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Figure 4.2: Scatterplot of Diskus™ PIFR versus spirometric PIFR showing line

of best fit. Dashed lines represent Diskus™ PIFR of 30 I/min (minimum

required) and 60 I/min (optimal PIFR for drug delivery). The Diskus™ dry

powder inhaler is unsuitable in patients with a Diskus™ PIFR less than 30

[/min.

Diskus™ PIFR was binned according to a threshold of 60 I/min and a receiver-
operating characteristic (ROC) curve of Spirometric PIFR versus Diskus™
PIFR category had an area under the curve of 0.89. At a spirometric PIFR
cutoff of 196 I/min, 84% of Diskus™ PIFR values were correctly classified as
either greater than or equal to 60 I/min or less than 60 I/min (sensitivity of 79%
and specificity of 87%). When the Diskus™ PIFR was binned according to a
threshold of 30 I/min, a spirometric cutoff of 115 I/min had a sensitivity of 86%
and a specificity of 83% (86% correctly classified). The ROC Curves for a
Diskus™ threshold of 60 I/min and 30 I/min are shown in Figures 4.3 and 4.4,

respectively.
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Figure 4.3: Receiver operating characteristic curve for spirometric PIFR
versus binary Diskus™ PIFR based on threshold of 60 I/min. The solid line
represents an AUC of 0.5.
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Figure 4.4. Receiver operating characteristic curve for spirometric PIFR
versus binary Diskus™ PIFR based on threshold of 30 I/min. The solid line
represents an AUC of 0.5.
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4.1.2. Discussion

The purpose of this study was to highlight the differences in inspiratory flow
rates and volumes generated using a Diskus™ DPI based on patient
demographics and underlying disease. Our results show that patients with
COPD and neuromuscular disease do not generate as high a PIFR
(spirometric or through Diskus™) as healthy subjects, asthmatics or patients
with non-respiratory conditions. Healthy subjects also have a significantly
higher spirometric and Diskus™ IC compared to patients with respiratory-
related diseases. Numerous authors have shown that drug delivery from a
Diskus™ DPI is dependent on the PIFR of inhalation and that ideally, the PIFR
should be above 60 I/min for optimum fine particle delivery. It is clear that the
decision to start a patient on an inhaled medication delivered via a Diskus™
DPI should take into account the age of the patient and the underlying
disease. It is likely that the differences seen between the PIFR of asthmatics
versus COPD patients is explained by the fact that the COPD patients who
were recruited for this study were older than the patients in the other groups.
The lower PIFR in the patients with Neuromuscular disease is most likely
explained by the pathophysiology of their underlying disease process leading

to poor muscle function and contraction.

The second aim of our study was to determine whether spirometric PIFR
measurements could be used to estimate whether patients would be suitable
for the Diskus™ DPI based on PIFR criteria. There was a moderate correlation
between spirometric and Diskus™ PIFR and the use of spirometric PIFR was
very sensitive and specific for categorizing the Diskus™ PIFR as either greater

than or equal to 60 I/min or less than 60 I/min.

Based on the stepwise deletion regression, underlying condition was not a
significant variable in the model but it is likely that the differences in Diskus™
PIFR seen among diseases are directly related the differences in mean age
and spirometric PIFR among groups. As expected, COPD patients were older
than the other groups and had lower PIFRs than asthmatics and healthy
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patients. Since these three groups were the largest in this study, it is clear why
Diskus™ PIFR is also related to age. Age should therefore be taken into

account when making a decision about suitability for a Diskus™ DPI.

It is very difficult to subjectively estimate a patient’s inspiratory flow rate
adequacy when using a checklist to evaluate inhaler technique. In the absence
of a Clement-Clarke In-Check Dial™ for estimating Diskus™ PIFR, we believe
that our method allows a much better estimation of the flow rate of inhalation
from the Diskus™ than subjective assessment. Spirometric PIFR cutoffs of 196
I/min or 115 I/min correlate with a Diskus™ PIFR of 60 I/min (optimal delivery)
and 30 I/min (minimum required for successful use), respectively. Our study
showed that no patient with a spirometric PIFR above 196 I/min had a Diskus™
PIFR below 30 I/min. The 196 I/min spirometric cutoff is more useful in the
general practice setting. It will identify all patients who are likely to have the
minimal required Diskus™ PIFR of 30 I/min. Any patient with a spirometric PIFR
below 196 I/min should have further testing possibly using the Clement Clark In-

check Dial or consideration of an alternate device.

The use of spirometric PIFR can direct the clinician to use more sophisticated
techniques, such as the INCA™ device, to train a patient and monitor his/ her
technique longitudinally. It is noteworthy that our method for estimation of
Diskus™ PIFR is not perfect (we could not explain about 40% of the variance
seen in Diskus™ PIFR by using spirometric PIFR). PIFR is a very effort-
dependent measure and variations in effort exerted by the patient could
explain the differences seen in spirometric and Diskus™ PIFR values. It is also
likely that a patient’s inspiratory effort changes when they are acutely unwell.
Therefore, while use of spirometric PIFR is a suitable substitute for the
Clement Clark In-Check Dial for once off assessments of Diskus™ inhaler
technique in a clinic setting, a method of longitudinally monitoring Diskus™

PIFR will be more beneficial.
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4.2. Developing an acoustic method of estimating inspiratory flow rate

and volume from an inhaler

4.2.1. Results

Table 4.7 shows the demographics and baseline lung function of the 15
healthy volunteers enrolled in this study. The ethnic origin of subjects was
Caucasian for 93.3% (14/15) and Hispanic for the remaining 6.7% (1/15). All
subjects had an FEV1/FVC ratio >0.7 and a predicted FEV1 > 89%, confirming

normal baseline lung function according to ATS standards.

Table 4.7: Summary of demographics and baseline lung function data from all
subjects (n=15).

Variable Mean SD Range
Age (years) 25.9 4.2 22-35
Gender (M:F) (9:6)

Height (cm) 174.5 6.4 164-185
Weight (kg) 72.8 9.0 56-91
BMI? (kg/m?) 23.86 2.21 20.8-29.7
FEV1® (L) 3.98 0.58 2.79-4.85
FEV1® (%) Predicted 99.33 5.33 92-110
FVC® (L) 4.90 0.73 3.41-6.24
FEV1/FVC Ratio 0.81 0.06 0.70-0.91
PEFRY (I/min) 547.6 103.7 384-744
FIVC® (L) 4.56 0.67 3.34-5.76
PIFR' (I/min) 402.1 82.1 276-535

4 BMI — Body Mass Index

® FEV1 - Forced Expiratory Volume in 1 second
° FVC — Forced Vital Capacity

Y PEFR - Peak Expiratory Flow Rate

®FIVC — Forced Inspiratory Vital Capacity
"PIFR — Peak Inspiratory Flow Rate
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A total of 120 audio files were obtained from the 15 subjects. 17 audio files
were discarded due to an INCA™ device formatting error. In this study the
PIFR range of interest was between 0-100 L/Min and a subsequent 17 audio
files were omitted that had PIFR values greater than 100 L/Min, leaving a total
of 86 observations from the 15 subjects. For each inhalation the spirometer
provided values for PIFR and IC. PIFR was compared to MA, MAD and RMS
of the inhalation signal, while P, at several select frequency bands

(described earlier) was also compared to PIFR.

It was found that MA, MAD and RMS were all highly correlated with PIFR
(p<0.0001) at a significance level of a = 0.05. The coefficients of
determination were found to be R2 = 0.8386 for MA, R? = 0.8340 for MAD and
R2 = 0.8320 for RMS. P, for a range of select frequency bands was also
calculated. Using a GLS regression model to compare PIFR to P, it was
found that the relationship was also highly correlated for all of the frequency
bands (p<0.0001, a = 0.05). It is worth noting that at higher powers, the GLS
regression model will give PIFRs exceeding the maximum possible flow rate
through the inhaler. The P, in the frequency band 300-600 Hz had the
strongest correlation with PIFR, as the GLS regression model for this
frequency band had an R? value of 0.9079. A complete analysis of the
relationship between P, and PIFR for each of the frequency bands analysed
is presented in Table 4.8. The overall results demonstrating the relationship
between MA, MAD, RMS, P, and PIFR can be seen in Figure 4.5. Individual
plots of acoustic parameters versus PIFR for each subject are shown in
Figure 4.6 — 4.9 and the associated GLS regression outputs can be found in
Figures 4.10 — 4.13.
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Table 4.8: Correlation scores between P, and PIFR.

Frequency Band Coefficient of
(Hz) Determination (R?)

20-40 0.7865

40-70 0.7018
70-150 0.8067
150-300 0.8461
300-600 0.9079
70-300 0.8427
70-450 0.8746
100-300 0.8431
100-450 0.7018
150-450 0.8807

1
1

1

1

1

1

1

1

1
1

Diskus PIFR (L/min)
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1

Diskus PIFR (L/min)
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Median amplitude (MA) MAD amplitude

1

1

1
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RMS amplitude 1010g,6(P 46, 300- s00+2) (AB)

Figure 4.5: PIFR versus (a) MA, (b) MAD amplitude, (c) RMS amplitude and
(d) average power (Payve) in the frequency band 300-600Hz. Plotted points are
calculated PIFRs based on regression equation for each subject. Black line

represents overall regression model equation.
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Graphs by Subject
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Figure 4.8: Measured Diskus™ PIFR versus root mean square (RMS) of

amplitude for each subject with linear trendline.
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Figure 4.9: Measured Diskus™ PIFR versus average power (Paye) in 300-600

Hz frequency band for each subject with linear trendline.
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Random-effects GLS regression Number of obs = 86
Group variable: Subject Number of groups = 15
R-sq: within = 0.89%49 Obs per group: min = 3
between = 8.5236 avg = 5.7
overall = 0.8386 max = 8

Wald chi2(1) = 528.38

corr(u_i, X) = @ (assumed) Prob > chi2 = 0.0000
PIFR Coef. Std. Err. z P>|z| [95% Conf. Intervall

MA 728.662 31.69965 22.99 ©0.000 666.5318 790.7921

_cons 28.11024 1.839411 15.28 ©.000 24.50506 31.71542

sigma_u 3.1121892
sigma_e 8.0158992
rho .1309937 (fraction of variance due to u_i)

Figure 4.10: GLS regression results for measured Diskus™ PIFR vs Median

amplitude.
Random-effects GLS regression Number of obs = 86
Group variable: Subject Number of groups = 15
R-sq: within = 0.9038 Obs per group: min = 3
between = ©.5306 avg = 5.7
overall = 9.8340 max = 8
Wald chi2(1) = 542.60
corr(u_i, X) = @ (assumed) Prob > chi2 = 0.0000
PIFR Coef. Std. Err. 2z P>|z| [95% Conf. Intervall

MAD 2879.436 123.6142 23.29 0.000 2637.156 3121.715
_cons 24.45219 1.963524 12.45 0.000 20.60375 28.30062

sigma_u 3.2183084
sigma_e 7.6725414
rho .14962006 (fraction of variance due to u_i)

Figure 4.11: GLS regression results for measured Diskus™ PIFR vs mean

absolute deviation (MAD) of amplitude.
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Random-effects GLS regression Number of obs = 86
Group variable: Subject Number of groups = 15
R-sq: within = ©.8958 Obs per group: min = 3
between = 0.5478 avg = 5.7
overall = 0.8320 max = 8

Wald chi2(1) = 504.22

corr(u_i, X) = @ (assumed) Prob > chi2 = 0.0000
PIFR Coef. Std. Err. z P>|z| [95% Conf. Intervall

RMS 2243.985  99.92989 22.45 0.000 2048.046 2439.764
_cons 16.35855 2.273995 7.19 ©.000 11.9016 20.8155

sigma_u 2.9476972
sigma_e 7.9830894
rho .11998181 (fraction of variance due to u_i)

Figure 4.12: GLS regression results for measured Diskus™ PIFR vs root mean
square (RMS) of amplitude.

Random-effects GLS regression Number of obs = 86
Group variable: Subject Number of groups = 15
R-sq: within = 0.9338 Obs per group: min = 3
between = 0.6329 avg = 5.7
overall = 9.90878 max = 8

Wald chi2(1) = 976.50

corr(u_i, X) = @ (assumed) Prob > chi2 = 0.0000
PIFR Coef. Std. Err. z P>|z| [95% Conf. Intervall

Power 4.811537  .1539739 31.25 0.000 4.509753 5.11332
_cons 454.0713 12.692 35.78 0.000 429.1954 478.9471

sigma_u 3.0188003
sigma_e 6.3644363
rho .18366185 (fraction of variance due to u_i)

Figure 4.13: GLS regression results for measured Diskus™ PIFR vs average
power (Pave) in 300-600 Hz frequency band.
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With the analysis of MA, MAD, RMS and P, it is possible to estimate IC.
Figure 4.5 demonstrates that it is possible to estimate values for PIFR from
analysis of the inhalation signal. IC can subsequently be calculated by using

equation 2.3.

GLS regression demonstrated that IC can be estimated using MA, MAD,
RMS and Pa.e (P<0.001, a = 0.05). The coefficients of determination (R?) for
predicting IC were 0.9020 for MA, 0.9047 for MAD, 0.8989 for RMS and
0.9245 for P, in the frequency band 300-600 Hz. Figure 4.13 presents plots
of measured Diskus™ IC versus IC estimated from MA (IC-MA), MAD (IC-
MAD), RMS (IC-RMS) and Paye (IC-Paye). Individual plots of calculated versus
measured IC for each subject are shown in Figures 4.14 — 4.17 and GLS

regression outputs for each acoustic parameter are in Figures 4.18 — 4.21.

Diskus IC (L)
Diskus IC (L)

Diskus IC (L)
Diskus IC (L)

T T T T T T T T T

IC-RMS (L) 1C-P1e, s00-600 1z (L)

Figure 4.13: Measured IC versus IC calculated from (a) MA, (b) MAD, (c) RMS
and (d) Pave in 300-600 Hz frequency band. Plotted points are calculated ICs
based on regression equation for each subject. Black line represents overall

regression model equation.
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Figure 4.14: Measured Diskus™ IC versus IC calculated from median

amplitude (MA) for each subject with linear trendline.
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Figure 4.15: Measured Diskus™ IC versus IC calculated from mean absolute

deviation (MAD) amplitude for each subject with linear trendline.
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Graphs by Subject
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Figure 4.16: Measured Diskus™ IC versus IC calculated from root mean

square (RMS) amplitude for each subject with linear trendline.
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Figure 4.17: Measured Diskus™ IC versus IC calculated from average power

(Pave) in 300-600 Hz frequency band for each subject with linear trendline.
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Random-effects GLS regression Number of obs = 86
Group variable: Subject Number of groups = 15
R-sq: within = 0.9176 Obs per group: min = 3
between = 0.8343 avg = 5.7
overall = 0.9020 max = 8

Wald chi2(1) = 856.59

corr(u_i, X) = @ (assumed) Prob > chi2 = 0.0000
FIVC Coef. Std. Err. 2z P>|z| [95% Conf. Intervall

ICc_MA .8933534  .0305236 29.27 ©.000 .8335282 .9531785
_cons .166087 .072242 2.30 9.022 .0244953 .3076788

sigma_u .13698415
sigma_e .24830767
rho .23332929 (fraction of variance due to u_i)

Figure 4.18: GLS regression results for measured Diskus™ IC vs IC calculated

from median amplitude.

Random-effects GLS regression Number of obs = 86

Group variable: Subject Number of groups = 15

R-sq: within = 0.9245 Obs per group: min = 3

between = 0.8305 avg = 5.7

overall = 0.9847 max = 8

Wald chi2(1) = 924.84

corr(u_i, X) = ® (assumed) Prob > chi2 = 0.0000

FIVC Coef. Std. Err. z P>|z| [95% Conf. Intervall]

ICc_MAD .8817194  .0289933 30.41 0.000 .8248936 .9385451

_cons .1808967 .070627 2.56 0.010 .0424703 .3193231
sigma_u .1428549
sigma_e .23765254

rho .26542486 (fraction of variance due to u_i)

Figure 4.19: GLS regression results for measured Diskus™ IC vs IC calculated

from mean absolute deviation (MAD) of amplitude.
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Random-effects GLS regression Number of obs = 86
Group variable: Subject Number of groups = 15
R-sq: within = 8.9172 Obs per group: min = 3
between = 0.8287 avg = 5.7
overall = 0.8989 max = 8

Wald chi2(1) = 842.30

corr{u_i, X) = ® (assumed) Prob > chi2 = 0.0000
FIVC Coef. Std. Err. 2 P>|z| [95% Conf. Intervall

ICc_RMS .8864277 .0305429 29.02 0.000 .8265647 .9462907
_cons .1727882 .0730144 2.37 0.018 .0296826 .3158939

sigma_u .14047185
sigma_e .24887593
rho .24160601 (fraction of variance due to u_i)

Figure 4.20: GLS regression results for measured Diskus™ IC vs IC calculated

from root mean square (RMS) of amplitude.

Random-effects GLS regression Number of obs = 86
Group variable: Subject Number of groups = 15
R-sq: within = ©.9305 Obs per group: min = 3
between = 0.8917 avg = 5.7
overall = 0.9244 max = 8

Wald chi2(1) = 1063.98

corr(u_i, X) = ® (assumed) Prob > chi2 = 0.0000
FIVC Coef. Std. Err. z P>|z| [95% Conf. Intervall
ICc_Power .B666558 .0265693 32.62 ©0.000 .B8145808 .9187307
_cons .2064111 .0614334 3.36 0.001 .0860039 .3268183

sigma_u .10058063
sigma_e .22807468
rho .1628155 (fraction of variance due to u_i)

Figure 4.21: GLS regression results for measured Diskus™ IC vs IC calculated

from average power (Pave) in 300-600 Hz frequency band.

