases of poor technique, objective meas-
urements of PIF have been proposed to help healthcare
professionals (HCPs) selecting the most appropriate DPI
for their patients [9, 10]. This approach was supported
by a post hoc analysis of the PIFotal study, revealing that
observations alone were inadequate to identify a sub-
optimal PIF; when PIF was observed to be sufficient by
trained observers, 40% of the patients had a suboptimal

PIF when objectively measured using an In-Check DIAL
G16 (Clement Clarke, UK) [11].

PIF is a cornerstone of matching an appropriate DPI
to the patient, however, other factors of inhalation tech-
nique should also be taken into account [9]. Inhalation
errors may lead to insufficient medication dose delivery
in the airways and eventually to insufficient targeting of
airway inflammation and symptoms [12]. Ultimately,
this means that even if the patient is adherent to the pre-
scribed medication regimen, a clinical response may not
be sufficiently achieved. Where routine measurement of
PIF might not be practiced, although this can be fast and
inexpensive, observation of inhaler technique can guide
the process of matching a patient with an appropriate
inhaler and optimise device use. Therefore, inhaler tech-
nique needs to be assessed regularly [1].

The CritiKal study was a landmark study exploring
the relationship between observed inhalation technique
errors and asthma outcomes, including asthma symp-
tom control and exacerbation rate. The study determined
that in asthma patients, using a Turbuhaler or Diskus
DP], ‘insufficient inspiratory effort’ was a common error
associated with an increased likelihood of having uncon-
trolled asthma symptoms and increased exacerbation
rate and therefore labelled as ‘critical’ error [13].

A previous study in COPD patients deemed errors
‘critical’ if they could have affected dose delivery to the
lungs (i.e., device-independent errors such as ‘insufficient
inspiratory effort for the DPI, ‘exhalation into device
before inhalation; or device-specific errors such as ‘incor-
rect dose preparation prior to inhalation’) [5]. The defini-
tion was determined a-priori based on clinical expertise.
Patients who made at least one ‘critical’ inhalation error
had a higher rate of severe exacerbations compared with
patients who did not make these ‘critical’ errors [5].

The process to identify ‘critical” errors has shown to be
challenging, as literature reviews have reported heteroge-
neous descriptions of critical inhalation errors [4, 6, 14,


https://clinicaltrials.gov/ct2/show/NCT04532853

Kocks et al. BMC Pulmonary Medicine (2023) 23:302

15]. Most studies in COPD patients used pre-defined,
non-evidence based, critical error checklists. Definitions
were pragmatically based on the quantity and potential
impact of errors on drug delivery and clinical outcomes,
rather than empirically assessed based on their associa-
tion with poor health outcomes [5, 7, 15, 16] Previous
studies have reported that inhalation errors can affect
COPD outcomes, but more empirical evidence is needed.
Moreover, it is important to identify which specific inha-
lation technique errors are associated with poorer COPD
outcomes. Historically, to make the clinical interpreta-
tion of errors (generic and device-specific) simpler for
HCPs, it is important that individual inhalation errors are
grouped into distinct steps and considered for all avail-
able DPIs in a real-world setting [4].

In addition to the assessment of specific inhalation
errors, combinations of errors (i.e., error patterns) and
the total number of errors and their association with
health status and exacerbations should be studied as
they might be of clinical importance in COPD. Inhala-
tion technique errors may be interrelated and collec-
tively attribute to poorer COPD outcomes. For example,
patients who struggle to exhale fully before the inhalation
manoeuvre might also fail to reach sufficient inspiratory
flow for their device, diminishing drug dispersion and
fine particle generation from the DPI [17, 18]. Yet, the
interplay between inhalation technique errors remains
largely unexamined.

The primary objective of this post hoc analysis is to
assess which individual inhalation errors are associated
with poor health status or more frequent moderate or
severe exacerbations. Additionally, the possibility of error
patterns being of clinical significance will be investigated
by the association of various error combinations with
health outcomes. Furthermore, the association between
the absolute number of inhalation technique errors and
health outcomes will be investigated.

Methods

Study design

This research is part of the cross-sectional observa-
tional multi-country PIFotal study [8, 19]. Patients were
recruited and included in the study between Octo-
ber 2020 and May 2021. PIFotal was registered in a
public database prior to execution (clinicaltrials.gov;
NCT04532853, 31/08/2020). Local medical ethics com-
mittees reviewed and approved the study protocol, and
all participants provided written informed consent. A
flow chart of study procedures is provided elsewhere[8].

Study population
To ensure a real-world setting as much as possible, inclu-
sion/exclusion criteria were limited in the PIFotal study
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[8, 19] Patients were included if they: had a clinical diag-
nosis of COPD; were aged 40 years or older; were treated
with a DPI as maintenance therapy for their COPD in the
previous 3 months or longer.

