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Abstract

Although inhalation therapy represents a promising drug delivery route for the treatment of respiratory diseases, the real-time
evaluation of lung drug deposition remains an area yet to be fully explored. To evaluate the utility of the photo reflection
method (PRM) as a real-time non-invasive monitoring of pulmonary drug delivery, the relationship between particle emission
signals measured by the PRM and in vitro inhalation performance was evaluated in this study. Symbicort® Turbuhaler® was
used as a model dry powder inhaler. In vitro aerodynamic particle deposition was evaluated using a twin-stage liquid impinger
(TSLI). Four different inhalation patterns were defined based on the slope of increased flow rate (4.9-9.8 L/s?) and peak flow
rate (30 L/min and 60 L/min). The inhalation flow rate and particle emission profile were measured using an inhalation flow
meter and a PRM drug release detector, respectively. The inhalation performance was characterized by output efficiency
(OE, %) and stage 2 deposition of TSLI (an index of the deagglomerating efficiency, St2, %). The OE X St2 is defined as the
amount delivered to the lungs. The particle emissions generated by four different inhalation patterns were completed within
0.4 s after the start of inhalation, and were observed as a sharper and larger peak under conditions of a higher flow increase
rate. These were significantly correlated between the OE or OE X St2 and the photo reflection signal (p <0.001). The particle
emission signal by PRM could be a useful non-invasive real-time monitoring tool for dry powder inhalers.
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Introduction

Inhalation therapy has been widely used for the treat-
ment of respiratory diseases, such as asthma and chronic
obstructive pulmonary disease (COPD) [1, 2]. On the
treatment of these respiratory diseases, inhalation therapy
plays an important role because of its promising efficacy
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at low drug doses and few systemic adverse events due to
direct delivery of the drug to the target sites [3, 4]. The
efficacy of pulmonary drug delivery depends on several
factors, such as the respiratory function and the inhalation
flow profiles of patients, device design and formulation,
and operational errors [5—8]. Particularly, the inhalation
flow profile is composed of intricate parameters; instances
reported peak flow rate (PFR), flow increase rate (FIR),
and inspiratory volume [9-11]. Drug particles with an aer-
odynamic particle diameter around 1-5um are required for
delivery to treatment sites such as bronchi and lungs [12,
13]. However, micronized drug particles tend to be highly
cohesive and less flowable, resulting in lower inhalation
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Fig. 1 Schematic diagrams of a
the in vitro evaluation system
with Symbicort® Turbuhaler®

using the particle emission
monitoring system. a The par- B
ticle emission signal monitor-

ing system was composed of a
particle emission signal detector
with PRM A, a hot-wire flow
meter B, and a personal com-
puter C. b The twin stage liquid
impinger (TSLI, D) was con-
nected to the human inhalation
flow simulator consisting of a
vacuum pump and flow-control
valve. ¢ Typical outputs from
the particle emission signal
monitoring system
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performance [14, 15]. Coarse lactose carriers have long
been studied for attaching micronized drug particles to
prevent adhesion and aggregation to the inhaler [16]. Other
methods to reduce adhesion to inhalers, such as using large
porous particles and agglomerates, have been reported and
are being applied clinically [17-21]. With the proper uti-
lization of the device, these factors are attained, leading
to an enhancement in drug delivery [6, 22, 23]. Therefore,
the education and assessment of inhalation maneuver is
conducted in clinical practice using training tools, such as
whistle trainer and flow meter (In-Check-DIAL® [24-26].
However, the real-time evaluation methods of inhalation
flow profiles and lung drug deposition during actual inha-
lation remain an area yet to be fully explored. Although
scintigraphy with radioisotope is available for quantifying
pulmonary drug delivery [4], its complicated procedure
and invasiveness limit its routine application. Thus, the
development of a non-invasive method for predicting drug
delivery into the lungs is urgently needed. Kondo et al.
created the photo reflection method (PRM) as a non-inva-
sive, real-time monitoring system for drug release during
inhalation [27]. However, the relationship between the
parameters for PRM and the amount of drug delivered
into the lungs has yet to be characterized.

In this study, the correlation between particle emission
signals measured by PRM and in vitro inhalation perfor-
mance was evaluated to develop a technique for the real-time
non-invasive monitoring of pulmonary drug delivery.
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Materials and Methods
Materials

Symbicort® Turbuhaler® 60 doses (AstraZeneca K.K.,
Osaka, Japan) containing 160 ug of budesonide (BUD) and
4.5 pg of formoterol fumarate dihydrate (FOR) was used as
a model inhaler. Analytical grade BUD was purchased from
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). The
other reagents and solvents used were of analytical grade
and HPLC grade, respectively.

In Vitro Testing with Various Inhalation Patterns
Through PRM

Schematic diagrams of the in vitro evaluation system of
Symbicort® Turbuhaler® using PRM are provided in
Fig. 1. The particle emission signal monitoring system
(Fig. 1a) was composed of an airtight box with PRM, a hot-
wire flow meter (Tokico System Solutions Ltd., Japan), and
a personal computer. The Symbicort® Turbuhaler® was
loaded according to the instructions in the patient leaflet,
and set in the airtight box. The intensity of the reflected
light generated by drug particles during inhalation was
measured as the particle emission signal [27]. The time-
course graphs of inhalation flow rates and particle emis-
sion signals were simultaneously output into the personal
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Table| Profiles of Flow Pattern 1120500 pattern Quick60 Mild60 Slow60 Quick30
and Particle Emission Signal
Actual PFR (L/min) 51.3+2.1 51.8+1.5 56.0+1.0 28.8+0.2
Defined PFR (L/min) 60 60 60 30
FIR (L/s?) 9.8+0.6 56+1.2 6.0+0.3 49+03
AUCpg (V*s) 0.20+0.02 0.16+0.03 0.12+0.03 0.10+0.03
AUCggypg (V *s *L/min) 7.5+0.8 431+1.0 4.67+1.2 1.94+0.5
Peak PE (V) 34+0.2 1.5+0.2 1.2+0.1 0.82+0.1
FR at PE peak start (L/min) 43+24 94+33 17.8+2.2 3.1+4.1
FR at PE peak top (L/min) 38.9+2.1 26.7+2.7 38.5+22 19.9+0.2
FR at PE peak end (L/min) 45.1+2.5 36.8+4.7 46.6+1.1 21.5+0.4