147



4.2.2. Discussion

The aim of this study was to investigate whether acoustic features of
inhalations could be used to estimate PIFR and IC in 15 healthy subjects. The
main results reveal that MA, MAD and RMS of the amplitude and P, at a
range of different frequency bands all provided a robust method of estimating
PIFR and IC. The high level of correlation between PIFR and IC from the
acoustic measurements to the “gold standard” method using spirometry is a
promising result, suggesting that this approach may be used in future

validation studies.

Several previous studies have investigated the relationship between
respiratory sounds and airflow. Unlike earlier studies, which have investigated
respiratory sounds recorded on the chest wall and trachea, this study focused
on sounds generated during inhaler use. Inhaler sounds are a mixture of both
respiratory sounds and sounds from the inhaler itself. The microphone was
located in the INCA™ device, which was securely bonded to the inhaler in a
location less than 5cm from the mouth. The results of this study are in
accordance with previous research which established that variations in flow
are reflected in the intensity and frequency distribution of the sounds
generated.(160, 161) A study by Hossain and Moussavi indicated that P, had
the strongest correlation with flow rate from respiratory sounds. The results of
the present study found that P, had the strongest correlation with flow rate
from inhaler sounds.(146) The study also reported that the optimum frequency
band to calculate P was 150-450 Hz for healthy subjects, while in the
present study we found this optimum frequency band to be 300-600 Hz for
inhaler sounds. It is therefore clear to see that the sounds created by the
inhaler are different in comparison to normal respiratory sounds. Inhaling
through the narrow opening of the Diskus™ inhaler has created a shift in

sound intensity towards higher frequencies.

The additional dead space volume of the airtight container adds additional
resistance to the overall pathway of the spirometer. This means that a slightly

greater patient effort is required in order to obtain PIFR and IC values that
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would have been reached without the airtight container. This could lead to
values of MA, MAD, RMS and P, obtained being slightly higher than they
should be for the corresponding PIFR and IC values. However, for the
purposes of this study it was decided that the effects of the container's dead
space is small enough to be negligible, given that the ranges studied were
quite large (range of 100 I/min for PIFR and 3.54 L IC). The additional dead
space of the container also met ATS 2005 requirements for spirometry, in that
the total dead space of the circuit was less than 350 ml. One point to consider
in this study also is that if the sound is generated by the flow through the
inhaler, the frequency content of the sound may be proportionally shifted to

higher frequencies at higher flows.

The current methods of assessing patients’ inhaler technique are limited.
At present clinicians make a subjective decision on whethera patient’s
inhalation is sufficiently adequate for their medication to reach their airways.
However an effective inhalation is dependent on inspiratory flow rate, which
cannot be measured subjectively. PIFR can be measured using a Clement
Clarke In-Check Dial™ device, (162, 163) although this device is not widely
used and when it is used, it is primarily in clinical environments. Additionally,
the effort patients exert in front of the clinician may not correlate to the effort
they put into using their inhaler on a day-to-day basis. The method we propose
in this paper allows PIFR values from real world patient inhaler use to be

acquired, in addition to IC values.

The objective of this study was to demonstrate the feasibility of using acoustic
measurements to estimate PIFR/IC from inhalers. The regression models are
inherently biased to the dataset used and hence cannot be used to estimate
the 95% CI for a population of individuals. Nonetheless, the regression outputs
show that the 95% Cls for the variables are actually relatively small, proving
the potential of carrying out a validation study on a larger population. There
are numerous potential clinical applications for a system that can accurately
predict PIFR and IC from patients’ inhalations during inhaler use. A
standard threshold could be put in place to inform clinicians whether a patient

performed an effective or ineffective inhalation. PIFR and IC could also be
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monitored on a day-to-day basis, providing the opportunity to assess patients’
respiratory condition over time. Monitoring PIFR and IC longitudinally may
provide the opportunity to predict and prevent exacerbations before they take
place. Analysis of PIFR may also show when narrowing of the airways occurs,
while analysis of IC variations might be used to study dynamic hyperinflation,
and monitor the drop in IC associated with exacerbations. Informing patients of
their day-to-day PIFR and IC values may also encourage them to take better
control of their respiratory disease, as they may come to realise that a greater
effort is required on their part, in order to help deliver the medication to their
airways. Such active feedback may provide the opportunity to improve the
efficacy of the medication, reduce exacerbations and lower the frequency of

admittance to hospital emergency departments.

150



4.3. Validation of an acoustic method for estimating inspiratory flow rate

and volume from an inhaler using acoustic measurements in a

respiratory disease cohort.

4.3.1. Results

Eighteen of the 110 patients recruited had corrupted audio recordings. Table
4.9 shows the baseline demographics and lung function for the remaining 92
patients. The majority of the patients had obstructive airways disease, either
asthma or COPD. Asthmatics, obese patients and patients with non-
respiratory conditions had a significantly higher PIFR than the other patient
groups.
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Table 4.9: Demographics and baseline lung function tests for patients by disease category.

All Asthma COPD NMD Obesity ORC NRC
Number 92 27 25 9 7 10 14
Age 53.1+18.0 53.1+16.6 65.816.7 39.1+19.0 46.4+14.8 59.2+23.8 38.4+17.4
(years) (18-84) (18-79) (52-80) (17-78) (23-62) (23-84) (21-77)
Gender 42:58 30:70 44:56 78:22 86:14 30:70 29:71
(M:F%)
BMI 27.24+6.35 27.2616.03 26.51+5.24 26.01+3.80 39.87+6.80 24.70+3.00 24.32+3.96
(kg/m?) (16.65-49.20) (16.65-37.80) (19.00-38.02) (21.3-33.6) (30.0-49.2) (20.1-28.7) (18-31.7)
FIVC 2.49+1.11 2.38+0.74 2.22+0.81 2.00+1.84 3.49+1.18 2.23+0.93 3.19+1.25
(L) (0.40-5.42) (2.17-3.78) (0.71-3.59) (0.40-5.42) (1.41-4.74) (0.87-3.85) (1.02-5.25)
PIFR 187.3+93.6 205.7+85.4 155.5+66.0 138.1+105.9 233.4198.0 147.0£73.3 245.8+114.9
(I/min) (28-456) (59-415) (55-275) (28-323) (104-389) (35-292) (59-456)
FEV, 2.17+1.12 1.82+0.92 1.75+0.94 2.65+1.65 2.98+0.84 2.07£1.03 2.93+0.95
(L) (0.24-5.07) (0.82-4.59) (0.24-3.80) (0.33-5.07) (1.58-3.97) (0.84-3.97) (1.02-5.07)
FvC 2.88+1.19 2.51+0.96 2.58+0.98 3.09+1.89 3.71+1.05 2.74+1.15 3.65+1.11
(L) (0.38-5.66) (1.23-5.40) (0.38-4.30) (0.38-5.66) (1.89-4.96) (1.08-4.96) (1.37-5.66)
FEV,/ 0.74+0.15 0.71+0.16 0.65+0.18 0.8740.10 0.82+0.06 0.7440.11 0.80+0.08
FvC (0.35-0.99) (0.44-0.94) (0.35-0.89) (0.71-0.99) (0.71-0.89) (0.50-0.87) (0.70-0.92)

BMI — Body Mass Index, FEV1 — Forced Expiratory Volume in 1 second, FVC — Forced Vital Capacity, PEFR — Peak Expiratory Flow Rate, FIVC — Forced Inspiratory Vital
Capacity, PIFR — Peak Inspiratory Flow Rate, NMD — Neuromuscular disease, ORC — Other respiratory condition, NRC — Non-respiratory condition



Mean absolute deviation (MAD) amplitude had the strongest correlation with

measured Diskus™ PIFR in this varied cohort, as shown in Table 4.10.

Table 4.10: Pearson’s correlation coefficients for comparisons of measured

Diskus™ PIFR with various amplitude parameters.

Median MAD RMS P.ve in 300-

amplitude (MA) amplitude amplitude 600 Hz band
Correlation 0.836 0.884 0.869 0.808
coefficient, r

Based on the correlation results, PIFRc was calculated using equations
derived from our previous dataset of 15 healthy volunteers in the method

development study above using MAD amplitude:

_ 194.7+*Apap+0.1716

PIFRc = (4.1)

Apap10.02621

Figure 4.22 shows a scatterplot of acoustically-determined PIFR (test method)
versus spirometrically-determined PIFR (reference method). Difference and
relative difference plots are shown in Figure 4.23. Limits for absolute
difference (+/- 1.96SD) were -11.9 to 19.4. There was a high degree of
correlation between the values, with an R? of 0.884. There was a statistically
significant mean bias of 3.78 and mean relative bias of 6.6% from the

reference method.
PIFRc (I/min) = 1.01 * PIFRm (I/min) + 3.18 (4.2)
The results were partitioned by PIFR values of 45, 90 and 120 I/min. There

was a mean bias of 3.4 between 0-45 I/min and 3.8 between 45-90 I/min. The

bias above 90 I/min was not significant.
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Receiver operating characteristic (ROC) curves for various thresholds of
measured PIFR are shown in Figure 4.24. AUCs are close to 1 for
classification of PIFR as >= 30, 45, 60 and 90 I/min. We were able to correctly
classify 95% of inhalations > 30 I/min, 91% > 45 I/min, 93% > 60 I/min and
92% > 90 I/min. Both sensitivity and specificity were greater than 90% for any
threshold of measured PIFR (Table 4.11).
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Figure 4.22: Scatter plot of test (acoustically-determined) PIFRc versus
reference (spirometrically-determined) PIFRm. The equal line represents no
difference between methods (y =x). The ordinary least squares regression line
is also shown (R2=0.884, Test PIFR = 1.01*Reference PIFR + 3.18, Mean
bias = 3.78, Mean relative bias = 6.6%).
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Figure 4.23: Difference (a) and relative difference (b) plots for test
(acoustically-determined) PIFRc versus reference (spirometrically-determined)
PIFRm.
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Table 4.11: Table showing threshold values of acoustic method for which most
inhalations are correctly classified, with corresponding sensitivity and
specificity. Reference method represents spirometric values and test method
represents acoustic method.

Reference Test Method
Method (I/min) Sensitivity  Specificity  Correctly Classified
(I/min)
230 =33.55 95.12% 90.00% 94.57%
245 247.91 91.67% 90.62% 91.30%
260 266.27 90.48% 96.00% 93.48%
290 >90.57 100.00% 91.86% 92.39%
PIFR>=30L/min PIFR>=45L/min
8 | 8 |
> 5 7 > § T
£ o £ O
2 3 2 3|
2 o | 2 o
o (=)
8 | 8 -
o T T T T T o T T T T T
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
1 - Specificity 1 - Specificity
Area under ROC curve = 0.9829 Area under ROC curve = 0.9682
PIFR>=60L/min PIFR>=90L/min
8 | 8 |
o o
2o | 2o |
£ 3| 23
g o E )
» 8 | w & |
o o
8 8
o | T T T T T o L T T T T T
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
1 - Specificity 1 - Specificity
Area under ROC curve = 0.9824 Area under ROC curve = 0.9767

Figure 4.24: Receiver operating characteristic (ROC) curves for acoustically-
determined PIFR versus thresholds of measured PIFRm of 30, 45, 60 and 90

I/min. The equal line represents an Area Under the Curve (AUC) of 0.5.
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4.3.2. Discussion

In this study we extended our prior observations, which showed that analysis
of the acoustics of inhalation from a Diskus™ Dry Powder Inhaler could be
used to calculate PIFR. Using a large sample of patients with widely varying
PIFR rates, there was a very strong relationship between measured PIFR and
calculated PIFR.

The results reinforced earlier findings that acoustic parameters of inhalation
are both sensitive and specific for classifying inhalations according to PIFR,
being able to correctly classify upwards of 89% of all inhalations according to
preset thresholds of spirometrically-determined PIFR. For these analyses the
sensitivities and specificities were greater than 90%. Furthermore, we have
shown that the relationship between flow rate and sound amplitude is
independent of disease state and is therefore applicable to a large subset of

the population.

There are many ways to signal average the inhalation sound; previously, we
measured the average power in the frequency band 300-600 Hz, root mean
square of amplitude and mean absolute deviation of the acoustic amplitude
and found that the first had the best correlation with PIFR. In this study, we
found that MAD amplitude had the strongest correlation with PIFR. The most
likely explanation for this is that MAD amplitude is more robust to inter-
individual changes and mean power may shift in different frequency bands
depending on upper and lower airway anatomy. This is in accordance with
previous studies, which showed that the optimum frequency band to calculate

average power is different in healthy subjects compared to asthmatics.(155)

Furthermore, we confirmed our prior findings that patients with Neuromuscular
Disease and COPD generated lower PIFRs compared to asthmatics, obese
patients and those with non-respiratory illnesses. This has important
implications in that different sub-populations may be able to use the Diskus™
inhaler with different efficacies. Even though their PIFR may be close to their
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personal best, they may still not be able to generate sufficient turbulent energy
to benefit from the DPI.
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4.4, Correlation of inhalation acoustics from a Diskus™ Dry Powder

Inhaler with in vitro drug delivery

4.4.1. Results

There was a high correlation between calculated flow rate (PIFRc) and the
flow rate at which the Next Generation Impactor was operated (PIFR); overall
imprecision was less than 10% at all three flow rates (Figure 4.25). Imprecision
of acoustically-determined duration was approximately 3% (Figure 4.26).
When regressions through the origin were performed for our data, plots of
studentized residuals versus the independent variables highlighted non-
horizontal linear trends indicating that a nonzero intercept should be
suspected. Hence, all our regression models below included a nonzero

intercept, since it is statistically significant.

80 100

60

Calculated Flow Rate (L/min)

30 60 90

Reference Flow Rate (L/min)
Figure 4.25: Boxplot of calculated flow rate at each preset flow rate for the NGI

impactor.
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Figure 4.26: Boxplot of acoustic duration categorized by preset flow controller

duration for the NGI impactor.

Fine Particle Fraction (FPF) was directly proportional to inhalation flow rate
and duration of inhalation for the salmeterol/ fluticasone preparation but FPF
was proportional to only PIFR for the salbutamol Diskus™ . The relationships
between FPF, TED, UAD, PIFRc and duration of inhalation for salmeterol,

fluticasone and salbutamol are given by the following equations:

Salmeterol FPF (%) =

0.176 * PIFRc (I/min) + 0.627 * Duration (s) + 5.915 (4.3)
Adjusted R>=0.951

PIFRc (p = 0.000,n?> = 0.901), Duration (p = 0.029,n> = 0.050)
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Salmeterol TED (%) =

0.274 * PIFRc (l/min) + 72.456

Adjusted R*> = 0.858

PIFRc (p = 0.000, n?> = 0.876), Duration (p = 0.139 : excluded)

Salmeterol UAD (%) =

0.104 * PIFRc (l/min) + 64.044

Adjusted R*> = 0.743

PIFRc (p = 0.003,n% = 0.775), Duration (p = 0.486 : excluded)

Fluticasone FPF (%) =

0.178 * PIFRc (I/min) + 0.640 * Duration (s) + 5.538
Adjusted R*> = 0.951

PIFRc (p = 0.000, 7% = 0.901), Duration (p = 0.029, n*> = 0.050)

Fluticasone TED (%) =

0.261 * PIFRc (I/min) + 68.581

Adjusted R*> = 0.891

PIFRc (p = 0.000, %= 0.904), Duration (p = 0.151 : excluded)

Fluticasone UAD (%) =

0.046 * PIFRc (I/min) + 63.450

Adjusted R*> = 0.395

PIFRc (p = 0.041,n?> = 0.470), Duration (p = 0.915 : excluded)

Salbutamol FPF (%) =

0.180 * PIFRc (I/min) + 29.733

Adjusted R*=0.7104

PIFRc (p = 0.001, n? = 0.747), Duration (p = 0.147: excluded)

Salbutamol TED (%) =

0.277 * PIFRc (I/min) + 79.524

Adjusted R* = 0.725

PIFRc (p = 0.002,n% = 0.760), Duration (p = 0.124 : excluded )
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Salbutamol UAD (%) =

0.0970 * PIFRc (I/min) + 49.790 (4.11)
Adjusted R? = 0.445

PIFRc (p = 0.031, 72 = 0.515), Duration (p = 0.253 : excluded)

While both calculated flow rate and acoustic duration are statistically
significant in the regression models for FPF from the salmeterol/ fluticasone
inhaler, inhalation duration has a minimal effect compared to PIFR as
estimated by the n 2. Duration was not a significant variable in the FPF
model for salbutamol and all of the models for TED and UAD (see equations
above for p values). The trends for TED were similar to those seen with FPF
(Figures 4.27 and 4.28).
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Figure 4.27: Bar graph of average total emitted dose (n=2, %RSD < 20%) as

a % of label claim versus calculated flow rate for salmeterol, fluticasone and

salbutamol for (a) 2 s inhalation, (b) 4 s inhalation and (c) 6 s inhalation.
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Figure 4.28: Bar graph of average fine particle fraction (n=2, %RSD < 20%) as

a % of label claim versus calculated flow rate for salmeterol, fluticasone and

salbutamol for (a) 2 s inhalation, (b) 4 s inhalation and (c) 6 s inhalation.

A significant proportion of active drug is of a diameter greater than 5 microns
and hence, likely to be deposited in the upper airways and throat (Figure
4.29). PIFRc is only moderately correlated with UAD, with an adjusted R? of
0.708 for salmeterol, 0.295 for fluticasone and 0.527 for salbutamol. Inhalation
duration had no effect on UAD.
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Figure 4.29: Bar graph of average upper airway deposition (n=2, %RSD <

20%) as a % of label claim versus calculated flow rate for salmeterol,
fluticasone and salbutamol for (a) 2 s inhalation, (b) 4 s inhalation and (c) 6 s

inhalation.