Patients were excluded from the study if they: were
unable to give informed consent because of a neurode-
generative decline or illness; they were participating in
other trials with COPD medication; they had an exac-
erbation in the 6 weeks prior to participation; or if they
suffered from a life-threatening disease with a life expec-
tancy of < 6 months.

Inhalation technique evaluation [8]

The inhalation technique was observed and docu-
mented by video recording which was rated offline by
two independent observers (in batches of 20 videos).
Checklists including inhaler-dependent and inhaler-
independent errors were used, based on recommenda-
tions of the Netherlands Lung Alliance (LAN) (www.
inhalatorgebruik.nl) or, if unavailable for specific devices,
the Aerosol Drug Management Improvement Team
(www.inhalers4u.org). The Inhalation technique was
evaluated by grouping errors in steps together in 12
categories (Table 1). Differences between the two inde-
pendent observers were resolved by discussion. In case
non-consensus was reached, a third independent expert
arbitrated. The inhalation technique errors were dichot-
omous variables (‘Yes’ / ‘No’ error observed). Inhalation
steps marked as not applicable for the device were con-
sidered to be ‘no’ error.

Outcome measures

The outcome measures for this study were COPD-related
health status and the number of moderate and severe
exacerbations. COPD-related health status was meas-
ured with the 10-item self-administered Clinical COPD
Questionnaire (CCQ) [20], consisting of three domains:
symptoms, functional status, and mental health. The
CCQ-score is the mean score of 10 item-scores, where
each item is scored on a 7-point Likert scale (0-6) indi-
cating the severity of symptoms. A higher score indicates
worse health status. In addition, the COPD Assessment
Test (CAT) was administered. The CAT consists of 8
items with 5-point Likert scales to rate symptoms (e.g.
frequency of coughing), disability, quality of sleep, and
energy [21]. Similar to the CCQ, a higher CAT score indi-
cates worse health status. Exacerbations in the previous
12 months were self-reported by patients or retrieved
from medical records in case of no recollection. Exacer-
bations were categorised as either moderate (i.e. treated
with oral corticosteroids and/or antibiotics without a
hospital admission) or severe exacerbations (i.e. requiring
a hospital admission).
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Table 1 Grouping of errors into 12 distinct error categories

Inhalation error, defined as incorrect performance of: Device dependent Device
independent

Er Preparation X

Er2 Remove protective cap X

Er3 Sit up/stand straight & tilt head X

Er4 Hold inhaler in correct position during preparation X

Er5 Hold inhaler in correct position during inhalation X

Er6 Breathe out completely before inhalation X

Er7 Teeth and lips sealed around mouthpiece X

Er8 Empty mouth before inhalation X

Er9 Breathe in? X

Er10 Hold breath (for at least 6 s) X

Erl Breathe out calmly after inhalation X

Er12 Rinse mouth X

2 For an overview of the device-specific checklists see Table S1

Patient characteristics

Patient characteristics (including demographic variables,
medication regimen, health status, and the number of
exacerbations in the past 12 months) and inhalation tech-
nique error frequency were described for the total study
population.

Statistical analysis
Association between individual inhalation errors with health
status and exacerbations
The primary objective was to analyse associations
between individual inhalation errors, as described in
Table 1, and the following outcomes: CCQ, CAT, or the
number of moderate or severe exacerbations in the past
12 months. Multilevel models were used, allowing a ran-
dom effect at the general practitioners’ level, to take into
account clustering of patients. For continuous outcomes
(CCQ and CAT) linear multilevel models were used, esti-
mating the average difference (B) in the absolute score
(and 95% confidence intervals [CI]) between patients
who made a specific inhalation technique error and those
who did not make that error. For the number of moder-
ate or severe exacerbations, multilevel negative binomial
regressions models were used, reporting rate ratios (RR)
(and 95% CI) comparing the number of exacerbations
experienced in the past 12 months by patients who made
a specific inhalation technique error with the number
experienced by those who did not make this error.
Prediction models were built to assess these associa-
tions, with a hierarchical forward selection with a p-value
threshold of 0.10. The models were built using imputed
data (15 imputations) for missing inhalation errors and
candidate confounders. After an inhalation error was
added to the model, all confounder candidates (Table

S2) not yet in the model were evaluated for the maxi-
mal change in the coefficient of all inhalation errors in
the model. In case this was>10% for at least one of the
errors, the candidate confounder was kept in the model.
Subsequently, all inhalation errors’ significances were
recalculated, and iteratively, those with a p-value>0.20
were removed from the model. An overview of the con-
founders included in the models can be found in Table
S3.