Tables 4.12, 4.13 and 4.14 present the mass median aerodynamic diameter
(MMAD) and geometric standard deviation (GSD) for salmeterol, fluticasone
and salbutamol according to flow rate and duration of inhalation. There is a
clear trend to a lower MMAD at higher flow rates for both Diskus™
formulations. However, the GSD or spread of particle diameters increases as
flow rate increases from 30 I/min to 90 I/min. The MMAD is also consistently

lower for the salbutamol formulation under all study conditions.
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Table 4.12: Next Generation Impactor salmeterol deposition by flow rate and

duration of inhalation.

Salmeterol
Flow Rate (I/min) 30 60 920
Duration (s) 2 4 6 2 4 6 2 4 6
Throat (ug) 6.66 5.37 5.81 5.96 6.43 4.99 5.36 5.40 451
PS? (ug) 2460 | 24.05 | 24.73 | 27.81 | 27.05 | 28.57 | 27.36 | 27.36 | 29.53
S1 (ug) 1.03 1.10 1.03 2.01 2.03 2.40 3.87 4.25 4.20
S2 (ug) 1.72 242 2.28 3.37 3.35 3.82 3.85 4.07 4.55
S3 (ug) 2.50 3.15 2.88 3.30 3.42 3.75 3.36 3.61 3.50
S4 (ug) 2.05 2.76 2.69 2.32 2.68 2.50 2.37 2.48 2.47
S5 (ug) BLOQ | 0.74 0.65 | BLOQ | 0.87 | BLOQ | BLOQ | BLOQ | BLOQ
56 (ug) BLOQ | BLOQ | BLOQ | BLOQ | BLOQ | BLOQ | BLOQ | BLOQ | BLOQ
S7 (ug) BLOQ | BLOQ | BLOQ | BLOQ | BLOQ | BLOQ | BLOQ | BLOQ | BLOQ
Moc? (19) BLOQ | BLOQ | BLOQ | BLOQ | BLOQ | BLOQ | BLOQ | BLOQ | BLOQ
TED® (ug) 39.07 | 39.60 | 40.23 | 45.21 | 45.82 | 46.60 | 46.62 | 47.65 | 49.32
FPD* (n9) 5.39 7.13 6.63 9.26 10.15 | 10.48 | 11.86 | 12.67 | 13.00
MMAD® (um) 5.18 5.08 4.95 4.26 4.03 4.32 3.83 3.86 3.91
GSD' 1.77 1.80 1.88 1.81 1.89 1.87 2.23 2.26 2.12

a PS — Pre-separator, ® MOC — Micro-orifice Collector, ¢ TED — Total Emitted Dose, ¢ FPD —
Fine Particle Dose, € MMAD — Mass Median Aerodynamic Diameter, f GSD — Geometric

Standard Deviation, BLOQ — Below Limit of Quantification (0.63 micrograms)
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Table 4.13: Next Generation Impactor fluticasone deposition by flow rate and

duration of inhalation.

Fluticasone

Flow Rate (I/min) 30 60 90

Duration (s) 2 4 6 2 4 6 2 4 6
Throat (ug) 3272 | 2517 | 2854 29.77 | 3211 | 2398 | 26.64 | 2792 | 23.29
PS? (ug) 119.13 | 116.82 | 118.02 | 130.41 | 123.50 | 131.70 | 128.31 | 128.04 | 137.15
S1 (ug) 5.13 5.29 5.04 9.74 9.45 11.10 18.12 19.50 19.65
S2 (ug) 8.58 12.05 11.58 16.69 13.42 19.45 20.25 20.65 24.74
S3 (ug) 13.05| 16.73 | 1523 | 1792 | 17.97 | 21.16 | 19.60| 18.66 | 20.88
S4 (ug) 11.22 | 1400 | 1526 | 13.77 | 13.08 | 13.86 | 13.91| 1358 | 14.94
S5 (ug) 3.38 4.52 3.66 2.98 8.35 3.82 2.84 2.84 2.96
56 (ug) 8L00 | BLOO BLOQ | BLOQ | BLOQ | BLOQ | BLOQ | BLOQ | BLOQ
57 (ug) BLOQ | BLOQ | BLOQ | BLOQ | BLOQ | BLOQ | BLOQ | BLOQ | BLOQ
MocP (19) BLOQ | BLOQ | BLOQ | BLOQ | BLOQ | BLOQ | BLOQ | BLOQ | BLOQ
TED® (ug) 193.22 | 194.59 | 197.54 | 221.28 | 217.87 | 225.07 | 229.68 | 231.19 | 243.62
FPD* (n9) 28.83 36.82 35.48 50.35 52.53 56.93 65.42 65.11 72.64
MMAD® (um) 4.98 4.98 4.84 4.03 3.63 4.10 3.47 3.65 3.63
GSD' 1.79 1.78 1.87 1.82 1.86 1.77 2.22 2.23 2.08

a PS — Pre-separator, ® MOC — Micro-orifice Collector, ¢ TED — Total Emitted Dose, ¢ FPD —
Fine Particle Dose, ©¢ MMAD — Mass Median Aerodynamic Diameter, fGSD — Geometric
Standard Deviation, BLOQ — Below Limit of Quantification (1.50 micrograms)
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Table 4.14: Next Generation Impactor salbutamol deposition by flow rate and

duration of inhalation.

Salbutamol

Flow Rate (I/min)

30 60 90

Duration (s)

Throat (ug)

1431 | 1477 | 1538 | 15.13 | 15.18 | 23.15| 1952 | 21.88 | 18.61

PS® (ug) 60.89 | 6256 | 6796 77.88 | 79.28 | 67.38 | 87.57 | 73.21 | 90.58
S1 (ng) 15.00 | 1529 1745 | 1532 | 1545 | 1897 | 1756 | 17.21 | 16.40
S2 (ug) 1342 | 1526 1429 | 1127 | 1193 | 17.26 | 13.38 | 13.73 | 13.05
S3 (ug) 1948 | 20.14 | 22.03 | 19.12 | 16.95| 21.78 | 1498 | 16.09 | 16.33
S4 (ug) 2190 | 24.67 | 23.16 | 2590 | 2494 | 29.68 | 18.77 | 2258 | 21.30
S5 (ug) 1042 | 1149 1168 | 14.14 | 1243 | 13.74| 1527 | 18.46 | 16.13
S6 (1g) 412 3.64 3.87 5.59 3.78 2.45 6.77 6.68 6.90
S7 (ng) BLOQ 3.66 3.76 3.59 3.81 2.14 6.85 6.30 6.60
moc” (ng) BLOQ 5.20 3.69 4.62 4.74 2.04 7.72 6.75 7.47
TED® (ug) 160.64 | 176.68 | 183.26 | 192.57 | 188.49 | 198.59 | 208.39 | 202.90 | 213.37
FPD¢ (ng) 60.52 | 7290 | 72.08 | 83.29 | 7749 | 8587 | 87.66| 9455 91.41
MMAD® (um) 451 4.08 4.32 2.60 2.67 3.06 1.92 1.87 1.88
GSD' 2.24 2.44 2.29 2.17 2.12 2.42 2.94 2.59 2.66

a pS — Pre-separator, ® MOC — Micro-orifice Collector, ¢ TED — Total Emitted Dose, 4 FPD —
Fine Particle Dose, ©¢ MMAD — Mass Median Aerodynamic Diameter, f GSD — Geometric

Standard Deviation, BLOQ — Below Limit of Quantification (2.00 micrograms)
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4.4.2. Discussion

To confirm that drug delivery to the lungs is dependent on flow rate, and hence
can be estimated from the acoustic sounds of inhalation, we performed in vitro
and in vivo studies. In vitro, we showed that Fine Particle Dose was dependent
on both the inhalation flow rate and the duration of inhalation for salmeterol
and fluticasone; duration was not significant for salbutamol FPF. Using the
acoustic parameters to determine PIFRc and the duration of inhalation, we
were able to explain more than 95% of the variance in FPF for salmeterol/
fluticasone but only 70% of the variance for salbutamol. In contrast, the Upper
Airway Deposition was relatively constant regardless of flow rate and duration.
The implications of this is that patients with poor inhalational technique may
have all the side effects of thrush and GI absorption with very few beneficial
effects of the medication.

Some authors have described the Diskus™ DPI as flow-independent.(91)
However, on careful review of their results, FPF from the Diskus™ DPI is flow-
dependent, although not to the same degree as that from the Turbuhaler™
DPI. There is little published data on the effect of duration or inhaled volume on
drug delivery. Our data suggest that the effect of inhalation duration is minimal.
However, duration is still a significant variable in our regression models for
salmeterol and fluticasone FPF and it is likely that at borderline flow rates
between 30-45 I/min, inspiratory duration plays a more important role in drug
delivery. Further studies at inhalation durations less than or equal to 1 second

are required to further evaluate any possible relationship.

A number of studies have reported that very high inhalation flow rates through
the Diskus™ inhaler may be detrimental to airway drug delivery, arguing that
throat deposition is increased and that particles less than 1 micron in size are
more likely to be exhaled immediately after inhalation.(94, 164) In contrast, our
study found that even though MMAD decreases as flow rate increases, the
lowest MMAD achieved for the salmeterol/fluticasone Diskus™ was 3.47 mm

with a GSD of 2.22, which means that a significant proportion of particles
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would still be in the range of 2-5 microns to be active on the small airways. It
is worth mentioning that the MMAD values for salbutamol were lower than the
salmeterol/ fluticasone formulation. Hence, for this formulation, PIFRs >60 |/
min from a salbutamol Diskus™ may lead to lower pulmonary deposition due

to exhalation of particles < 1 micron.

One of the limitations of cascade impactor studies is that they require multiple
dose actuations in order to enhance detection of very low drug levels in the

lower Stages. This increases the chances of particle re-entrainment with each
subsequent inhalation and hence, the drug recovered in each stage is likely to

be higher than that expected if only one actuation were performed.
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4.5. Correlation of inhalation acoustics from a Diskus™ Dry Powder

Inhaler with in vivo drug delivery

45.1. Results

Baseline demographics for the ten subjects recruited in this study are shown in
Table 4.15. Figure 4.30 shows that there was a significant difference between
peak salbutamol concentration (measured at 20 min) achieved when PIFR
was above 60 I/min compared to when PIFR was below 60 I/min for each
individual. A t-test for difference in means of groups above and below 60 I/min
gave a p value < 0.0001 with a mean difference of 0.786 (95% CI: 0.472 —
1.100).

Table 4.15: Demographics of ten healthy volunteers recruited for

pharmacokinetic study.

Demographic All subjects
Age (years), mean (SD) 31.1 (9.6)
Sex, M:F (%) 70:30
Body mass index (kg/m?), mean (SD) 23.1(2.7)
Height (cm), mean (SD) 173.7 (10.0)
Weight (kg), mean (SD) 69.5 (9.8)

Race, n (%)
White — White/ Caucasian/ European 8 (80)
Asian — Central/ South Asian 2 (20)
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Figure 4.30: Line and dot plot of peak serum concentration of salbutamol
versus flow rate category (less than or greater than 60 I/min) for ten healthy
subjects. Each line represents a separate individual and points represent
actual values of concentration and calculated PIFR. The dotted line represents
the overall regression line for all the data points. P- value for difference in
means between high flow rate and low flow rate groups is less than 0.0001.

Duration of inhalation, and by extension, inspiratory volume did not
significantly contribute to the multi-level regression model. The R? for the
clustered regression model was 0.563 (p < 0.0001), with standard error
adjusted for 10 clusters of subjects. A large proportion of the variance in peak
salbutamol concentration could not be explained by inhalation flow rate and

duration.
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4.5.2. Discussion

The relationship between PIFR and duration of inhalation on drug delivery, in
vivo, was tested in ten healthy subjects. There was a significant difference in
the serum concentrations of salbutamol when PIFR was low (< 60 I/min)
compared to when the PIFR was > 60 I/min. Together these data confirm that
the acoustics of inhalation from a Diskus™ DPI can be used to objectively

guantify pulmonary drug delivery.

A salbutamol Diskus™ was used because salbutamol has the shortest half-life
of the drugs studied in vitro in section 4.4. and it reaches relatively high
concentrations in the blood after inhalation with a short time to maximum
concentration. It was straightforward to measure serum plasma concentrations
using a commercially available ELISA. In preliminary experiments there was
an initial peak at 20 minutes that was distinct from the peak at 2-3 hours,
which is likely secondary to Gl absorption. The initial peak was therefore most
likely related to pulmonary absorption and hence, pulmonary deposition and
aerodynamic particle size. Results were concordant with the in vitro studies
using the NGI and confirmed the relationship between PIFR and peak blood

concentration.

Each subject served as his or her own control since inter-individual drug
metabolism is highly variable. Each individual achieved a lower C,ax when his
or her inhalation flow rate was less than 60 I/min. Furthermore, the equations
developed to estimate PIFR from acoustics were able to correctly classify all of
the inhalations as either above or below 60 I/min and acoustically-determined
PIFR explained more than 50% of the variance in Cnax. The remainder of the
variance is likely due to differences in drug metabolism between individuals.
The study was underpowered to detect a relationship between duration of
inhalation and peak concentration. The existence of such a relationship is
however, questionable since the results of prior in vitro studies were
inconclusive (even though the results for salmeterol and fluticasone were

statistically significant, the magnitude of the effect is minimal).
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One limitation of this pharmacokinetic study was the use of salbutamol without
giving charcoal to the subjects to minimize Gl absorption. A consensus
statement from the British Association for Lung Research recommends the
use of an inhaled drug like fluticasone, which has less than 1% oral
bioavailability, in pharmacokinetic studies or another drug in combination with
activated charcoal.(165) However, we based our method on a previous study,
which showed that mouth-rinsing effectively eliminates Gl absorption.(37) Our
data from three volunteers also shows that the peak due to Gl absorption
happens much later than when we collected our blood samples. While it would
have been ideal to use an HPLC or LC-MS/MS assay for detection of
salbutamol, this technology was not available at the time sample analysis was
performed. Nonetheless, our method validation of the ELISA showed that is

had an acceptable imprecision and good recovery.
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CHAPTER 5: Development and validation of an acoustic method to

detect and quantify the effect of exhalation into a Dry Powder Inhaler
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5.1. Results

5.1.1. Dosage Uniformity Analysis

The dosage uniformity analysis on the Diskus™ DPI demonstrated that the
dose delivered from the Diskus™ was uniform and repeatable. Nine of 10 test
results fell between 75% - 125% and 1 of 10 test results was between 65%
-135% of the delivered dose label claim, which was in accordance with US

Pharmacopoeia standards. Results for this testing can be found in Table 5.1.

Table 5.1: Dosage uniformity analysis of salmeterol/ fluticasone Diskus™

performed for further comparisons.

Salmeterol Salmeterol Fluticasone Fluticasone

Delivered Dose  Delivered Dose  Delivered Dose  Delivered Dose

(mcg) (% label claim) (mcq) (% label claim)
DUSA 1 37.14 74.28 200.73 80.29
DUSA 2 43.79 87.58 225.66 90.27
DUSA 3 40.86 81.73 207.45 82.98
DUSA 4 47.55 95.11 231.39 92.56
DUSA 5 47.43 94.87 238.31 95.32
DUSA 6 47.07 94.14 239.23 95.69
DUSA 7 46.56 93.13 238.56 95.42
DUSA 8 46.46 92.93 218.92 87.57
DUSA 9 48.37 96.75 245.06 98.02
DUSA 10 47.95 95.90 242.10 96.84
Average 45.32 90.64 228.74 91.50
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5.1.2. Impact of exhalation on delivered dose

The impact of four distinct exhalation factors (exhalation flow rate, distance to
inhaler mouthpiece, exhalation duration and relative air humidity level) on drug
delivery was investigated. It was found from multivariate regression analysis
that all four factors had a statistically significant effect on both salmeterol and
fluticasone drug delivery (p<0.05, significance level a=0.05). From the
multivariate regression model, the adjusted R-squared values were 62.7% for
salmeterol and 63.4% for fluticasone. The multivariate regression equations

derived can be found below:

Salmeterol Delivered Dose (ug) =
—0.153 * Exhalation flow rate (L/min) + 2.146 *
Distance from inhaler (cm) — 1.840 * Duration of exhalation (s) —

10.372 * Air condition (dry = 0/ humid = 1) + 43.310 (5.1)

Fluticasone Delivered Dose (ug) =
—0.728 * Exhalation flow rate (L/min) + 10.715 *
Distance from inhaler (cm) — 9.008 * Duration of exhalation (s) —

50.634 * Air condition (dry = 0/ humid = 1) + 214.997 (5.2)

Figure 5.1 details the total percentage of salmeterol and fluticasone
delivered as a percentage of the Diskus™ inhaler manufacturer's claims.
Scatterplot matrices are also shown to illustrate the differences due by

relative air humidity level.
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Figure 5.1: Effect of exhalations on delivered dose as percentage of label
claim: (A) salmeterol delivered dose after exhalation with dry air, (B)
fluticasone delivered dose after exhalation with dry air, (C) salmeterol
delivered dose after exhalation with humid air, (D) fluticasone delivered dose
after exhalation with humid air, (E) interaction plot detailing differences
between salmeterol delivered dose for different factors and (F) scatterplot
matrices detailing differences between fluticasone delivered dose for different
factors. Experiments were performed in triplicate (n=3) at each study

condition.
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Exhalations were found to have an overall negative effect on drug delivery. At
a distance of 0 cm from the inhaler mouthpiece, less than 50% of drug
available was delivered on average for all flow rates using humid air (relative
air humidity = 80%). In a worst-case scenario, an average of 2.44% of drug
was delivered at an expiratory flow rate of 120 I/Min, at a distance of O cm
from the inhaler mouthpiece (Figure 5.1 C & D). Delivered dose was more
consistent when dry air was used and more variable and unpredictable when
humid air was used. Less drug was delivered on average when humid air was

used in comparison to dry air (Figure 5.1 E & F).

To investigate the effects of each of the four factors on drug delivery,
measures of effect size (n? and partial n?) were obtained from the multivariate
regression model for each independent variable. Results established that
distance from the inhaler mouthpiece was the single most influential factor in
reducing the percentage of drug delivery from a DPI. Exhalation flow rate and
air humidity level were the next most influential factors with similar effect
sizes. Lastly, although its overall effect was significant, exhalation duration
was the least influential factor in determining drug delivery for the multivariate
regression model. Results for this analysis are presented in Tables 5.2 and

5.3 respectively.
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Table 5.2: Effect size for each of the four factors on drug delivery for

salmeterol.
Variable P> |t n? % Change in Partial n?2
nz
Exhalation 0.000 0.122 18.890 0.258
flow rate
Distance 0.000 0.358 55.255 0.504
Duration 0.006 0.042 6.498 0.107
Air Humidity 0.000 0.125 19.356 0.262

Table 5.3: Effect size for each of the four factors on drug delivery for

fluticasone.
Variable P> |t n2 % Change in Partial n2
nz
Exhalation 0.000 0.116 17.723 0.251
flow rate
Distance 0.000 0.372 56.819 0.519
Duration 0.006 0.042 6.426 0.109
Air Humidity 0.000 0.125 19.032 0.265
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5.1.3. Patrticle size distribution of emitted dose

An NGI cascade impactor was employed to investigate the effect of
exhalations versus no exhalations on the particle distribution from a Diskus™
DPI. There were no differences in the total emitted doses but the fine particle
fraction (FPF) was significantly reduced for inhaler devices subjected to an
exhalation, see Figure 5.2. Detailed results for particle size distribution can be
found in Table 5.4.
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Figure 5.2: Analysis of particle size distribution of salmeterol and fluticasone
from Diskus™ DPI as obtained from NGI. (A) Total drug recovered from all
sections of the NGI and (B) Fine Particle Fraction (FPF) drug recovered
demonstrating a reduction due to exhalations. Experiments were performed

in duplicate (n=2) at each study condition.
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Table 5.4: Particle size distribution from NGI for salmeterol and fluticasone

with and without an exhalation.

Active
ingredient Salmeterol Fluticasone

Post Post
Study humidified-air humidified-air
Condition Standard Dose exhalation Standard Dose exhalation
Throat (ug) | 5.60 11.90 27.35 16.92
PS? (ug) 26.40 25.68 123.50 190.17
S1 (ug) 2.03 1.03 9.45 5.63
S2 (ug) 3.35 1.19 13.42 5.63
S3 (ug) 3.42 1.43 17.97 7.45
S4 (ug) 2.68 1.37 13.08 7.20
S5 (ug) 1.52 0.93 8.35 5.03
S6 (lg) BLOQ 1.13 1.72 6.05
S7 (ug) BLOQ BLOQ 1.51 BLOQ
MOC” (ug) BLOQ BLOQ 1.52 BLOQ
TED® (ug) 45.82 45.06 217.87 245.92
FPD? (ug) 11.53 6.63 57.01 33.87
UAD® (ug) 34.29 38.42 160.86 212.05
MMAD' (um) | 3.85 2.92 3.39 2.86
GsD? 1.97 2.40 1.95 2.39

a pPS — Pre-separator, ® MOC — Micro-orifice Collector, ¢ TED — Total Emitted Dose, 9 FPD —

Fine Particle Dose, ¢ MMAD — Mass Median Aerodynamic Diameter, f GSD — Geometric
Standard Deviation, BLOQ — Below Limit of Quantification
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5.1.4. Relationship between exhalations and acoustic features

A strong correlation was observed between the exhalation flow rate and the
acoustic features obtained from the exhalation audio signal. As the expiratory
flow rate increased, a corresponding increase was seen in both P in the
300-600 Hz frequency band and in the MAD amplitude. Distance between the
inhaler and the artificial mouthpiece was also related to both power and
amplitude of the exhalation signal. The smaller this distance, the greater the
power and amplitude of the signal. Results for the correlations between

acoustic features with both flow rate and distance are illustrated in Figure 5.3.
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Figure 5.3: Correlations between flow and distance from inhaler mouthpiece
with acoustic features for humid air in vitro. (A) Mean Absolute Deviation
(MAD) of the exhalation signal plotted versus exhalation flow rate and distance
form inhaler mouthpiece. (B) Average power in the 300-600 Hz frequency
band of the exhalation signal plotted versus exhalation flow rate and distance

form inhaler mouthpiece.
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5.1.5. Acoustic method of automatically detecting exhalations

Cohen’s kappa statistic (K) was calculated to measure the level of agreement
between the two respiratory clinicians who manually classified each audio file
in the validation dataset. K was found to be 1, indicating perfect agreement
between the two human raters. Using the algorithm described to automatically
detect exhalations, an evaluation test was performed on the 120 audio files
from 22 patients, which made up the validation dataset. The overall detection
rate (accuracy) on the 22 patients in the validation dataset was found to be
89.1% compared to the gold standard method of classification. Sensitivity
(detecting exhalations as exhalations) was found to be 82.2%, and specificity
(detecting noise as noise) was found to be 91.6% compared to the gold
standard method. These results demonstrated that the algorithm developed
may be used as a tool to detect exhalations in real world unsupervised inhaler
audio signals. K was also calculated to compare the level of agreement
between the proposed algorithm and the gold standard method of
classification. Taking the classification of the algorithm as one output and the
classification of respiratory clinicians as the gold standard output, K was found
to be 0.664, indicating substantial agreement between the two classification

methods.
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5.1.6. Acoustic method of assessing exhalations during inhaler use

In addition to being able to detect exhalations, it would also be beneficial to
know if exhalations have the potential to effect drug delivery in a DPI. For this
experiment, exhalations occurring at a distance of 5 cm or less, into the DPI
mouthpiece or directly at the INCA™ device were classified as significant. It
was found that the equation developed to classify a significant exhalation had
a sensitivity of 72.22% and a specificity of 85.71% when tested on the
validation dataset. Results of this test, in addition to positive predictive value
(PPV) and negative predictive value (NPV) are presented in Table 5.5.

In terms of classifying exhalations that occur specifically at 0 cm from the
inhaler mouthpiece or with lips sealed around the inhaler mouthpiece, the
equation developed had a sensitivity of 88.89% and specificity of 70.73%.
For classifying exhalations that occur at 5 cm from the inhaler mouthpiece,
the equations developed had a sensitivity of 81.25% and specificity of
88.24%. PPV and NPV for these tests are displayed in Table 5.5. Detailed

results can be found in Tables 5.6 — 5.8.

Table 5.5: Assessing significance and location of exhalations during inhaler

use.
Test Sensitivity Specificity PPV NPV
(%) (%) (%) (%)
Significant 72.22 85.71 92.86 54.55
Exhalation
Exhalation at 0 88.89 70.73 40.00 96.67
cm/mouthseal
Exhalation at 5 81.25 88.24 76.47 90.91
cm
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Table 5.6: Confusion matrix for a significant exhalation

Significant Reference Reference Total Sensitivity 72.22
Exhalation POSITIVE NEGATIVE

Test 26 2 28 Specificity 85.71
POSITIVE

Test 10 12 22 PPV 92.86
NEGATIVE

Total 36 14 NPV 54.55

Table 5.7: Confusion matrix for an exhalation at 0 cm from the inhaler or with

a mouthseal

Exhalation Reference Reference Total Sensitivity 88.89
at 0 cm/ MS POSITIVE NEGATIVE

Test 8 12 20 Specificity 70.73
POSITIVE

Test 1 29 30 PPV 40.00
NEGATIVE

Total 9 41 NPV 96.67

Table 5.8: Confusion matrix for an exhalation at 5 cm from the inhaler

Exhalation Reference Reference Total Sensitivity 81.25
at5cm POSITIVE NEGATIVE
Test 13 4 17 Specificity 88.24
POSITIVE
Test 3 30 33 PPV 76.47
NEGATIVE
Total 16 34 NPV 90.91
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5.2. Discussion

Several commentators have argued that exhaling into a DPI prior to inhalation
has a detrimental impact on the dose available for pulmonary delivery.(71, 76,
81-83) There are very few studies that have been done to clearly define the
significance of this effect; nonetheless, exhalation into a DPI has been widely
reported as a critical error in the assessment of inhaler technique. In this
study, we aimed to show the relationship between factors related to an
exhalation and the amount of drug lost or unavailable for delivery during the

subsequent inhalation using established in vitro methods.

The DUSA apparatus was used to show the delivered dosage uniformity of ten
standard doses from a Diskus™ DPI. The results fell within the US
Pharmacopoeial specifications: approximately 90% of both salmeterol and
fluticasone were recovered from the Diskus™. Our results showed that
exhalation into the Diskus™ DPI had a significant effect on the subsequent
delivered dose and that the main determining factors were distance of the
exhalation from the DPI mouthpiece, flow rate of exhalation and humidity of
exhaled air. The most important of these was distance of the exhalation from
the mouthpiece. The duration of the exhalation had a negligible effect on drug
dispersal, even though it was a statistically significant variable in our
regression model. On average, more than 50% of salmeterol and fluticasone
were dispersed from the DPI after exhalation from a distance of O cm using

humid air. At 10 cm, less than 25% of drug was lost.

Experts in the field of inhalers have theorized that the exhalation of humidified
air into a DPI causes agglomeration or clumping of the preparation inside the
inhaler, subsequently affecting fine particle dose and overall deposition.
However this theory has never been proven. We have shown that the
relationship between flow rate, distance and duration of exhalation using
humidified air is less predictable than that using dry air. Drug agglomeration
provides a plausible explanation for our results. Particles that have clumped

together may either remain inside the DPI or be emitted as a large mass; this
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accounts for the greater variability in total delivered dose seen with humidified

air.

To clarify the effect of air humidity, we performed experiments using the Next
Generation Cascade Impactor. Our results showed that even though total
recovery may remain constant after an exhalation with humid air, the fine
particle fraction is almost halved, meaning that most of the dose emitted is

deposited in the upper airways.

Clearly, exhalation into a DPI has a significant and measurable negative effect
on drug available for delivery during a subsequent inhalation. Our results
confirm that this observed patient behaviour is a critical error in inhaler user
technique and methods to monitor and address this error are needed. Our
group has devised a novel acoustic monitoring device for long term monitoring
of inhaler user adherence and technique. In the second part of this study we
tested the ability of this acoustic recording device to detect exhalations prior to
inhalations and the sensitivity and specificity of our algorithms for estimating

the distance of the exhalation from the inhaler mouthpiece.

Our detection algorithm was very accurate at detecting exhalations in
unsupervised real world inhaler audio signals in comparison to two expert
respiratory clinicians. Its overall accuracy was demonstrated to be 89.2% in
detecting exhalations events from non-exhalation events, while its
corresponding sensitivity and specificity values were also high. These results
are encouraging if such an algorithm is to be used to automatically detect the

critical error of exhaling into a DPI.

Furthermore, our calculations based on acoustic power in various frequency
bands and mean absolute deviation of the amplitude of the exhalation signal
was very sensitive and specific for detecting a significant exhalations and for
differentiation of an exhalation at O cm from one at 5 cm. Our in vitro studies
clearly showed that distance was the single most important factor accounting

for drug dispersal or loss from the DPI. Our acoustic device is therefore a
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suitable means of not only automatically detecting exhalations but of

objectively quantifying the impact exhalations on drug delivery.

The major shortcoming of our study is that it was limited to in vitro techniques;
the individual variability in inhaler technique and the confounding factors of
biological variation in metabolism, inhalation flow rate, volume and additional
errors meant that the impact of exhalations would be difficult to measure
accurately in an in vivo pharmacokinetic study. The detection of exhalations
and the effect quantification is also limited by the fact that exhalations directed
at the INCA™ acoustic device were included in our classification of a
significant exhalation. It was impossible to differentiate between an exhalation
directly at the mouthpiece and one directed at the INCA™ device because of
the location of the device on the inhaler. Further improvements in the device,
such as the addition of a second microphone below the inhaler may allow us

to filter out exhalations aimed at the device itself.

The current gold standard in assessing inhaler technique is the checklist
method. This method is fraught with limitations; it is very subjective and it
cannot be used to monitor patients longitudinally. There is also a significant
Hawthorne effect where patients change their behaviour because they know
they are being assessed. We need to strive towards more objective methods
for the assessment of inhaler technique and methods that allow patients’
inhaler technique to be monitored continuously. Recent advances in acoustic
analysis and signal processing mean that it is now possible to use the sound
profile of an exhalation detected during inhaler use as a surrogate measure of
the amount of drug unavailable for subsequent delivery. This provides a way
for monitoring patterns of use in a rolling fashion and making necessary

adjustments to technique.
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CHAPTER 6: Does orientation of the Diskus ™ inhaler affect available

dose for delivery?
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6.1. Results

Actuating a dose or a blister while the Diskus™ was held still at 0°, 45° or 90°
did not remove detectable amounts of active drug from the inhaler (Table 6.1).
When the device was held at 0°, a dose actuated and the device subsequently
tilted to the 90° or vertical position, approximately 5 mcg of salbutamol or 2.5%
of the available dose was removed from the Diskus™. Tapping the inhaler
after actuating a dose in the 90° position similarly did not significantly affect
the amount of drug removed (average of 4.8% of available dose and maximum
of 8.4%).

Only when the Diskus™ was held at the 90° position after dose actuation and
shaken was significant amount of drug removed (54% of available dose
removed with a range of 39.4% to 62.3%). Experimental results are shown in

Figure 6.1.

Table 6.1: Amount of drug (mcg) removed from the Diskus™ inhaler when held

different positions.

Drug removed (mcg)
Diskus™ [ 0° Still 45° Still - 90° Still ~ 90° Tilt  90° 90°
position Shaken Tapped
Run 1 <0.5 <0.5 <0.5 <0.5 123.8 4.0
Run 2 <0.5 <0.5 <0.5 11.0 123.2 4.6
Run 3 <0.5 <0.5 <0.5 51 124.6 12.5
Run 4 <0.5 <0.5 <0.5 8.9 92.7 9.6
Run 5 <0.5 <0.5 <0.5 <0.5 78.8 16.7
Mean <0.5 <0.5 <0.5 5.1 108.6 9.5
Standard | - - - 4.9 215 5.4
Deviation
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6.2. Discussion

The Diskus™ manufacturer and all checklists reviewed for correct Diskus™
technique recommend holding the Diskus™ either horizontal or upward after
dose actuation or blistering and holding the Diskus™ in the horizontal position
during inhalation. There are no in vitro or in vivo studies available that show
the impact of Diskus™ position on available dose, although it is likely that the

manufacturer did testing of this kind during device development and validation.

This study showed that holding the Diskus™ at a 45° angle to the horizontal
position or in a vertical position with the mouthpiece facing down after
blistering had an insignificant effect on the amount of drug removed from the
device. This evidence contradicts current thinking on correct Diskus™ inhaler
technique and manufacturer’'s recommendations. Shaking the device while it
was held in the downward position was, however, clearly effective at removing
over half the available drug from the inhaler and this manouvre is not
uncommon among Diskus™ users, who are used to shaking their pMDI inhaler
prior to dosing and inhalation. Figure 3.8 shows a visual example of a patient

shaking his/ her inhaler after blistering a dose.

While acoustic monitoring is not able to detect the Diskus™ position in space,
it can detect when the device is shaken or tapped. From the above
experiments, it is clear that these are the only two scenarios where significant
amounts of active drug are removed from the inhaler. Consideration was given
to incorporating a digital inclinometer with or without an accelerometer into the
INCA™ device to better assess Diskus™™ position in space and movement,
based on the above results, the likely benefits do not outweight the cost of this

technology.

The method used for estimating drug removed although effective, is a crude
surrogate measure. Further studies on the effect of Diskus™ position on drug
delivery should include cascade impactor studies to determine whether angle
changes the flow dynamics and pharmacokinetic studies, which will better

approximate real world scenarios. Use of a clamp stand in this study is unlikely
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to capture the variability in position and movement during Diskus™ use in a

patient cohort.
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CHAPTER 7: Impact of breath holding on drug delivery
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7.1. Results

All subjects recruited were healthy with no underlying respiratory conditions.
The mean age was 25.3 = 4.8 years and five of the seven subjects were male
(71%).

Table 7.1 shows the average serum salbutamol concentration at different
dosing time-points. Dose 1 Time 0 represents baseline concentration and all
subjects had salbutamol levels below the lower limit of quantification of the
assay prior to starting the study. After taking the first dose, there was a trend
towards a smaller increaser in serum salbutamol concentration when breath
hold duration was 4 seconds compared to 10 seconds; however, this

difference was not statistically significant.

There was a statistically significant 29% reduction in trough salbutamol
concentration when subjects had only a 4 second breath hold duration
compared to correct inhaler technique with a 10 second breath hold. There
was also a 22% lower rise in salbutamol concentration from the dose 6 trough
level when using a 4 second breath hold. These trends are highlighted in

Figure 7.1.

All subjects except for subject 3 had a lower pre-dose 6 trough concentration
with a 4 second breath hold and all except subjects 1 and 2 had a smaller
absolute rise from pre-dose 6 trough levels with a 4 second breath hold (Table
7.2).
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Table 7.1: Average serum salbutamol concentration at different dosing time-
points and different breath hold durations, with absolute and relative

differences and p-values calculated from a one-sided t-test.

Mean salbutamol Breath hold Absolute Relative p-value
concentration duration difference difference (1-
(ng/ml) at: 10 4 (%) sided)
seconds | seconds

Dose 6 Time 25 1.39 1.09 -0.30 -21.6 0.049

p<0.05

: p <0.05

] -
o = é

10 seconds 4 seconds
Breath hold duration

Salbutamol concentration (ng/ml)

B Dose 1 Tmeo [ Dose1Time25 [l Dose6Timeo || Dose 6 Time 25

Figure 7.1: Boxplot showing mean salbutamol concentrations (n=7) at
different time points and at two different breath hold durations (10 s and 4 s).
There was a significant lower Dose 6 Time 0 trough level and the Dose 6

Time 25 peak level when breath-hold duration was 4s.
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Table 7.2: Salbutamol concentration levels at different time points for subjects
1 to 7 at two different breath hold durations (10s and 4s).