An inhalation technique error was deemed ‘critical’
if a statistically significant (p-value<0.05) association
was found between the individual error and one of the
outcomes.

Assocation between error patterns with health status

and exacerbations

The secondary objective was to assess, in an explorative
manner, if combinations of individual errors (referred to
as ‘patterns’) were associated with the health outcomes
(CCQ and CAT) or the number of (moderate or severe)
exacerbations. In order to increase statistical power,
firstly, prediction models were built considering pat-
terns of inhalation errors after removing the errors that
were nonsignificant (p >0.2) in the models with the indi-
vidual inhalation errors and the four health outcomes (as
described above). Subsequently, prediction models were
built considering patterns of common inhalation errors
with the highest effect sizes.

To increase model robustness, the reported models
looking at the association between error patterns and the
four outcomes considered error patterns occurring in at
least 20 patients. All patterns below that frequency were
categorized as ‘others; to ensure that the total population
remained intact.
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The patterns were considered as a categorical predic-
tor of the outcomes of interest. The reference group con-
sisted of patients that demonstrated none of the assessed
error combinations.

Number of inhalation errors

The associations of the absolute number of errors with
the outcomes, CCQ, CAT, or the number of moderate or
severe exacerbations in the past 12 months were assessed.
Only the inhalation errors that were found relevant in the
pattern combinations were included in these analyses,
and this count was used as a categorical predictor.

Sensitivity analyses

Sensitivity analyses were performed to assess if the mod-
els using the error patterns were confounded by the deci-
sion to consider only patterns with a minimum frequency
of 20 patients, potentially discarding relevant patterns.
Therefore, the analysis was repeated with minimum fre-
quencies of 15 and 10 patients.

In addition, sensitivity analyses were performed to look
into subgroup effects of different device resistances (low/
medium-low, medium, medium-high/high resistance).

A sample size calculation was performed before study
execution for the main study objectives, and not specifi-
cally for the analysis concerning critical inhalation tech-
nique errors [19]. All statistical analyses were performed
using Stata version 15/MP.

Results

Study population

A total of 1,434 patients with COPD from 5 European
countries (Greece, the Netherlands, Poland, Portugal,
Spain) and Australia were included (for an overview
please see Table S2). The patients were on average
69 years old, with approaching equal numbers of female
(50.1%) and male (49.9%) participants. Approximately
30% were current smokers. Over 68% of the patients
had a BMI>25. GOLD classification of severity of air-
flow limitation in COPD was available for 801 patients
and classified as GOLD stage I in 23.6%, II in 54.9%, III
in 17.4%, and IV in 4.1% (Table 2). Of the total study
sample, the average CCQ score was 1.7 (SD £1.1), the
average CAT score was 13.6 (SD * 7.8). In the previous
12 months, 680 moderate and 77 severe exacerbations
were reported in 331 participants.

Description of inhalation technique errors

The most frequent errors made by over 70% of patients
were ‘Sit up/stand straight & tilt head’ ‘Breathe out com-
pletely before inhalation’ ‘Hold breath (for at least 6 s)’

(Fig. 1).
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Table 2 Overview of participant characteristics

Variable Total (h=1434)
Age (years) Mean (SD) 69.2 (9.3)
Sex Male n (%) 716 (49.9)
Female n (%) 718 (50.1)
Body Mass Index (kg/m?) <185, n (%) 22(1.5)
18.5-<25,n (%) 432 (30.1)
>25-<30,n (%) 562 (39.2)
>30-<40,n (%) 382 (26.7)
>40,n (%) 35(24)
Smoking status Current, n (%) 436 (30.4)
Former, n (%) 824 (57.5)
Never, n (%) 174 (12.1)
Medication class in primary LABA, n (%) 112 (7.8)
inhaler LAMA, n (%) 385 (26.8)
LABA/LAMA, n (%) 357 (24.9)
LABA/LAMA/ICS, n (%) 63 (4.4)
ICS, n (%) 9(0.6)
ICS/LABA, n (%) 506 (35.3)
Short-acting, n (%) 2 (O 1)
GOLD stage® n (% non-missing) 01 (55.9)
[, n (%) 189 (23.6)
Il, n (%) 440 (54.9)
I, n (%) 139(17.4)
IV, n (%) 33 (41)
Outcome measures
Clinical COPD Questionnaire ~ Mean (SD) 1.7(1.1)
(CCQ)
COPD Assessment Test (CAT) ~ Mean (SD) 13.6(7.8)
Number of moderate n (%) 1,113 (77.6)
exacerbations® n (%) 167 (11.6)
2,n (%) 72(5.0)
3,n (%) 37 (2.6)
>4, n(%) 45 (3.1)
Number of severe 0,n (%) 1,386 (96.7)
exacerbations® 1n %) 38 (26)
2,n (%) 5(0.3)
3,n (%) 2(0.1)
>4,n(%) 3(0.2)

@ GOLD classification of severity of airflow limitation was available for 801
participants

b 329 of the exacerbation history information was retrieved from medical
records, the remaining 68% was patient-reported

Associations of individual inhalation errors with health
status and exacerbations

In the adjusted analysis, both the CCQ and CAT score
outcomes were significantly associated with the inhala-
tion errors ‘Breathe in’ (CCQ f 0.16 95% CI [0.05, 0.27]);
(CAT P 0.97 95% CI [0.18, 1.77]), ‘Hold breath’ (CCQ f
0.14 95% CI [0.01, 0.28]); CAT f 1.01 95% CI [0.16, 2.02])
and ‘Breathe out calmly after inhalation’ (CCQ f3 0.27 95%
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Preparation (n=811)

Remove protective cap (n=1141) Iz%

Sit up/stand straight & tilt head (n=1413)

Hold inhaler in correct position during preparation (n=1275)
Hold inhaler in correct position during inhalation (n=1168)
Breathe out completely (n=1394)

Teeth and lips sealed around mouthpiece (n=1285)

Empty mouth before inhalation (n=1109) 0%

Inhalation technique errors

Breathe in (n=1410)

Hold breath (for at least 6 seconds) (n=1307)

Breathe out calmly after inhalation (n=1308)

Rinse mouth (n=1432) 0%

0% 10%

20% 30% 40% 50% 60% 70% 80% 90%
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100%
Error frequencies

Fig. 1 Error frequencies observed in the PIFotal study[8], grouped for all DPIs. Note:'Empty mouth before inhalation’ & 'Rinse mouth’were

not reported so were excluded in the models

CI [0.02, 0.52]); CAT p 2.62 95% CI [0.73, 4.50]) (Fig. 2).
None of the inhalation errors were associated with the
frequency of moderate exacerbations (Fig. 3). Patients
with the errors ‘Preparation’ (RR=2.83 95% CI [1.30,
6.16]), ‘Hold inhaler in correct position during inhalation’
(RR=1.94 95% CI [1.05, 3.55]) or ‘Breathe in’ (RR=1.85
95% CI [>1.00, 3.42]) had on average significantly more
severe exacerbations than patients without these errors
(Fig. 3).

Associations of error patterns with health status

and exacerbations

As a part of our explorative analysis, we looked at the
combinations of individual errors, i.e., error patterns,
after removing the individual inhalation errors that were
not significantly associated with any of the outcome
measures. Consequently, four errors, ‘remove protective
cap, ‘sit up straight head tilted; ‘position inhaler prepa-
ration, and ‘sealed mouthpiece’ were of low importance
(p>0.2 for all four outcomes) in the individual error mod-
els and, therefore, not considered in the further analyses.
The remaining six errors consisted of ‘preparation; ‘hold

)

inhaler in correct position during inhalation; ‘breathe out

completely before inhalation, ‘breathe in, ‘hold breath;
and ‘breathe out calmly after inhalation’

Considering these six errors, many patterns were posi-
tively associated with the CCQ, meaning that patients
with such patterns had on average a higher CCQ (ie.,
worse health status) compared with patients with none of
the six considered errors. Consistently, the error ‘Breathe
in’ was prominent amongst the errors with the highest
effect sizes, especially when combined with either error
‘breathe out completely before inhalation’ or ‘hold breath’
(Figure S1).

Within the patterns of six considered errors, the pat-
tern combination of ‘breathing out completely before
inhalation; ‘breathing in; and ‘hold breath’ was made
by 15.2% of the patients. Patients with this pattern had
on average a 0.20 higher CCQ score than patients with
none of the six considered errors (95% CI [-0.06, 0.47],
p=0.13; Figure S1). The same trend was observed for the
CAT score; patients with this pattern had on average a
1.48 higher CAT score than those patients without the
six considered errors (95% CI [-0.47, 3.34], p=0.14; Fig-
ure S1).