ID Age Sex | Dosel Dosel Dosel Dose6 Dose6 Doseb6 Breath
Time 0 Time Peak - TimeO Time Peak - hold
25 Trough 25 Trough | duration
S
Salbutamol concentration (ng/ml) .
1 30 M 0 0.5 0.5 0.69 1 0.31 10
1 30 M 0 0.42 0.42 0.58 1.01 0.43 4
2 20 M 0 0.49 0.49 0.82 1.2 0.38 10
2 20 M 0 0.67 0.67 0.29 0.84 0.55 4
3 22 F 0 0.54 0.54 0.86 1.78 0.92 10
3 22 F 0 0.55 0.55 1.05 1.83 0.78 4
4 20 M 0 0.56 0.56 0.78 1.24 0.46 10
4 20 M 0 0.45 0.45 0.33 0.65 0.32 4
5 27 M 0 0.46 0.46 0.98 1.65 0.67 10
5 27 M 0 0.34 0.34 0.72 1.21 0.59 4
6 26 F 0 0.38 0.38 0.79 1.34 0.55 10
6 26 F 0 0.3 0.3 0.52 0.98 0.38 4
7 32 M 0 0.59 0.55 1.08 154 0.46 10
7 32 M 0 0.5 0.46 0.75 1.13 0.38 4
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7.2. Discussion

Breath holding after inhalation enables particles delivered to the smaller
airways to be deposited in that region, instead of being exhaled.(96) Most
studies on the effect of breath holding on DPI drug delivery have used in silico
methods. This is the first pharmacokinetic study on the impact of breath
holding duration when using a Diskus™ DPI. Again, salbutamol was chosen as
the active drug due to its short half-life and thus, short washout period, its

safety profile and the relatively high serum concentrations after inhalation.

The results above show that reducing the breath hold duration from 10
seconds to 4 seconds causes an almost 30% reduction in steady state trough
concentrations and an approximate 20% reduction in peak levels when a dose
is taken at steady state. However, it is noteworthy that this pattern was not
observed in all patients. A possible explanation for this is the inter- and intra-
individual variability in bioavailability and features of inhaler technique from

dose to dose that cannot be detected by the INCA™ device.

Compared to the effect of low PIFR on drug delivery, the effect of low breath
hold duration is less significant. Since this study did not look at any
pharmacodynamic measures, the possible downstream effect of a 20-30%
reduction in serum concentration levels remains to be determined. This 20-
30% change is likely to be more clinically significant when short breath hold

duration is combined with other technique errors, such as low peak flow rate.

The INCA™ device readily allows determination of multiple inhalations and
coughing during inhaler use (see Figures 3.4 and 3.5), which are both
associated with a subsequent shortening of breath hold duration. One
limitation of the INCA™ device in monitoring breath hold duration is that some
patients close their inhaler prior to exhalation after inhaling a dose. Thus,
breath hold duration in this circumstance can only be measured from the time
of inhalation to the time the device is closed. This iteration of the INCA™

device focuses mainly on detecting multiple inhalations and coughing and for
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patients with an audible exhalation after inhaling a dose, the INCA™ device

can also be used to accurately quantify breath hold duration.

Ideally, this study should be repeated at breath hold durations of 1 second and
2 second to establish whether such short durations have an even greater
effect on drug delivery. This study focused on only two durations since each
breath-hold duration studied added four venipunctures per subject; further

repetitions were limited by subject willingness to participate.
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CHAPTER 8: Impact of missed doses on steady state trough and peak

levels
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8.1. Results

Based on first-order kinetics and a half-life of salbutamol of 6 hours,
pharmacokinetic curves were generated to mimic regular 6 hourly dosing for 6
doses (Figure 8.1) and when doses 3 and 4 are missed (Figure 8.2). Based on
these curves, pre-dose trough levels were calculated. The expected mean
trough level when doses 3 and 4 are missed should theoretically be 64% of

the mean trough level when all doses are taken as specified (Figure 8.3).
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Figure 8.1: Simulated pharmacokinetic profile when all doses are taken at 6

hourly intervals.
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Figure 8.2: Simulated pharmacokinetic profile when doses are taken at 6

hourly intervals with the exception of doses 3 and 4.
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Figure 8.3: Bar graph showing mean trough concentration expected when all

doses are taken and when doses 3 and 4 are missed.
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Four healthy volunteers were enrolled with a mean age of 20.3 years. The

salbutamol concentrations during the control and missed dose phases are

shown in Table 8.1 and Figure 8.4.

Table 8.1: Salbutamol concentrations at different time points in the control

phase (all doses taken) and the missed doses phase (doses 3 and 4 missed).

Control Missed doses
ID Age Sex | Dosel Dosel Dose6 Dose6 | Dosel Dosel Dose6 Doseb6
Time 0 Time Time 0 Time Time 0 Time Time 0 Time
25 25 25 25
1 19 M <0.04 0.62 0.68 1.03 <0.04 0.51 0.53 1.26
2 24 F <0.04 0.82 0.86 1.7 <0.04 0.49 0.66 1.68
3 19 M <0.04 0.35 0.84 0.72 <0.04 0.34 0.48 0.75
4 19 M <0.04 0.58 1.03 0.67 <0.04 0.31 0.54 0.98
Mean 20.3 3:1 <0.04 0.59 0.85 1.03 <0.04 0.41 0.55 1.17
Pre Dose 1 25 min Post Dose 1
(@) (b)
N o o 4
2w | w0 |
3 ~— 3 -~
B - §
3 g
2 o) —
(2] w
o o—0 o
Control Error Control Error
Pre Dose 6 25 min Post Dose 6
(c) (d)
™N H o -
T 0 | ERT .
5 g .,.4:
9 0 @ 0 -
w w
o o o
Control Error Control Error

Figure 8.4: Connected dotplots of salbutamol concentration by subject for

control phase and missed doses phase at time points: (a) Dose 1 time 0, (b)
Dose 1 time 25, (c) Dose 6 time 0, and (d) Dose 6 time 25.
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There was no significant difference in concentration levels pre- and post-dose
1 but there was a statistically significant 64% difference in pre-dose 6 trough
concentration (control: 0.85 ng/ml and missed doses: 0.55 ng/ml, p<0.001).

There was no significant difference between post-dose 6 peak levels.
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8.2. Discussion

Based on the theoretical pharmacokinetic models, the pre-dose 6 trough
concentration when doses 3 and 4 are missed should be approximately 80%
of the level when all 6 doses are taken with the same technique, that is, a 20%
absolute reduction. The results from the in vivo study showed that the two
missed doses caused a significant 35% absolute reduction in trough
concentration. Even with a small sample size, this effect was statistically
significant. As expected, there was no difference in the peak level achieved
after dose 1 since this is dependent solely on inhaler technique. There was a
trend towards a higher post-dose 6 peak level but this was not statistically
significant and could possibly be explained by variations in inhaler technique

when taking dose 6.

Importantly, our theoretical pharmacokinetic model predicted a 36% reduction
in mean trough concentration when doses 3 and 4 are missed. There was also
a greater variability in trough concentrations over time with missed doses.
From the in vivo studies, the effect size of missed doses appears to be less
than that of low PIFR but greater than that of breath hold duration. Again,
since pharmacodynamic parameters were not recorded, it is difficult to draw
conclusions about the clinical relevance of a 35% reduction in trough
concentrations. However, it is noteworthy that while most investigators focus
on temporal adherence in clinical studies, technique factors potentially have a
greater impact on drug delivery since the same technique errors are

performed with most doses leading to a cumulative effect.

The small sample size of this study limits the generalizability of the results but
does highlight similar trends to those predicted. This study only looked at the
effect of missing doses 3 and 4; it is likely that other combinations of missed
doses may have more significant effects on pre-dose 6 trough levels but the

effects will average out when measuring mean trough concentrations.

This study used a salbutamol half-life of 6 hours. The mean elimination half-life

of salbutamol after oral administration is approximately 5.7 + 1.4 hours and
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after inhalation is 6.1 + 2.1 hours.(35) The wide range of half-lives reflects
inter-individual variability in metabolism as well as technique; inhalation
technique appears to be significant since the standard deviation for inhalation
is wider than that for oral administration. Due to this wide range of half-lives,
the generalizability of our theoretical pharmacokinetic model is also
guestionable. Future pharmacokinetic studies should obtain a complete
pharmacokinetic profile to allow calculation of the drug half-life for every
subject. These values can then be used in individualized models of salbutamol

dosing.
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CHAPTER 9: Development and validation of an algorithm for combining

time and technique of inhaler use into a single metric
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9.1. Results

9.1.1. Algorithm development

Based on the evidence in prior chapters, Diskus™ inhaler technique errors

were classified as either critical or non-critical (Table 9.1).

A first-order pharmacokinetic model was used with a functional half-life of 12
hours (to mimic twice-daily dosing of the salmeterol/ fluticasone inhaler). Bolus
doses were assigned using the date- and time- stamped data from the INCA™
device. The fine particle fraction assigned to each bolus was based on the
estimated peak inspiratory flow rate and the presence or absence of technique
errors (Table 9.2). Where multiple errors occurred on the same dose, the
assigned dose fraction attached to the errors were multiplied to arrive at the
final FPF assigned to that dose. The concentrations used represent small

airways concentration of the active drug.
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Table 9.1: Classification of Diskus™ technique errors as critical or non-critical.

All errors can be detected by the INCA™ device unless stated otherwise.

Step | Correct step Possible technique errors Is error critical?

1 Push the outer cover as far Failure to open the outer cover Yes
as possible before the Incomplete opening of outer cover
inhalation

2 Slide the lever until the “click” | Failure to slide the lever until the Yes
sound to actuate dose “click” sound

3 Keep the mouthpiece Holding the Diskus™ inhaler with No — not
horizontal or in upward the mouthpiece facing downward assessed by
position INCA

4 Exhale into the room and Exhalation into the device Yes
away from the mouthpiece mouthpiece
after loading

5 Slowly and completely exhale | (1) No exhalation or insufficient Probable — not
out to residual volume (to exhalation assessed
empty the lungs) (2) Forced and fast exhalation

6 Tilt head back (hyperextend) | Lowering one’s head or holding the | Probable — not
slightly and keep the device mouthpiece upward during assessed by
horizontal during inhalation inhalation INCA

7 Place teeth over the (1) Lips surround the mouthpiece Probable — not
mouthpiece with lips shallowly against teeth or tongue assessed by
positioned around it deeply (2) Lips are not sealed around the INCA
(over tongue) and securely mouthpiece during inhalation
(sealing lip)

8 Inhale forcefully from the (1) Gradual increase in the speed Yes
beginning, slowly (for > 2-3 of inhalation
sec), deeply, uniformly, and (2) Fast and extremely forceful
continuously inhale during inhalation
the inspiratory phase until the | (3) Prematurely stop inhaling (not
lungs are full inhaling to total lung capacity) or

inhaling twice or more during the
inspiratory phase of the breathing
cycle

9 At the end of inhalation Not removing the inhaler from the No - not
remove the inhaler from the mouth at the end of inhalation assessed by
mouth and close the lips INCA

10 Hold breath for > 5 sec Not holding breath or holding Yes
(optimally for 10 sec) after breath for < 5 sec
inhalation (an objective
measurement performed
using a stopwatch)

11 Exhale slowly through the (1) Breathing out rapidly from the Unlikely — not
nose and away from mouth after holding breath assessed
mouthpiece (2) Exhaling into the mouthpiece

12 Recover the lever and the Not closing the lever and the outer No
outer cover cover

13 Rinse one’s mouth out after (1) Failure to rinse one’s mouth Significant for

inhaling and do not swallow
the rinsing water

(2) Swallowing the rinsing water

adverse events
— not assessed
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Table 9.2: Breakdown of factors that were included in algorithm to generate

the fine particle fraction assigned to every dose.

Technique step Error Dose assigned
Open inhaler N 100%
Y 0%
Actuate dose lever N 100%
Y 0%
Exhale away from the mouthpiece N 100%
Y 50%
Inhaler shaking/ tapping after N 100%
dose actuation Y 50%

Inhale deeply and forcefully Salmeterol_FPF (%)=0.176*PIFR
+ 0.627*InhaleDuration + 5.915

Fluticasone FPF (%)=0.178*PIFR
+ 0.640*InhaleDuration + 5.538

Breath holding duration > 10 N 100%
seconds Y 75%
Multiple inhalations or coughing N 100%
after inhalation (<10 second Y 75%

breath hold)

The Stata algorithm code developed is shown in Box 9.1. The trough

concentrations were calculated using the following equations:

Time A

SALMtrougn= SALMrougnn — 1] + SALMppp[n] e 0% "12— (9.1)
Time A

FLUTrough = FLUTrougn[n — 1] + FLUTgpg[n] + €007 12 (9.2)

Figure 9.1 represents the dosing profile simulated by the algorithm when
doses are taken every 12 hours with correct technique. This contrasts with the
dosing profile simulated with missed doses (absence of a blue bolus dots at 12
hour intervals in Figure 9.2), overdoses (spike in trough concentration green

line in Figure 9.2) or when technique errors are made and doses are missed
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(FPF% assigned to a blue dot and absence of blue dots at 12 hour intervals in

Figure 9.3). The trough concentration is significantly different between the two
simulated patient profiles.
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Figure 9.1: Pharmacokinetic dosing profile expected with 12 hourly dosing
interval and correct inhaler technique. The green line represents the expected
pre-dose trough small airway concentration, the yellow line represents the
minimum toxic concentration predicted from over-dosing, the red line
represents the minimum effective concentration using a peak inspiratory flow
rate of 30 I/min, the blue dots represent bolus doses and the red dashed lines
represent change in concentration over time. The area above is calculated by
integrating the area between the green trough curve and the yellow line. The
area below is calculated by integrating the area between the green trough
curve and red line. “Mean” represents the average pre-dose trough
concentration.
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Figure 9.2: Pharmacokinetic dosing profile expected with 12 hourly dosing
interval and correct inhaler technique when doses are missed (absence of
blue dots) or extra doses are taken (green line above yellow line). The green
line represents the expected pre-dose trough small airway concentration, the
yellow line represents the minimum toxic concentration predicted from over-
dosing, the red line represents the minimum effective concentration using a
peak inspiratory flow rate of 30 I/min, the blue dots represent bolus doses and
the red dashed lines represent change in concentration over time. The area
above is calculated by integrating the area between the green trough curve
and the yellow line. The area below is calculated by integrating the area
between the green trough curve and red line. “Mean” represents the average

pre-dose trough concentration.
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Figure 9.3: Pharmacokinetic dosing profile expected with 12 hourly dosing
interval and technique errors (variation in delivered dose %) when doses are
missed (absence of blue dots). The green line represents the expected pre-
dose trough small airway concentration, the yellow line represents the
minimum toxic concentration predicted from over-dosing, the red line
represents the minimum effective concentration using a peak inspiratory flow
rate of 30 I/min, the blue dots represent bolus doses and the red dashed lines
represent change in concentration over time. The area above is calculated by
integrating the area between the green trough curve and the yellow line. The
area below is calculated by integrating the area between the green trough
curve and red line. “Mean” represents the average pre-dose trough
concentration.
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Box 9.1: Stata code for dosing algorithm

qui foreachyin1 2 3 {
clear all
scalar indir="/Users/~ /Desktop/"
scalar outdir="/Users/~ /Desktop/"
cd "=indir"™
import excel y'xlsx, sheet("MS") firstrow clear
gen date2=.
capture confirm string variable Date
if!_rc{
replace date2=date(Date, "DM20Y")
}
else {
replace date2=Date

format date2 %td

format Time %tcHH:MM:SS

gen InhaleDuration=InhaleStartTime

gen timed_doses=0RClass>0

gen combined_doses=0ORClass==1

gen technique_errors=(ORClass==2)*-1

gen SALM_FPF=0.1755314*PIFR + 0.6265714*InhaleDuration + 5.915075

gen FLUT_FPF=0.1778574*PIFR + 0.6396681*InhaleDuration + 5.538353

gen SALM_UAD= 0.1044824*PIFR + 64.04375

gen FLUT_UAD=0.0460495*PIFR + 63.44969

capture confirm string variable ORError

ifl_rc{

replace SALM_FPF = SALM_FPF*0.5 if strpos(ORError, "2")
replace FLUT_FPF = FLUT_FPF*0.5 if strpos(ORError, "2")
replace SALM_FPF = SALM_FPF*0.5 if strpos(ORError, "3")
replace FLUT_FPF = FLUT_FPF*0.5 if strpos(ORError, "3")
replace SALM_FPF = SALM_FPF*0.75 if strpos(ORError, "4")
replace FLUT_FPF = FLUT_FPF*0.75 if strpos(ORError, "4")
replace SALM_FPF = SALM_FPF*0.75 if strpos(ORError, "5")
replace FLUT_FPF = FLUT_FPF*0.75 if strpos(ORError, "5")
replace SALM_FPF = SALM_FPF*0 if ORClass ==
replace FLUT_FPF = SALM_FPF*0 if ORClass ==
replace SALM_UAD = SALM_UAD*0 if ORClass ==
replace FLUT_UAD = SALM_UAD*0 if ORClass ==

else {
replace SALM_FPF = SALM_FPF*0.25 if ORError ==
replace FLUT_FPF = FLUT_FPF*0.25 if ORError ==
replace SALM_FPF = SALM_FPF*0.25 if ORError ==
replace FLUT_FPF = FLUT_FPF*0.25 if ORError ==
replace SALM_FPF = SALM_FPF*0.5 if ORError ==
replace FLUT_FPF = FLUT_FPF*0.5 if ORError == 4
replace SALM_FPF = SALM_FPF*0.75 if ORError ==
replace FLUT_FPF = FLUT_FPF*0.75 if ORError ==
replace SALM_FPF = SALM_FPF*0 if ORClass ==
replace FLUT_FPF = SALM_FPF*0 if ORClass ==
replace SALM_UAD = SALM_UAD*0 if ORClass ==
replace FLUT_UAD = SALM_UAD*0 if ORClass ==
}
keep date2 Time VisitNo SALM_FPF FLUT_FPF SALM_UAD FLUT_UAD
order date2, before(Time)
drop if SALM_FPF==.
drop if date2==.
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replace Time = clock("31dec1899 14:00:00", "DMYhms") if Time==. & date2!=date2[_n-1] &
date2!=[_n+1]

replace Time = clock("31dec1899 08:00:00", "DMYhms") if Time==. & date2!=date2[_n-1] &
date2==date2[_n+1]

replace Time = clock("31dec1899 20:00:00", "DMYhms") if Time==. & date2==date2[_n-1] &
date2!=date2[_n+1]

replace Time = clock("31dec1899 14:00:00", "DMYhms") if Time==. & date2==date2[ n-1] &
date2==date2[_n+1]

gen datetime=date2*24*60*60*1000 +60*365*24*60*60*1000 + 15*24*60*60*1000 + Time
format datetime %tcDD/NN/CCYY_HH:MM:SS

gen deltatime=.