There were no patterns associated with the num-
ber of moderate exacerbations in the past 12 months
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COPD questionnaire (CCQ)

Preparation

Remove protective cap

Sit up/stand straight & tilt head

Hold inhaler in correct position during preparation
g Hold inhaler in correct position during inhalation
Breathe out completely before inhalation

Teeth and lips sealed around mouthpiece

Breathe in

Hold breath

Breathe out calmly after inhalation
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46, 0.44]; p = 0.95
9,0.51];p=0.97

0.08 [-0.09, 0.25];
0.16 [-0.002, 0.32]; p

0.27 [0.02, 0.52); p = 0.04
0.37[0.12,0.63]; p < 0.01

Better — — Worse

4 Unadjusted ¢ Adjusted
COPD Assessment Test (CAT)
Preparation
Remove protective cap

Sit up/stand straight & tilt head

Hold inhaler in correct position during preparation
E Hold inhaler in correct position during inhalation
Breathe out completely before inhalation

Teeth and lips sealed around mouthpiece

Breathe in

Hold breath

Breathe out calmly after inhalation

-.25

T T T T

0
CCQ score

0.61 [-0.52, 1.75]; p = 0.29
1.12 [0.04, 2.20]; p = 0.04

-0.12[-1.09, 0.69]; p = 0.66
0.17 [-0.73, 1.06]; p = 0.72

0.73, 4.50]; p = 0.01
1.12, 4.94]; p < 0.01

Better — — Worse

# Unadjusted ¢ Adjusted

T T T T T T T T T T T T T T T
25-2-15-1 -50 5 1152 25 3 35 4 455

CAT score

Fig. 2 Associations between individual inhalation errors and the Clinical COPD Questionnaire (CCQ) and the COPD Assessment Test (CAT).
For continuous outcomes (CCQ / CAT) linear multilevel models were used, reporting the estimate of the difference () in the absolute score (and
95% Cl) between the dichotomous predictors (patients with and without the inhalation technique error)

(Figure S2). Concerning the number of severe exacerba-
tions, patients with a pattern of ‘preparation; ‘breathing
out completely before inhalation, ‘breathing in, ‘hold-
ing breath’ (6.4% of the patients) had significantly more
severe exacerbations compared to those without the
six considered errors (RR=5.70, 95% CI [1.00, 32.24];
p=0.05; Figure S2).

Subsequently, the analysis was repeated with com-
mon errors with the highest effect sizes, i.e., the

three-error pattern of ‘breathing out completely before
inhalation] ‘breathing in; ‘holding breath) observed in
30.8% of the patients). Compared with patients with
none of the three considered errors, patients with a
pattern of errors ‘breathing out completely before
inhalation; breathing in; holding breath’ had on aver-
age a 0.24 higher CCQ score (95% CI [0.03, 0.45],
p=0.02) and a 1.97 higher CAT score (95% CI [0.40,
3.55], p=0.14; Fig. 4). In addition, patients with this



Kocks et al. BMC Pulmonary Medicine (2023) 23:302 Page 8 of 15

Moderate exacerbations

Preparation

Remove protective cap

Sit up/stand straight & tilt head

Hold inhaler in correct position during preparation
E Hold inhaler in correct position during inhalation
Breathe out completely before inhalation

Teeth and lips sealed around mouthpiece

Breathe in

Hold breath

Breathe out calmly after inhalation

Better — — Worse

T T T T T
# Unadjusted ¢ Adjusted 5 .75 1 15 2 25 @8

Rate ratio

Severe exacerbations

Preparation — —— .83 [1.30, 6.1
S 4.1
Remove protective cap —_—m—m—m—— .45 [0.54, 11.10); p = 0.24
—_— ,11.13];p = 0.23
Sit up/stand straight & tilt head
Hold inhaler in correct position during preparation
E Hold inhaler in correct position during inhalation

Breathe out completely before inhalation

Teeth and lips sealed around mouthpiece

1.001, 3.42]; p = 0.049

Breathe in 0.94, 2.99]; p = 0.08

Hold breath

Breathe out calmly after inhalation

Better — — Worse

4 Unadjusted ¢ Adjusted 3 5 751 152 3 45 7510
Rate ratio
Fig. 3 Associations between individual inhalation errors and the number of moderate or severe exacerbations in the last 12 months.
For the number of exacerbations multilevel negative binomial regression models were used, reporting Rate Ratios (@and 95% Cl)
between the dichotomous predictors (patients with and without the inhalation technique error)

pattern had on average more severe exacerbations Associations between number of inhalation errors
compared with patients without these errors, with a  and health outcomes

RR of 2.78 (95% CI [0.62, 12.46], p=0.18; Figure S3). A trend could be observed with CCQ or CAT worsening
None of the patterns were associated with the number  with increasing inhalation technique error count (Fig. 5).
of moderate exacerbations in the last 12-months. A significant association between the three-error count
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Fig. 4 Model results of three-error patterns (‘breathe out completely before inhalation, breathe in;‘hold breath (for at least 6 s)') on Clinical COPD
Questionnaire CCQ (left) and COPD Assessment Test CAT (right). For continuous outcomes (CCQ / CAT) linear multilevel models were used, reporting
the estimate of the difference () in the absolute score (and 95% Cl) between the categorical predictors (three-error pattern, with the reference

group: patients with none of the three considered errors)

and health status was found. Compared with patients
who did not show any of the three considered errors (i.e.,
no error in ‘breathe out completely before inhalation’
& ‘breathe in’ & ‘hold breath’), patients making these 3
errors had on average a 0.24 higher CCQ score (95% CI
[0.06, 0.44]; p=0.03) and a 2.18 higher CAT score (95%
CI1[0.60, 3.75]; p=0.01; Fig. 5).