gen SALMtrough=.

by VisitNo, sort: gene id=_n

summarize VisitNo

levelsof VisitNo, local(levels)

qui foreach i of local levels {

replace deltatime=(datetime[_n+1]-datetime)/1000/60/60 if VisitNo=="1"

summarize VisitNo if VisitNo=="1'

replace deltatime=. if id=="r(N)" & VisitNo=="1'

replace SALMtrough=(SALM_FPF)*exp(-0.693*deltatime/12) if id==

forval x=2/"r(N)" {

replace SALMtrough=(SALMtrough[_n-1]+SALM_FPF)*exp(-0.693*deltatime/12) if id=="x'
}

}
gen SALMtrough2=SALMtrough/23.5*100

replace SALMtrough2=100 - (SALMtrough2-100) if SALMtrough2>100
replace SALMtrough2=0 if SALMtrough2<0

gen Avgtrough=.

gen SDtrough=.

gen mintrough=.

gen maxtrough=.

summarize VisitNo

levelsof VisitNo, local(levels)

qui foreach i of local levels {

summarize SALMtrough?2 if VisitNo=="1"'

replace Avgtrough="r(mean)' if VisitNo=="1'

replace SDtrough="r(sd)' if VisitNo=="1'

replace mintrough="r(min)" if VisitNo=="1'

replace maxtrough="r(max)" if VisitNo=="1"

}

cd "=outdir
export excel using 'y'xlsx, sheetreplace sheet("Trough_Data_Act_SALM") firstrow(variables)
collapse Avgtrough SDtrough mintrough maxtrough, by(VisitNo)

export excel using ‘y'xlsx, sheetreplace sheet("Trough_Data_Summary_Act_SALM")
firstrow(variables)

*outsheet date2 Time SALM_FPF using "'y'SALM_Trough_Data_Actual_Overall.txt", replace

import excel y'xlsx, sheet("MS") firstrow clear

gen date2=.
capture confirm string variable Date
ifl_rc{
replace date2=date(Date, "DM20Y")
}
else {

replace date2=Date

format date2 %td
format Time %tcHH:MM:SS
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gen InhaleDuration=InhaleStartTime

gen timed_doses=0RClass>0

gen combined_doses=0ORClass==1

gen technique_errors=(ORClass==2)*-1

gen SALM_FPF=23.5 if ORClass>0

gen FLUT_FPF=23.5 if ORClass>0

keep date2 Time VisitNo SALM_FPF FLUT_FPF

order date2, before(Time)

drop if SALM_FPF==.

drop if date2==.

replace Time = clock("31dec1899 14:00:00", "DMYhms") if Time==. & date2!=date2[_n-1] &
date2!=[_n+1]

replace Time = clock("31dec1899 08:00:00", "DMYhms") if Time==. & date2!=date2[_n-1] &
date2==date2[_n+1]

replace Time = clock("31dec1899 20:00:00", "DMYhms") if Time==. & date2==date2[ n-1] &
date2!=date2[_n+1]

replace Time = clock("31dec1899 14:00:00", "DMYhms") if Time==. & date2==date2[_n-1] &
date2==date2[_n+1]

gen datetime=date2*24*60*60*1000 +60*365*24*60*60*1000 + 15*24*60*60*1000 + Time
format datetime %tcDD/NN/CCYY_HH:MM:SS

gen deltatime=.

gen SALMtrough=.

by VisitNo, sort: gene id=_n

summarize VisitNo

levelsof VisitNo, local(levels)

qui foreach i of local levels {

replace deltatime=(datetime[_n+1]-datetime)/1000/60/60 if VisitNo=="1"

summarize VisitNo if VisitNo=="1"

replace deltatime=. if id=="r(N)' & VisitNo=="1'

replace SALMtrough=(SALM_FPF)*exp(-0.693*deltatime/12) if id==1

forval x=2/r(N)' {

replace SALMtrough=(SALMtrough[ n-1]+SALM_FPF)*exp(-0.693*deltatime/12) if id=="x'
}

}

gen SALMtrough2=SALMtrough/23.5*100

replace SALMtrough2=100 - (SALMtrough2-100) if SALMtrough2>100
replace SALMtrough2=0 if SALMtrough2<0

gen Avgtrough=.

gen SDtrough=.

gen mintrough=.

gen maxtrough=.

summarize VisitNo

levelsof VisitNo, local(levels)

qui foreach i of local levels {

summarize SALMtrough?2 if VisitNo=="1'

replace Avgtrough="r(mean)' if VisitNo=="1"

replace SDtrough="r(sd)" if VisitNo=="1'

replace mintrough="r(min)" if VisitNo=="1'

replace maxtrough="r(max)' if VisitNo=="1'

}

cd "=outdir
export excel using ‘y'.xlsx, sheetreplace sheet("Trough_Data_Att SALM") firstrow(variables)
collapse Avgtrough SDtrough mintrough maxtrough, by (VisitNo)

export excel using ‘y'.xlsx, sheetreplace sheet("Trough_Data_Summary_Att SALM")
firstrow(variables)

*outsheet date2 Time SALM_FPF using "y'SALM_Trough_Data_Actual_Overall.txt", replace

}
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9.1.2. Algorithm performance in a patient cohort.

The characteristics and demographics of the 20 patients studied are
presented in Table 9.3. Half of the study population were asthmatics and half

had an underlying diagnosis of COPD.

Table 9.3: Demographics, primary respiratory diagnosis and smoking status of
patient cohort.

Demographic Mean (SD) or count (%)
Age 54.8 (19.5) years
Gender Male 8 (40)

Female 12 (60)
Diagnosis Asthma 10 (50)

COPD 10 (50)
Smoking status Non-smoker 5(25)

Ex-smoker 7 (35)

Current smoker 8 (40)

Table 9.4 and Figures 9.1 through 9.20 show tabular and graphical
representations of the temporal and technique adherence of all 20 subjects
over the month of monitoring. There was significant variation in both temporal
and technique adherence. Some patients had very erratic dosing with both
over dosing and under dosing, others had predominantly under dosing and
others had significant numbers of technique errors (three patients had all or

almost all doses with technique errors).
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Table 9.4: Breakdown of different adherence rates generated by algorithm.

Timing only Timing and technique

Subject Dose INCA™ AATR AUTR Mean Delivered Attempte  AATR AUTR Mean Delivered  Actual

ID counter dose (au) (au) delivered dose CV d Rate (au) (au) delivered dose CV  Rate (%)
rate (%) Rate (%) dose (% (%) (%) dose (% (%)
available available
dose) dose)

1 88.2 92.1 0.9 8.6 18.9 32.2 80.3 0.0 14.8 13.9 38.1 59.2
2 178.6 82.1 2.2 6.6 20.5 30.6 87.3 0.0 14.6 13.8 31.3 58.7
3 137.5 92.5 0.1 4.6 20.8 24.1 88.5 0.0 11.3 16.8 25.5 71.3
4 135.3 91.2 3.2 6.9 21.1 38.6 89.7 0.0 235 8.5 43.5 36.2
5 94.8 96.6 1.6 2.8 22.7 14.5 96.8 0.0 11.1 17.3 16.9 73.8
6 88.9 88.9 1.0 6.2 20.3 25.0 86.5 0.0 19.3 12.1 25.5 51.7
7 81.3 82.8 11 6.6 20.1 28.2 85.3 0.0 20.3 11.0 29.8 47.0
8 81.3 81.3 0.6 8.1 18.6 28.5 79.1 0.0 19.7 9.2 39.5 39.3
9 90.3 96.8 24 5.9 21.4 315 90.9 0.1 18.4 12.7 29.9 54.1
10 93.8 85.9 1.7 4.5 21.8 235 92.8 0.0 30.5 5.5 58.0 23.5
11 92.9 85.7 1.0 6.8 19.9 26.6 84.6 0.0 17.3 12.9 26.1 54.8
12 90.9 90.9 2.4 5.9 215 31.1 91.3 0.2 19.5 11.9 35.5 50.8
13 80.6 80.6 0.7 8.3 18.8 28.5 79.8 0.0 18.1 12.3 29.3 52.4
14 103.8 100.0 8.8 4.7 25.4 37.9 107.9 0.3 19.2 12.2 43.7 51.9
15 84.5 86.2 5.4 8.1 21.8 44.2 92.8 0.1 17.3 12.8 48.0 54.4
16 98.1 98.1 2.6 2.8 23.3 16.6 99.1 0.0 21.4 121 24.3 51.4
17 89.3 89.3 2.6 6.8 21.1 311 89.6 0.0 20.2 12.1 29.8 51.6
18 70.4 70.4 0.7 9.2 16.8 35.5 71.6 0.0 16.3 11.0 36.9 47.0
19 89.3 89.3 1.3 4.8 21.4 21.5 91.1 0.0 21.3 11.0 24.1 46.9
20 60.7 60.7 0.1 13.8 13.4 49.4 56.8 0.0 22.7 6.6 48.1 27.9

AATR: Area between dosing curve and upper limit of therapeutic range; AUTR: Area between dosing curve and lower limit of therapeutic rang; au: arbitrary
units.
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Figure 9.4: Patient 1- Scatterplot showing time of date and time of use. Green
dots represent correct technique and red dots represent a technique error. Bar
graph shows number of doses taken per day with a target of 2 doses per day
(red line). Green bars represent correct technique and red bars represent
technique errors. This patient has periods of over-dosing and missed
doses with only one technique error (Class 1).
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Figure 9.5: Patient 2- Scatterplot showing time of date and time of use. Green
dots represent correct technique and red dots represent a technique error. Bar
graph shows number of doses taken per day with a target of 2 doses per day
(red line). Green bars represent correct technique and red bars represent
technique errors. This patient has no technique errors but erratic dosing
with both overdosing and underdosing (Class 1).
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Figure 9.6: Patient 3- Scatterplot showing time of date and time of use. Green
dots represent correct technique and red dots represent a technique error. Bar
graph shows number of doses taken per day with a target of 2 doses per day
(red line). Green bars represent correct technique and red bars represent
technique errors. This patient has good temporal and technique
adherence (Class 2).
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Figure 9.7: Patient 4- Scatterplot showing time of date and time of use. Green
dots represent correct technique and red dots represent a technique error. Bar
graph shows number of doses taken per day with a target of 2 doses per day
(red line). Green bars represent correct technique and red bars represent
technique errors. This patient has poor temporal and technique adherence
(Class 0).
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Figure 9.8: Patient 5- Scatterplot showing time of date and time of use. Green
dots represent correct technique and red dots represent a technique error. Bar
graph shows number of doses taken per day with a target of 2 doses per day
(red line). Green bars represent correct technique and red bars represent
technique errors. This patient has good temporal and technique
adherence (Class 2).
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Figure 9.9: Patient 6- Scatterplot showing time of date and time of use. Green
dots represent correct technique and red dots represent a technique error. Bar
graph shows number of doses taken per day with a target of 2 doses per day
(red line). Green bars represent correct technique and red bars represent
technique errors. This patient has relatively good temporal and good
technique adherence (Class 1).
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Figure 9.10: Patient 7- Scatterplot showing time of date and time of use.
Green dots represent correct technique and red dots represent a technique
error. Bar graph shows number of doses taken per day with a target of 2
doses per day (red line). Green bars represent correct technique and red bars
represent technique errors. This patient has regular missed doses and
technique errors (Class 0).
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Figure 9.11: Patient 8- Scatterplot showing time of date and time of use.
Green dots represent correct technique and red dots represent a technique
error. Bar graph shows number of doses taken per day with a target of 2
doses per day (red line). Green bars represent correct technique and red bars
represent technique errors. This patient has regular missed doses and a
cluster of doses with technique errors (Class 0).
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Figure 9.12: Patient 9- Scatterplot showing time of date and time of use.
Green dots represent correct technique and red dots represent a technique
error. Bar graph shows number of doses taken per day with a target of 2

doses per day (red line). Green bars represent correct technique and red bars
represent technigue errors. This patient has moderate temporal and good

techniqgue adherence (Class 1).
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Figure 9.13: Patient 10- Scatterplot showing time of date and time of use.
Green dots represent correct technique and red dots represent a technique
error. Bar graph shows number of doses taken per day with a target of 2

doses per day (red line). Green bars represent correct technique and red bars
represent technique errors. This patient has poor technique adherence and

good temporal adherence with only a few missed doses (Class 0).
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Figure 9.14: Patient 11- Scatterplot showing time of date and time of use.
Green dots represent correct technique and red dots represent a technique
error. Bar graph shows number of doses taken per day with a target of 2
doses per day (red line). Green bars represent correct technique and red bars
represent technique errors. This patient has regular missed doses but
good technique (Class 1).
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Figure 9.15: Patient 12- Scatterplot showing time of date and time of use.
Green dots represent correct technique and red dots represent a technique
error. Bar graph shows number of doses taken per day with a target of 2
doses per day (red line). Green bars represent correct technique and red bars
represent technique errors. This patient has relatively good temporal and
technique adherence with a few missed doses (Class 1).
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Figure 9.16: Patient 13- Scatterplot showing time of date and time of use.
Green dots represent correct technique and red dots represent a technique
error. Bar graph shows number of doses taken per day with a target of 2
doses per day (red line). Green bars represent correct technique and red bars
represent technique errors. This patient has moderate temporal adherence
with regular missed doses and good technique adherence (Class 1).
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Figure 9.17: Patient 14- Scatterplot showing time of date and time of use.
Green dots represent correct technique and red dots represent a technique
error. Bar graph shows number of doses taken per day with a target of 2
doses per day (red line). Green bars represent correct technique and red bars
represent technique errors. This patient has poor temporal and technique
adherence and both overdosing and underdosing. All events have
technique errors (Class 0).
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Figure 9.18: Patient 15- Scatterplot showing time of date and time of use.
Green dots represent correct technique and red dots represent a technique
error. Bar graph shows number of doses taken per day with a target of 2
doses per day (red line). Green bars represent correct technique and red bars
represent technique errors. This patient has poor temporal adherence with
both overdosing and underdosing, as well as sporadic dose timing
(Class 0).
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Figure 9.19: Patient 16- Scatterplot showing time of date and time of use.
Green dots represent correct technique and red dots represent a technique
error. Bar graph shows number of doses taken per day with a target of 2
doses per day (red line). Green bars represent correct technique and red bars
represent technique errors. This patient has good temporal adherence but
poor technique adherence with a cluster of technique errors (Class 1).
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Figure 9.20: Patient 17- Scatterplot showing time of date and time of use.
Green dots represent correct technique and red dots represent a technique
error. Bar graph shows number of doses taken per day with a target of 2
doses per day (red line). Green bars represent correct technique and red bars
represent technique errors. This patient has moderate temporal and
moderate technique adherence (Class 1).
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Figure 9.21: Patient 18- Scatterplot showing time of date and time of use.
Green dots represent correct technique and red dots represent a technique
error. Bar graph shows number of doses taken per day with a target of 2
doses per day (red line). Green bars represent correct technique and red bars
represent technique errors. This patient has poor temporal adherence with
mainly missed doses (Class 0).
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Figure 9.22: Patient 19- Scatterplot showing time of date and time of use.
Green dots represent correct technique and red dots represent a technique
error. Bar graph shows number of doses taken per day with a target of 2
doses per day (red line). Green bars represent correct technique and red bars
represent technique errors. This patient has good temporal adherence but
almost all events have technique errors (Class 0).
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Figure 9.23: Patient 20- Scatterplot showing time of date and time of use.
Green dots represent correct technique and red dots represent a technique
error. Bar graph shows number of doses taken per day with a target of 2
doses per day (red line). Green bars represent correct technique and red bars
represent technique errors. This patient has poor temporal and technique
adherence with mainly missed doses and almost all events having
technique errors (Class 0).
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A summary of the patient overall adherence classification and different
adherence rates are presented in Table 9.5. The actual rate was significantly
lower that all other rates (Figure 9.24) but showed the strongest correlation
with overall technique classification by the raters. Based on the dose counter
rate or INCA™ dose rate alone, all but two patients (patients 18 and 20) were
classified as good adherence (280%). These patients had numerous missed
doses during the month of monitoring. The attempted rate would have
classified both of these patients as poor adherence, as well as two others
(patients 8 and 13). These additional patients also had a relatively large

number of missed doses.

There was disagreement between the dose counter rate and the INCA™ dose
or attempted rate for patients 2, 3 and 4. These patients had episodes of
multiple doses taken at the same time or dose dumping (patient 2) prior to

returning the inhaler.

Table 9.5: Summary of overall rater classification, dose counter rate from

Diskus™ inhaler and three adherence rates calculated from INCA™ device.