There was no association between the error count
(within the six- and three considered errors) and the
number of moderate exacerbations. Within the six-error
count, patients making 5 errors had a significantly higher
severe exacerbation rate compared to patients with none
of the errors (RR=7.28, 95% CI [1.07, 49.53]; p=0.04;
Figure S4).

The results from the sensitivity analysis, allowing more
patterns by reducing the minimum frequency to 15 or 10
patients did not relevantly change the results.

Sensitivity analysis showed that the errors ‘breathe in’
and ‘breathe out calmly after inhalation’ revealed differ-
ent associations for CCQ and CAT when looking into
the effects in subgroups categorised based on the inter-
nal device resistances. Patients with the lowest resistance
devices (low / medium low) showed higher CCQ- and
CAT-scores when they made these errors compared with
patients using DPIs with medium to high resistances
(Figure S5).

Device resistance did not reveal significant differences
in the associations with the error patterns/number of
errors with the COPD outcome measures.

Discussion

Principle findings

This study assessed critical inhalation technique errors
based on their association with health status and

exacerbations using a comprehensive evaluation of the
inhalation technique of 1,434 patients. Specifically, the
inhalation technique errors of ‘Breathe in, ‘Hold breath’
and ‘Breathe out calmly after inhalation’ were consid-
ered ‘critical errors’ based on their individual associa-
tion with poorer health status. The errors ‘Preparation;,
‘Hold inhaler in correct position during inhalation; and
‘Breathe in” were deemed ‘critical’ considering their asso-
ciation with the number of severe exacerbations. Com-
binations of errors, especially ‘breathe in’ combined
with ‘breathe out completely before inhalation” and ‘hold
breath’ (i.e., related to the inhalation manoeuvre) were
associated with poorer health outcomes. Consistent with
this finding, a trend could be observed with health status
and severe exacerbations worsening with increasing error
count. A graphical overview of the findings of this study
can be found in Fig. 6.

Interpretations and comparison with previous studies

The PIFotal study focused on the associations between
DPI technique errors and clinical outcomes in COPD
patients. This empirical approach is unique as most of the
currently available literature identified errors as critical
solely based on theory [5-7, 15, 16]. There is, however,
a large cross-sectional study of asthma patients which
looked at the association of the inhalation technique and
disease control and exacerbation rate [13]. They found
that insufficient inspiratory effort was common and asso-
ciated with poorer health status, which is in line with our
results showing ‘breathe in’ among the errors with the
strongest association with poorer health status. This may
be explained by the fact that the inspiratory effort, and
corresponding PIF, influences the efficiency of the inhaler
in lifting particles of the drug formulation from the drug
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Fig. 5 Model results of the number of inhalation errors (within the 6-error pattern top row, and within the 3-error pattern lower row) on Clinical
COPD Questionnaire CCQ (left) and COPD Assessment Test CAT (right). For continuous outcomes (CCQ / CAT) linear multilevel models were used,
reporting the estimate of the difference (B) in the absolute score (and 95% Cl) between the categorical predictors (error count, with the reference

group: patients with none of the considered errors)

chamber or capsule [22] Also, it is possible that drug par-
ticles are not being separated from their lactose carrier
when the inspiratory flow is too weak [23] We, therefore,
postulate that the ‘breathe in’ error and its association
with poorer health status is plausible considering mech-
anisms of medication dose delivery into the lungs from
DPIs.

In addition to the individual errors, the specific com-
binations of errors with an adverse impact on COPD
outcomes revealed that HCPs should be aware of the
interplay between the distinct steps of the inhalation
manoeuvre and that comprehensive screening of the
patients’ handling of the device is fundamental for effec-
tive therapy. Especially the error ‘breathe in’ in combi-
nation with ‘breathe out before inhalation’ or ‘holding

breath (for at least 6 s)’ revealed larger associations than
observed with the individual ‘breathe in’ error. Distinct
inhalation technique steps may interfere and jointly con-
tribute to adverse outcomes. The latter relevant pattern is
in line with the general idea that breathing out before the
inhalation, and holding breath (as long as possible) after
inhalation are (in combination with sufficient inspiratory
flow) essential for optimal drug delivery to the airways
and enabling particles to be deposited in the peripheral
areas by sedimentation [24, 25].