Subject Combined Dose INCA™  Attempted  Actual
ID temporal/ technique counter dose rate rate
class rate rate
1 1 88.2 92.1 80.3 59.2
2 1 178.6 82.1 87.3 58.7
3 2 137.5 92.5 88.5 71.3
4 0 135.3 91.2 89.7 36.2
5 2 94.8 96.6 96.8 73.8
6 1 88.9 88.9 86.5 51.7
7 0 81.3 82.8 85.3 47.0
8 0 81.3 81.3 79.1 39.3
9 1 90.3 96.8 90.9 54.1
10 0 93.8 85.9 92.8 235
11 1 92.9 85.7 84.6 54.8
12 1 90.9 90.9 91.3 50.8
13 1 80.6 80.6 79.8 52.4
14 0 103.8 100.0 107.9 51.9
15 0 84.5 86.2 92.8 54.4
16 1 98.1 98.1 99.1 514
17 1 89.3 89.3 89.6 51.6
18 0 70.4 70.4 71.6 47.0
19 0 89.3 89.3 91.1 46.9
20 0 60.7 60.7 56.8 27.9

Class 0 — poor overall adherence, class 1 — moderate overall adherence, class 2 —

good overall adherence.
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Figure 9.24 shows relatively good agreement between the three temporal
adherence rates and highlights the outliers mentioned before with dose
counter rates. All three temporal rates were poor at classifying overall
adherence. There was good separation of the actual rate values according to

overall classification.
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Figure 9.24: Boxplots of dose counter rate from Diskus™ inhaler and three
adherence rates calculated from INCA™ device grouped by overall rater

classification of adherence (n=20).

The scatterplot matrix in Figure 9.25 also highlights the lack of correlation
between the three temporal adherence rates and the actual rate, thus
confirming the lack of relationship between temporal dosing errors and
technique errors. For example, patient 18 had poor temporal adherence and
good technique adherence, patient 19 had good temporal adherence and poor
technique adherence and patient 20 had poor temporal and technique
adherence. The dose counter rate would have classified patients 18 and 20 as
having poor adherence and would have missed the significant technique

errors in patient 19’s profile.
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Figure 9.25: Scatterplot matrix comparing dose counter rate from Diskus™

inhaler and three adherence rates calculated from INCA™ device.

Spearman’s rho and Pearson’s correlation coefficients for two-way

comparisons of the four adherence rates (Tables 9.6 and 9.7) demonstrate

that the dose counter rate correlates poorly with the INCA™ device derived

rates, most likely because of the significant outliers due to dose dumping and

multiple dosing. The INCA™ rate and attempted rate were moderately

correlated. The actual rate correlated poorly with all temporal rates.

Table 9.6: Spearman’s rho for two-way comparisons of different adherence

rates.
Rate (%) Dose counter INCA Attempted Actual
Dose counter 1.0000
INCA 0.6601 1.0000
(0.0015)
Attempted 0.5028 0.7524 1.0000
(0.0238) (0.0001)
Actual 0.4392 0.3755 0.1347 1.0000
(0.0527) (0.1028) (0.5713)
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Table 9.7: Pearson’s correlation coefficients for two-way comparisons of

different adherence rates.

Rate (%) Dose counter INCA Attempted Actual
Dose counter 1.0000
INCA 0.3645 1.0000
(0.1141)
Attempted 0.3006 0.8980 1.0000
(0.1978) (0.0000)
Actual 0.3757 0.5031 0.3622 1.0000
(0.1026) (0.0238) (0.1165)
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9.2. Discussion

This chapter sought to unify the previous experimental data and the data
derived from the INCA™ device into a comprehensive measure of adherence
that incorporates both date and time of inhaler use and the presence or
absence of technique errors and the significance of these errors. Technique
errors were weighted according the experimental data presented in prior

chapters.

A first-order elimination profile was used to generate trough dose levels. The
mean overall trough over the study period was compared to the expected
trough level if the inhaler was used as instructed to determine the attempted
and actual rates (actual rates also incorporated technique errors). The benefit
of a pharmacokinetic model is that it also takes into account the concept of
interval adherence or the gap between doses. Even though an inhaler is used
twice a day, the time of use affects the trough doses achieved. The interval
adherence is not considered in the dose counter rate since data on the date
and time of use is not captured. This is clearly evident for the three patients
who had significant dose dumping; the dosing profiles from the INCA™ device
showed a marked discrepancy with the dose counter rate. In an effort to not
disappoint clinicians, some patients engage in this activity of dose dumping
prior to their visit to show that they have used their inhaler. Failure to capture
information about actual day-to-day use would therefore be detrimental to the

patient’s disease control.

As expected, there was a poor relationship between the actual adherence and
the temporal adherence rates. Interestingly, most patients had good temporal
adherence but poor actual adherence due to the high incidence of technique
errors. No patient achieved an actual rate greater than 80%, highlighting that
these cutoffs may need to be adjusted to mirror real-world inhaler use where

both temporal and technique errors are made.

Clinical trials on inhaler efficacy can significantly benefit from electronic

monitors like the INCA™ device. Results can be interpreted in the context of
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actual inhaler use instead of averaged surrogate measures. Ease of use can
also be determined based on the number of technique errors made. In the
clinical care setting, use of the INCA™ device can generate more personalized
feedback to address temporal adherence, technique adherence or both.
However, while this technology and method of calculating combined
adherence rates seems promising, it cannot be recommended at present
without further outcome studies, which can look at the clinical significance or
providing feedback and training based on the dose counter and checklist
(standard of care) versus the INCA™ device. These trials are currently under
way for various patient cohorts. (166) Larger sample sizes are also required to

validate the algorithm developed in this study.
The results of this study highlight the need for a device that can monitor

inhaler adherence, both temporal and technique, longitudinally since there is

significant variation between patients and within a patient over time.
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CHAPTER 10: General Discussion
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10.1. Overview

Inhaled medications are the mainstay of therapy in the treatment of chronic
respiratory diseases like asthma and COPD because they allow delivery of the
active ingredient directly to the site of action. There has been a steady
increase in the use of dry powder inhalers (DPIs) because they do not use
chlorofluorocarbon-containing propellants of most of the older metered-dose
inhalers and they have fewer coordination problems compared to metered
dose inhalers (MDIs). In fact, the global market for nebulizers, inhalers and
respirators was worth $12.4 billion in 2014 and is expected to grow at an
annual rate of 8.9% to reach $19.0 billion by 2019.(167)

However, DPI devices are not without their problems. Good adherence to
inhaled medications includes several dimensions: intensity and timing of use
according to prescription (temporal adherence), continuous use (persistence)

and correct use (technigue adherence).(82, 168)

Problems with temporal adherence are common among all inhaler types and
also other medications used to treat chronic diseases. Patient self-reporting
questionnaires have shown that adherence to inhaled therapy in patients with
COPD is less than 60% and the most common reason reported for poor
adherence was the dosing frequency required.(169) Studies evaluating
prescription filling have found that up to 20% of patients with asthma
prescribed controller medications for the first time did not fill their prescriptions
and the mean proportion of days covered varied from 19% to 30% over a 12
month period.(98) A similar study in Northern Ireland found that one third of
patients filled fewer than half of their inhaler prescriptions and 88% admitted to
poor adherence.(170) Patients with COPD generally display poorer adherence
rates compared to asthmatics with up to a 60% non-adherence rate.(171-173)
Poor adherence to inhaled controller medications has been estimated to
account for up to 60% of asthma-related hospitalizations and increased rates
of 30- and 60- day hospital readmissions in patients with COPD.(174, 175)
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There are three recognized types of temporal non-adherence: underuse,
overuse and haphazard use. Underuse is by far the most common type. One
study found that only 15% of patients took their prescribed inhaler more than
80% of the days; on the other hand, overdosing occurred on less than 10% of
days.(173)

Numerous electronic monitoring devices have been developed over the last
four decades to monitor temporal non-adherence; however, many of these
devices do not monitor all or most aspects of inhaler technique. Inhaler
technique or competence is a very important component of overall adherence.
Badder et al found that 85% of patients with poor inhaler technique
demonstrated poor asthma control.(176) Many features specific to inhaler
design contribute to technique adherence; errors are more common with the
Turbuhaler™ (32%) and pMDI (28%) compared to the Diskus™, Autohaler and
Aerolizer (11-12%).(177) In some studies, up to 90% of patients make at least
one inhaler technique error.(178) The most common error types are also
device-specific: low breath-hold duration and exhalation prior to inhalation are
most common with the Diskus™, Turbuhaler™ and Aerolizer, whereas errors

with inhalation are most common with the Autohaler or pMDI.(177)

Currently used methods for monitoring inhaler technique are suboptimal.
Checklists are very subjective and other methods such as the Clement-Clarke
In-Check Dial™ assess only one or a few components of technique, such as
inhalation flow rate.(61, 62, 132, 133) Most methods are a once-off
assessment in the clinic setting unless the clinician relies on the patient to
document readings at home, in a similar fashion to peak expiratory flow rate
readings. The data on the effect of certain errors on drug delivery and efficacy
is also lacking. The strongest level of evidence exists for the effect of errors in
inhalation or breath hold duration, although most of the studies have used in
vitro or in silico methodologies.(75, 85, 86, 89, 94, 96)

There was a need to study the frequency of temporal and technique non-
adherence in the Irish population and to investigate the impact of dosing and
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technique errors on drug delivery. Moreover, a comprehensive system of
tracking the date and time of inhaler use, as well as, the presence or absence
of technique errors on a daily basis was essential to not only an
epidemiological understanding of inhaler use but to tailoring of inhaler training

and clinical care plans to individual patients.

A collaborative effort by physicians and engineers has allowed the
development of an acoustic monitor, the INCA™ device, which can be
attached to the Diskus™ inhaler, in order to monitor both how and when the
inhaler is used. While the accuracy of the device for monitoring date and time
of use has been studied by the group, the ability to accurately assess inhaler
technique and the correlation between these errors and drug delivery have
not.

This thesis aimed to describe features of temporal and technique adherence
to a common DPI in a community care Irish population and to study the effects
of Diskus™ inhaler technique errors on drug delivery. These observations
were utilized to develop and validate an algorithm to incorporate data on
temporal and technique adherence obtained from the INCA™ device into a

single overall adherence metric.
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10.2. Main findings

10.2.1. How common are Diskus™ inhaler temporal and technique errors in a

community care setting?

The dose counter over-estimated the number of doses taken (55 per patient
versus 49 per patient with INCA™ device). Only 20% of patients took their
inhaler in the correct manner at the correct interval and missed doses were
more common than extra doses. Three-quarters of the acoustic profiles
demonstrated good inhaler technique. The most common inhaler technique
errors identified were poor peak inspiratory flow rate (27% of inhalations),
multiple inhalations (25%), dose blistering without an inhalation (19%) and
exhalation into the inhaler after blistering but before inhalation (18%). The
mean number of errors per person was 12 per 60-dose inhaler. Overall
adherence changed during the month of observation in two groups of patients;

adherence improved in one group and worsened in another.

10.2.2. The effect of inhalation parameters on delivered dose and an acoustic

method to quantify this effect

The mean Diskus™ PIFR was lower in patients with COPD and
Neuromuscular disease compared to asthmatics and healthy individuals.
Diskus™ PIFR was also lower in older patients (>50 years). There was a
moderate correlation between Diskus™ PIFR and spirometric PIFR.
Spirometric PIFR may be used as a surrogate measure of PIFR through the
Diskus™ inhaler.

In a study of healthy volunteers, there was a strong correlation between the
amplitude of inhalation, in particular the mean absolute deviation of amplitude
and the average power in the 300-600 Hz band, with the PIFR generated
through the Diskus™ inhaler. Volume of inhalation through the Diskus™ could

be calculated using the Diskus™ PIFR and duration of inhalation.
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In a respiratory disease cohort, MAD amplitude had the strongest correlation
with Diskus™ PIFR (r=0.884). The equations for calculating Diskus™ PIFR
generated from data collected from healthy individuals demonstrated greater
than 90% sensitivity and specificity for classifying an inhalation (correctly
classified 95% of inhalations > 30 I/min, 91% > 45 |/min, 93% > 60 I/min and
92% > 90 |/min). Estimated Diskus™ PIFR and duration of inhalation
accounted for greater than 95% of the variation observed in fine particle
fraction emitted from the salmeterol/ fluticasone inhaler and Diskus™ PIFR
accounted for more than 70% of the variation observed in FPF from the
salbutamol inhaler. The FPF from the salbutamol inhaler was more than
double the FPF from the salmeterol/ fluticasone inhaler and the mean mass

aerodynamic diameter (MMAD) was lower for the salbutamol inhaler.

Pharmacokinetic studies on 10 healthy volunteers demonstrated that there
was a significant two-fold increase in peak salbutamol concentration
(measured at 20 min post-dose) achieved when Diskus™ PIFR was above 60
l/min compared to when Diskus™ PIFR was below 60 I/min for each individual.
Diskus™ PIFR explained more than 50% of the variation observed in peak

salbutamol concentration.

10.2.3. Development and validation of an acoustic method to detect and

quantify the effect of exhalation into a Dry Powder Inhaler

Exhalation directed at the inhaler mouthpiece after dose blistering was found
to have an overall negative effect on drug delivery. At an exhalation distance
of 0 cm from the inhaler mouthpiece, less than 50% of drug available is
delivered on average for all flow rates using humid air. In a worst-case
scenario, an average of 2.44% of drug is delivered after an expiratory flow rate
of 120 L/Min, at a distance of 0 cm from the inhaler mouthpiece. The fine
particle fraction (FPF) was significantly reduced for inhaler devices subjected

to an exhalation.

A strong correlation was observed between the exhalation flow rate, the

distance of the exhalation from the mouthpiece and the direction of the
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exhalation with the acoustic features obtained from the exhalation audio
signal. An algorithm was developed to classify an exhalation as significant
(exhalations occurring at a distance of 5 cm or less, into the DPI mouthpiece
or directly at the INCA™ device). The algorithm had a sensitivity of 72.22%
and a specificity of 85.71%.

10.2.4. Does orientation of the Diskus™ inhaler affect available dose for

delivery?

Only when the Diskus™ was held at the 90° position after dose actuation and
shaken was significant amount of drug removed (54% of available dose
removed with a range of 39.4% to 62.3%). Tapping the Diskus™ at a position
of 90° removed approximately 10% of the available dose. Holding the
Diskus™ in a steady position at 45° or 90° had no appreciable effect on the

amount of drug available for delivery.

10.2.5. Impact of breath holding on drug delivery

There was a statistically significant 29% reduction in trough salbutamol
concentration when subjects had only a 4 second breath hold duration
compared to correct inhaler technique with a 10 second breath hold. There
was also a 22% lower rise in salbutamol concentration from the dose 6 trough

level when using a 4 second breath hold.

10.2.6. Impact of missed doses on steady state trough and peak levels

A theoretical model based on first-order kinetics and a salmeterol/ fluticasone
functional half-life of 12 hours was used to estimate the impact of missing
doses 3 and 4 in a 6-dose regimen. The expected mean pre-dose 6 trough
level when doses 3 and 4 was 36% lower than when all 6 doses are taken.
Pharacokinetic studies on 7 healthy volunteers demonstrated a statistically
significant 64% difference in pre-dose 6 trough concentration between the
control group and the group that missed doses 3 and 4 (control: 0.85 ng/ml

and missed doses: 0.55ng/ml, p<0.001).
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10.2.7. Development and validation of an algorithm for combining time and

technigue of inhaler use into a single metric

A pharmacokinetic algorithm was developed to combine date and time of
inhaler use with the presence or absence of technique errors into a single
measure called the actual rate. The algorithm was tested in a cohort of twenty
patients followed for one month with the INCA™ device. There was significant
variation in both temporal and technique adherence. Some patients had very
erratic dosing with both over dosing and under dosing, others had
predominantly under dosing and others had significant numbers of technique
errors (three patients had all or almost all doses with technique errors). The
actual rate was significantly lower that all other rates but showed the strongest
correlation with overall technique classification by the raters. The dose counter
rate correlated poorly with the INCA™ device derived rates, most likely
because of the significant outliers due to dose dumping and multiple dosing,

as well as the failure to detect technique errors.

242



10.3. Contextual discussion

This body of work highlights the utility of the INCA™ device in not only logging
and monitoring the date and time when a Diskus™ inhaler is used but also in
detecting the presence or absence of critical technique errors, which may be
detrimental to drug delivery and efficacy. The Diskus™ is one of the two most
commonly prescribed DPIs in developed countries.(65) The INCA™ device
was designed to be attached to the Diskus™ and to monitor inhaler use over a

one-month period.

Chapter 3 showed that temporal and technique adherence was relatively poor
in an Irish community care setting, with only 20% of patients using their
Diskus™ DPI as prescribed. The most common technique errors identified
were poor peak inspiratory flow rate, multiple inhalations, exhalation prior to

inhalation and dose blistering without a subsequent inhalation.

Studies normally highlight exhalation errors as the most common Diskus™
technique error.(81) The rate of inhalation errors is comparatively low in the
literature.(177) The reason for this discrepancy is likely the lack of an objective
universal method of assessing peak inspiratory flow rate and the variability in
flow rate from day to day. Although the Clement-Clarke In-Check Dial™ and
the Vitalograph AIM are available to estimate the PIFR achieved from various
devices, these devices are not universally used by clinicians in evaluating
inhaler technique and thus, assessment of inhalation is quite subjective. The
mouthpiece dimensions of the In-Check Dial and AIM are also quite different
and may have an effect on the mouthseal achieved by the patient or the
general way the patient handles the peak flow meter versus the Diskus™

inhaler.

The evidence presented in Chapter 4 highlights that peak inspiratory flow rate
generated through the Diskus™ inhaler has a significant effect on drug
delivery both in vitro and in vivo, mirroring the evidence in the literature. The
INCA™ device had excellent sensitivity and specificity for classifying an

inhalation as adequate (>60 I/min), suboptimal (30-60 I/min) or inadequate
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(<30 I/min). The advantage of the INCA™ device compared to other peak flow
meters is that it can be used to monitor PIFR longitudinally. We have seen that
patients in a community care setting do not necessarily make the same inhaler
error on every dose; likewise, there is significant variability in PIFRs generated
within an individual over time. These findings may be related to acute
exacerbations or other psycho-social factors, such as the patient’s
assessment of disease control. It is therefore, more beneficial to look at

patterns of inhaler use rather than a once-off evaluation of inhaler technique.

“Multiple inhalations” was the second most frequent error type. Many patients
with asthma are either current or former users of spacer devices with pMDIs.
Spacers allow increased drug delivery by decoupling the need to coordinate
dose actuation with inhalation.(179) The user takes multiple deep breaths in
and out through the device. Many patients have either used this “multiple
inhalation” technique or seen it being used and this may explain why one-
quarter of patients demonstrated a similar technique when using the Diskus™
inhaler. Unfortunately, “multiple inhalations” with a DPI usually shortens the
breath hold duration. Chapter 7 highlights that a shorter breath hold duration
leads to reduced drug delivery and this effect is similarly seen in numerous in
silico models of breath holding in the literature.(75, 86) Coughing immediately
after inhalation is also a significant problem. ICSs can lead to bronchospasm
and cough after inhalation and cough is a recognized feature of COPD and
asthma.(180) Coughing also shortens the breath hold duration, thus impacting
drug delivery. The INCA™ device is able to detect both multiple inhalations
and episodes of coughing after inhalation and can accurately quantify the
breath hold duration if these events occur.

Exhalation into the inhaler mouthpiece after blistering but before inhalation is
another common technique error in our patient cohort. In vivo studies in
Chapter 5 showed that exhalation of humidified air directed towards the
Diskus™ mouthpiece had a significant effect on the amount of drug available
for delivery and the subsequent fine particle fraction when inhaled. While
studies on Diskus™ technique have highlighted that this error is very common,

there is no evidence in the literature quantifying the effect of exhalation on
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drug delivery. The mechanism underlying the finding of reduced FPF is most
likely clumping of the active drug and carrier inside the dose blister, limiting the

subsequent de-aggregation usually observed with inhalation.

Diskus™ orientation or position during use is frequently assessed in checklists
of inhaler technique.(76, 181) The rationale for inclusion of this error is the fact
that after dose blistering, the drug is now exposed and can be displaced from
the inhaler if not held in a horizontal or upright position. The effect of Diskus™
position has either never been studied formally or has been studied by the
manufacturer but not published. The results of Chapter 6 show that Diskus™
position has a minimal impact on the amount of drug removed from the inhaler
unless the inhaler is held with the mouthpiece facing down and the inhaler is
tapped or shaken. While the INCA™ device cannot detect Diskus™ orientation
in space, it can detect when the device is shaken vigorously (another common

error since patients usually shake their pMDI prior to use) or tapped.

Published estimates of temporal adherence in the literature have been based
on pharmacy records of filled prescriptions and on subject patient reports;
these estimates are either inherently biased in the case of patient reported
adherence or only give averages of adherence over a period of time.(98, 169)
New electronic monitors, which log the date and time of inhaler use have
allowed better estimates of patient adherence. The INCA™ device allows
accurate logging of the date and time of inhaler use allowing the physician to
recognize patterns of inhaler use and relate these patterns to patient-centric
factors. The results presented in Chapter 8 show that missed doses can have
a significant impact on drug delivery, using serum concentrations as a
surrogate measure. The theoretical pharmacokinetic model shows that the
number of missed doses and which dose is missed in relation to the time of
trough concentration measurement can also impact measured serum
concentrations. It is recognized that many patients, who are enrolled in clinical
trials of inhaled drugs, demonstrate the Hawthorne effect, that is, adherence
rates are good at the beginning of the trial and subsequently worsen when
clinician contact is reduced. Chapter 3 shows similar findings, in that a group

of patients monitored over a month demonstrated good temporal adherence
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on enrollment and had a gradual decline in adherence over the month of
observation. The data highlights the need to be able to track temporal

adherence and patterns of temporal adherence over time.

Based on the available evidence in the literature and the results of studies
reported in Chapters 3 — 8, Diskus"™ inhaler errors were classified as either
critical or non-critical. An algorithm was developed to predict effect small
airways concentrations of active drugs based on the half-life of the drug (12
hours), the date and time the inhaler was used, and the predicted fine particle
fraction delivered, which was affected by the presence of technique errors.
This is the first study of its kind attempting to combine features of temporal
and technique adherence in a single metric called actual adherence. The
results of Chapter 9 show that there was a discrepancy between the INCA™
dose rate and the dose counter rate, especially when patients engaged in
dose dumping. Dose dumping has been recognized in prior trials using
electronic monitoring devices such as the Nebulizer Chronologs, where the
authors concluded that deception among noncompliers occurs frequently in
clinical trials, is often not revealed by the usual methods of monitoring, and
cannot be predicted by data readily available in clinical trials.(182) The INCA™
device allows another layer of detection of this phenomenon. Not only can the
number of dose actuations in a short period of time be detected but the
INCA™ device can highlight whether these actuations were associated with
subsequent inhalations (representing over-dosing) or not (representing dose

dumping).

Finally, Chapter 10 highlighted again the frequency of technique errors since
the actual adherence rate was significantly lower than measures of only
temporal adherence derived from either the dose counter or the INCA™
device. There was also very little correlation between actual adherence and
temporal adherence, meaning that patients with good temporal adherence did
not necessarily make fewer technique errors. The single metric of actual
adherence also has a pharmacologic basis and is likely to better predict drug

efficacy and simple temporal adherence rates.
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10.4. Limitations

This thesis did not report on all Diskus™ inhaler technique errors; only errors
that could potentially be detected by the INCA™ device were studied, which
still accounted for the large majority of Diskus™ technique errors in the
literature. For example, the failure to exhale to residual lung volume prior to
inhalation and its effect on subsequent fine particle fraction delivered was not
studied here and has been reported in the literature to be a common technique
error in Diskus™ users.(177) The effect of neck extension on fine particle
fraction or upper airways dose was also not investigated. Some errors, such
as failure to open the device or failure to actuate or blister a dose, were
considered to lead to 0% dose availability due simply to the design of the
Diskus™ and hence, did not require further study. Other errors, such as mouth
rinsing after inhalation, while important from the point of view of side effects,
were not important for drug delivery or efficacy and were omitted from this

thesis.

One major shortcoming of the INCA™ device is its inability to detect the breath
hold duration if an exhalation is not audible after the dose inhalation or if the
device is closed prior to this exhalation. Some patients do make audible
exhalations so that the breath hold duration can be quantified and the duration
can also be quantified in the case of multiple inhalations or coughing after

inhalation.

The acoustic method developed for estimating inspiratory flow rate is also not
flawless and a few patients with adequate or suboptimal flow rates were
misclassified into either suboptimal or inadequate categories, respectively.
The correlation between Diskus™ PIFR and peak serum salbutamol
concentrations was only moderate and PIFR could not explain a large
proportion of the variation in peak concentrations, likely reflecting that other
inhaler technique factors or biological factors, such as drug absorption, were
not accounted for. This highlights a major flaw in using serum drug
concentrations to predict local accumulation of the drug at the site of action

(the small airways). The assumption is made that the two are correlated but
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there is likely intra- and inter-individual biological variation in drug absorption.
The ideal method of monitoring drug accumulation or residence time in the
small airways is the use of radionucleotide tags but this is substantially less
safe than blood sampling, especially with repeated doses.

Further limitations of the in vivo studies reported in this thesis are the small
sample sizes and the use of healthy volunteers only. Most pharmacokinetic
studies of inhaled medications have been limited to a sample size of 10
historically due to the extensive blood sampling required. Since the studies
reported here utilized a repeated measures design with a washout period, the
number of recruits available was rather small. The physiology and anatomy of
the lungs in healthy individuals is also significantly different to that of patients
with chronic airways diseases and this may affect drug delivery and serum
concentrations achieved. It is therefore difficult to generalize findings in a small

group of healthy volunteers to larger asthma and COPD populations.

This body of work also suffers from a lack of data on pharmacodynamics and
a lack of outcome data. While the trough concentration may be correlated with
clinical effect, no drug specific effects such as bronchodilation or change in
FEV1 were studied. Similarly, the longitudinal studies did not investigate the
relationship between the INCA™ device measures of temporal and technique
adherence with rates of exacerbation, use of reliever medications or overall
disease control. Collection of these outcome measures would require a longer

study period and a randomized controlled design.
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10.5. Future research and applications

Studies are in progress to evaluate whether patient feedback based on the
INCA™ device is superior to the standard of care in the treatment of
asthma.(166) These studies are monitoring outcome data such as quality of
life scores (Asthma Quality of Life Questionnaire), disease control scores
(Asthma Control Test) and objective measures of control such as peak
expiratory flow rates, exacerbation rates and use of reliever inhalers. Similar

studies are being conducted in COPD cohorts.

The INCA™ device is also being adapted to the MDI inhaler, allowing accurate
monitoring of reliever inhaler use in future clinical trials and patient care.(183)
The aim is to extend the patented technology to other DPIs, including the
Turbuhaler™ and the new ELLIPTA™. The ELLIPTA™ is Glaxo-Smith Kleine’s
new inhaler, which is touted to be more user-friendly than the Diskus™ and
allows once daily dosing.(184) However, the device has its unique technique
error profile than can affect drug delivery and would still benefit from an

adherence monitor.

Further studies are necessary to advance the work conducted here into the
effect of technique errors in asthma and COPD cohorts. These large trials will
be able to correlate the measures of drug delivery predicted by the INCA™
algorithms with actual drug delivery, either from surrogate trough
concentrations or pharmacodynamic data including FEV1, PEFR or fraction of
exhaled nitric oxide (FENO). There is increasing interest in the correlation
between FENO measurements, which are simple and non-invasive, and non-

adherence or asthma disease control.(185)

The two main areas where the INCA™ technology can be applied are in
clinical trials of new inhaled therapies, where accurate data on adherence is
necessary to adjust for the effect of this major confounder, and in routine
patient care, where data from the device can allow the physician or nurse

practitioner to tailor educational training and feedback.
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Consent and Patient Information

Website: www.beaumont.ie Osp]déal Bcaumont

«;}, BEAUMONT HOSPITAL

P. O. Box 1297 Beaumont Road Dublin 9
Telephone: 809 3000 / 837 7755 Facsimile: 837 6982

Patient Information Leaflet

(Assessing inhaled drug delivery through sound analysis)

Study title: Dosing algorithm for inhalational therapy using acoustics

Principal investigator’s name: Professor Richard W. Costello

Telephone number of principal investigator: 00353-1-809-3762

You are being invited to take part in a clinical research study to be carried out at Beaumont
Hospital.

Before you decide whether or not you wish to take part, you should read the information
provided below carefully. Take time to ask questions —don’t feel rushed and don’t feel under
pressure to make a quick decision.

You should clearly understand the risks and benefits of taking part in this study so that you can
make a decision that is right for you. This process is known as ‘Informed Consent’.

You don’t have to take part in this study and a decision not to take part will have no effect on
your future medical care.

You can change your mind about taking part in the study any time you like. Even if the study

has started, you can still opt out. You don't have to give us a reason. If you do opt out, rest
assured it won't affect the quality of treatment you get in the future.
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Consent and Patient Information

\ Why is this study being done?

We want to measure how well a drug gets into your system and see if we can relate that with
the sounds of breathing through an inhaler.

’ Who is organising and funding this study?

Professor Richard Costello and his research team are organising this study. This is an
investigator-led study and is being funded by the Health Research Board of Ireland. The results
of this study will be used to write a thesis for one of Professor Costello’s researchers with the
aim of obtaining a degree.

\ Why am | being asked to take part?

You have been approached to consider taking part in this study because you are a healthy
individual or have mild obstruction from asthma on your breathing tests.

\ How will the study be carried out?

The study will commence in June 2013 and recruitment will continue until April 2015 (2 years).
The study will take place at Beaumont Hospital under the management of Professor Costello
and his research team and with engineers in TCD. For you there is only one set of tests required
and they take about 60 minutes to complete.

What will happen to me if | agree to take part?

If you take part we will ask you to have basic lung function tests done. We will also instruct you
on how to use a Diskus inhaler. You will be enrolled in this study for a period of three (3) weeks.
On week one, you will take a Salbutamol Diskus inhaler regularly for one week. You will have
blood samples taken, lung function tests and Blood Pressure/ Heart Rate monitoring done
during this period. This will be followed by a week where no drug is taken. In the final week,
the above will be repeated with a change to the dosing frequency or how the inhaler is used.
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Consent and Patient Information

What are the benefits?

There are no immediate benefits to your participation in this study.

\ What are the risks?

The needle into the arm can be sore and there is a small risk of infection, although by using the
best sterile techniques we will keep this risk to a minimum.

The medicine, salbutamol can cause shaking or fast beating of the heart although this is
unlikely when a person takes a single dose.

Is the study confidential?

Your GP will not be informed of your participation unless this is specifically requested by you, as
there is no new treatment or change in therapy.

All your information will be viewed only by members of Professor Costello’s team and be stored
on encrypted, password protected computer systems. The sounds of your breathing tests will
be analysed by engineers in Trinity College Dublin, although they will not know your name or
identity. The blood samples will not be kept after they have been analysed.

All your results and your personal information from the study will be stored for a period not
exceeding ten years after which they will be destroyed as per hospital protocol, i.e. shredding
and deletion.

All data we collect through this research study will be ‘coded’. This means that only members of
Professor Costello’s research team will be aware of the code and therefore your identity when
looking at the data.

The results obtained from this study will be published in a scientific journal, no patient
information will be published.

\ Where can | get further information?

If you have any further questions about the study or if you want to opt out of the study, you
can rest assured it won't affect the quality of treatment you get in the future.
If you need any further information now or at any time in the future, please contact:

Name: Prof. Richard W. Costello

Address: Department of Medicine, Education & Research Centre,
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Beaumont Hospital, Dublin 9
Phone No: (353) 01-8093762 (office hours only)
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Beaumont Hospital
Ethics (Medical Research) Committee

Chairperson: Professor Gerry McElvaney Administrator: Gillian Vale
Convenor: Professor Alice Stanton

21 June 2013
REC reference: 13/36

Prof. Richard Costello
Consultant Physician
Department of Medicine
Smurfit Building

Dear Prof. Costello
RE: 13/36 — Prof. R. Costello — Monitoring Lung Function through Sound Analysis
Please find enclosed ethics approval documentation for the above study, and both Parts thereof —

Part 1A — which records breathing sounds of patients undergoing breathing tests; and Part 1B —
which records breathing sounds of patients undergoing a Histamine Challenge.

Please ensure that the Patient Information Leaflet for Part 1B is footnoted V2, 4 June 2013 prior to
recruitment.

With best regards

Yours sincerely

Ms. Gillian Vale
Administrator
Ethics (Medical Research) Committee

C.C.

Dr. Jansen Seheult

c/o Prof. Richard Costello
Department of Medicine
Smurfit Building

Ethics (Medical Research) Committee ~ Beaumont Hospital Dublin 9
Tel: 353-1-809 2680  Email: gvale@rcsi.ie www.beaumontethics.ie



http://www.beaumontethics.ie/�

Ethics (Medical Research) Committee - Beaumont Hospital
Notification of ERC/IRB Approval

Principal Investigator: Prof. R. Costello

REC reference: 13/36

Protocol Title: Monitoring Lung Function through Sound Analysis
Part 1A = Recording breath sounds during breathing tests

Part 1B = Recording breath sounds during a histamine challenge test

Ethics Committee Meeting Date: 12" April 2013
Final Approval Date: 21° June 2013
From: Ethics (Medical Research) Committee - Beaumont Hospital, Beaumont, Dublin 9

Documents Reviewed

Document and Date Date Reviewed Approved
Application,

V2, 25/5/13 21/6/13 Yes
Patient Information Leaflet,

(Part 1A)

V2, 4/6/13 21/6/13 Yes
Patient Information Leaflet,

(Part 1 B)

V2, 4/6/13 21/6/13 Yes
Patient Consent Form

(Part 1A & 1B)

V1, 1/3/13 21/6/13 Yes

CV: R. Costello On File On File
Cert of Insurance, RCSI On File On File

Prof. Alice Stanton
ERC/IRB Convenor’s Sighature
Approval # 1, dated 21* June 2013



Terms of Approval

e The protocol and research must comply with all relevant Irish legislative requirements
and the researchers must abide by the ethical principles outlined in the Declaration of
Helsinki and Good Clinical Practice.

e Prior approval from the Ethics Committee must be sought for any proposed
changes/amendments to this protocol and research.

e Annual Progress Reports and a Final report must be supplied to the Ethics Committee.
FIRST REPORT DUE: JUNE 2014
FINAL REPORT DUE: JUNE 2015

e All relevant information about serious adverse reactions and new events likely to affect

the safety of the subjects must be reported to the Ethics (Medical Research) Committee
in writing.



The Irish College of
General Practitioners

8™ May 2012 Coléiste Dhochtiri
Teaghlaigh Eireann

Prof Richard Costello

Dept of Medicine

RCSI Smurfit building

Beaumont Hospital

Dublin 9

Inhaler Adherence in real life General Practice

Dear Prof Costello,

| wish to confirm that on review of your amendments | am now happy to approve your study.

Yours sincerely,

a b bR
\'\Lr&f}Colin Bracﬂ‘i;;

Chair Research £thics Committee

3 Lincoln Place, Dublin 2 Kieran Ryan !
Tel: (01) 676 3705/06 Fax: (01) 676 5850 Chief Executive Officer
e-mail: info@icgp.ie www.icgp.ie
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