The observed error frequency in our sample tended to
be higher compared to other studies. For example, the
‘Sit up/stand straight & tilt head’; ‘Breathe out completely
before inhalation’; and ‘Hold breath’ occurred in 70.7%,
75.2%, and 67.4%, respectively. Whereas in CRITIKAL,
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Critical inhalation technique errors associated with poor disease outcomes in patients with COPD on
dry powder inhaler maintenance therapy

Error 1: Preparation; Error 2: Remove protective cap; Error 3: Sit up/stand straight & tilt head; Error 4: Hold inhaler in correct position during
preparation; Error 5: Hold inhaler in correct position during inhalation; Error 6: Breathe out completely before inhalation; Error 7: Teeth and lips
sealed around mouthpiece; Error 9: Breathe in; Error 10: Hold breath (for at least 6 seconds); Error 11: Breathe out calmly after inhalation

Individual errors

-

1(CCQ & CAT)

Significantly associated with health outcomes N The combination of these errors was
associated with worse COPD outcomes
(CCQ, CAT and severe exacerbations)

CRITICAL ERRORS

Error pattern

*An explanation for the small effect of this error could be the low prevalence of E2 (2%), resulting in limited statistical power to detect an association.

Fig. 6 Critical inhalation technique errors associated with poor outcomes in patients with COPD on Dry Powder Inhalation maintenance therapy

the frequency of such generic errors was lower (34.3—
34.6%, 26.2—32.4%, and 22.1—24.7%, for respectively
Turbuhaler-Symbicort and Diskus-Seretide clusters) [13]
Several other studies also report lower error frequen-
cies compared to our study, e.g. the errors ‘Hold breath’
occurred in a range from 25-43.2%. ‘Breathe out before
inhalation’ ranged from 33.3-54.7% [15, 26, 27]. These
discrepancies may be explained by differences in demo-
graphic and clinical characterstics (such as age, co-mor-
bidities and the inflammatory process [28]) between
COPD and Asthma. A previous study revealed evidence
suggesting that the orientation of inhalers (upright or
leaning forward) contributes to higher oropharyngeal
deposition in pMDIs but not in DPIs [29]. This find-
ing potentially elucidates why the CRITICIKAL study
classified head tilting as a ‘critical’ error among asthma
patients using a DPI, whereas this error was not consid-
ered critical in this study involving patients with COPD
using a DPI. Further, our extensive inhalation technique
assessment may have resulted in higher error frequen-
cies. While most other studies scored the errors dur-
ing the visit, videos of the inhalation technique were
recorded in this study and scored after the event. The
recording was assessed and evaluated by two independ-
ent researchers, and a consensus meeting to reach an

agreement was held when needed. This method allowed
us to pause and replay the video, which increased focus
on inhalation technique details which are difficult to
assess during live observations (considering that a typical
inhalation takes place in less than ten seconds). For daily
clinical practice, where video assessments may not be
possible, observation training for healthcare professsion-
als would be valuable particularly to improve the ability
to identify the critical errors associated with health sta-
tus. In addition, we used checklists from the Netherlands
Lung Alliance to quantify the errors for all DPI's and
grouped them into distinct categories. This is in contrast
to available literature where checklists from other stud-
ies were frequently used, or they used the instructions
provided with the inhaler device [6] Finally, most of the
studies only included a selection of the available DPIs,
whereas the PIFotal study included data from 15 different
DPIs and represented all medication classes.

Besides the error ‘Breathe in, other critical errors
were ‘Preparation, ‘Hold inhaler in correct posi-
tion during inhalation;, ‘Hold breath’ and ‘Breathe out
calmly after inhalation’ Failure to perform the ‘Prepa-
ration’ step correctly may lead to no, or limited, avail-
ability of the inhaled drug. For single-dose inhalers,
it is important to pierce the capsule only once during
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preparation, as instructed. The capsule aperture size
should be within an optimal range to meet both the
satisfied aerosol performance and minimised powder
retention [30, 31] However, we observed that peo-
ple tended to pierce the capsule multiple times which
might increase the aperture size. The error ‘Hold
inhaler in correct position during inhalation” may
cause the medication to fall out of the device result-
ing in a decreased amount of inhaled drug particles
entering the lung and therefore reduced effective-
ness. Incorrect positioning of the inhaler was mainly
observed in the Ellipta device where the air vents were
facing downward when inhaling. Although the man-
ual stated that attention must be given to the posi-
tion, with most patients being right-handed, the cap is
shifted with the right hand and the device is taken to
the mouth with the air vents down.

Interpretation of these findings concerning incor-
rect positioning of the inhaler must be done with cau-
tion, as we cannot fully rule-out bias by indication.
More patients with the Ellipta device were on triple
therapy, and although we adjusted for disease sever-
ity, the group making this error were likely to have
a higher number of severe exacerbations. ‘Holding
breath’ increases the amount of drug deposition in the
lungs which is crucial in achieving maximum therapeu-
tic benefit [32]. After inhaling, the medication needs to
stick to the airway wall, and therefore needs time with-
out airflow to be able to do so. The duration of breath-
holding can be discussed. Several guidelines state 10 s,
or at least as long as comfortable. In this study, we have
used the commonly used 6 s as the cut-off. The critical-
ity of the error ‘breathe out calmly after inhalation’ can
be explained by coughing or breathing out too force-
fully which may lead to insufficient drug deposition
and exhaling of the active medication. We observed no
association between health status and the error ‘remove
protective cap, which is peculiar since not removing the
protective cap results in no medication arriving in the
lungs. An explanation for this finding is the low preva-
lence of the said error, which accounts for less than 2%,
resulting in limited power to detect an association.

The interaction effect of device resistance on the
associations with errors ‘breathe in’ and ‘breathe out
calmly after inhalation’ on the CCQ- and CAT- scores
might be explained by the fact that patients with worse
disease status may be more likely to get a prescription
for particular treatments which may be available in
lower internal resistance inhalers. Overall, subgroups
of device resistances did not meaningfully modify
the associations of error patterns/number of inhala-
tion errors, which highlights the generalisability of the
findings.
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Strengths and limitations of the study

This large, real-world design study of COPD patients,
conducted in multiple countries and including many DPI
types for maintenance therapy, provides strong empirical
evidence for the definition of ‘critical’ inhalation tech-
nique errors by their association with health outcomes.
Over 80% of the patient population revealed at least one
critical inhalation technique error when handling their
DPI, further stressing the importance of monitoring
and tackling inhalation technique errors in daily clinical
practice.

A limitation of our analyses is that we cannot exclude
residual confounding, although our analyses were
adjusted for an extensive set of potential confounders
based on literature and clinical expertise.

Significant associations were identified in the cross-
sectional study, between specific inhalation technique
errors and health outcomes. Whilst not being able to
conclude causality, or exclude the impact of unmeasured
confounders, the analyses were adjusted for a compre-
hensive set of potential confounders based on the lit-
erature and clinical expertise. Such adjustments did not
appear to have an impact on the statistical significance
of the association between the errors and the outcomes,
increasing confidence in the findings (Table S2).

Although it is not a limitation, it is worth emphasis-
ing that this study was performed during the COVID-19
pandemic. This may have influenced some of the out-
comes, for instance, the rate of exacerbations may not be
entirely representative for a regular non-pandemic year
[33], and may also present a bias in terms of patients will-
ing to partake in research at this time. In addition, the
pandemic may have delayed the regular check-ups and
monitoring of inhalation technique thereby potentially
influencing the proportion of observed errors. On the
other hand, more than half of the patients who used their
current inhaler for more than 2 years only received inha-
lation instructions when they started using the device
(Fig. 7). Of note, 53% of the patients who used their cur-
rent inhaler for more than 10 years had not been rein-
structed in the last 10 years.

Future recommendations

The findings from the PIFotal study provided evidence
that clinical practice should focus on regular inhalation
technique assessments, and indicate that there is a poten-
tial for patient-specific training targeting the critical
errors. HCPs should be trained to improve the ability to
identify ‘critical’ inhalation technique errors in patients
with COPD using a DPI. Future prospective longitudinal
studies should establish the efficacy of inhalation tech-
nique training targeting the critical errors and, more spe-
cifically, determine which inhalation steps show a strong
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Fig. 7 The relationship between the duration of inhaler use (y-axis) and the years since the last inhalation instruction

retention effect post-training. In addition, it is of utmost
importance that generic inhalation technique checklists
are globally adopted to make the interpretation of results
among studies more conclusive for HCPs. The study was
conducted in patients with relatively stable COPD. To
extrapolate results to a wider COPD population it would
be interesting to complete this study when patients are
experiencing an exacerbation.

Conclusions

In a large COPD population, the errors ‘Breathe in,
‘Hold breath (for at least 6 s)’ and ‘Breathe out calmly
after inhalation’ were deemed critical based on their
association with worse health status, whereas the errors
‘Preparation, ‘Hold inhaler in correct position during
inhalation] and ‘Breathe in’ were deemed critical based
on the association with severe exacerbations. Over 80%
of the patients made one or more of the identified critical
errors. Investigating combinations of errors associated
with poorer COPD outcomes revealed that the various
inhalation steps relating to the inhalation maneouvre in
its entirety may be more clinically relevant. That said,
COPD outcomes worsened with increasing error count.
To improve COPD outcomes, HCPs should focus on all
inhalation steps to eliminate as many (critical) errors as
possible.
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