Data are presented as the mean +standard deviation (n=3). AUC: area under the curve; PFR: peak flow
rate; FR: flow rate; PE: particle emission

computer. As indices for particle emission, the following
parameters were calculated (Fig. 1c): peak value of particle
emission (Peak PE, V), area under the time-particle emis-
sion curve (AUCpg, V -s), area under the time-product of
particle emission and flow rate curve (AUCgg,pg, V *s "L/
min), and inhalation flow rates at the start (FR at PE peak
start, L/min), top (FR at PE peak top, L/min), and end (FR
at PE peak end, L/min) of the particle emission signal.
AUCggypg 1s the time integrated value of the multiplica-
tion of the inhalation flow rate and particle emission signal
intensity. Based on the hypothesis that the particle emis-
sion signal represents particle concentration in the detec-
tion area of the PRM system, AUCgg,pg Was used in this
study to correct for the effect of inhalation flow rate.

The aerodynamic particle deposition of BUD was deter-
mined using a twin-stage liquid impinger (TSLI) (European
Pharmacopoeia Apparatus A; Copley Scientific Ltd., U.K.)
with an human inhalation flow simulator (Fig. 1b) [28]. The
drug-loaded particle emission signal monitoring system was
connected to the TSLI. Then, four different flow profiles of
inhalation were generated by a human inhalation flow simu-
lator to inhale the drug particle into the TSLI. Considering
the flow patterns of the COPD patients [10], the inhalation
profiles were characterized by PFR (30-60 L/min) and FIR
(4.9-9.8 L/s?). Here, the FIR was regulated by a valve con-
nected with a vacuum pump, and calculated as the slope of
increased flow rate during the early inhalation phase. The
profiles of the inhalation flow pattern are summarized in
Table I. Quick60 and Quick30 were generated by quickly
opening the valve. Conversely, Slow60 was generated by
gently opening the valve. Mild60 was generated by increas-
ing the flow rate following the startup of the vacuum pump
without the use of valves.

After a 5-s inhalation, the deposited BUD on each stage
of TSLI was collected using 50 mL of 20% ethanol. The
concentration of BUD in each sample was determined by
the HPLC-UV method [29]. TSLI consists of throat (oral

cavity and throat area), stage 1 (trachea area), and stage 2
(bronchus and lung area). The aerodynamic particle diam-
eter of drug delivered into stage 2 was indicated 6.4 um or
less at a flow rate of 60 L/min. The inhalation performance
was characterized by the output efficiency (OE, %) and the
stage 2 deposition (St2, %). OE stands for the amount ratio
of the total emitted drug from the inhaler to the theoretical
released dose (Eq. 1). St2 represents the amount ratio of
BUD particle deposited on stage 2 of the TSLI to the mass
recovered from TSLI (Eq. 2), an index of the deagglomer-
ating efficiency. OE X St2 (Eq. 3) is defined as the amount
ratio delivered in stage 2 to the theoretical released dose,
an index of therapeutic efficiency. The theoretical released
dose was indicated as the nominal dose of BUD (160 ug).
Three independent analyses were conducted for each inha-
lation pattern:
_ Massrecoverd from TSLI

OE(%) = x 100
(%) Theoretical released dose M

Mass recoverd from stage2
St2(%) =

x 100
Mass recovered from TSLI 2)

Mass recoverd from stage2

OE X St2(%) = x 100 3)

Theoretical released dose

Statistical Analysis

Statistical analysis of the data was performed using EZR
(Easy R version 1.40, Saitama, Japan) [30]. The analysis of
the inhalation performance of each inhalation pattern was
conducted using a one-way ANOVA followed by the Tuk-
ey’s multiple comparison test. The correlation between the
monitoring parameters and the inhalation performance was
assessed using Pearson’s correlation coefficient. The level
of significance was set at p <0.05.
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Fig.2 Typical profiles of flow rate and particle emission signal of the
four inhalation patterns. a Quick60: inhalation method defined in the
European Pharmacopoeia (60 L/min, 5 s) showed a steep rise in inha-
lation flow rate. b Mild60: the FIR was lower than that of Quick60,
and the acceleration gradually decreased after the onset of inhala-

tion, showing a diphasic increase. ¢ Slow60: the FIR was lower than
Quick60 and inhalation flow rate linearly increased. d Quick30: the
PFR was set to 30 L/min. The gray and colored lines show typical
profiles of flow rate and particle emission signal, respectively
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Fig. 3 Influence of the inhalation patterns on inhalation performance.
a The amount of drug released from the device, b the amount of drug
delivered into the lung, and ¢ the flow increase profiles of the differ-

Results

The typical inhalation profiles of flow rate and particle
emission signal measured under different inhalation pat-
terns are shown in Fig. 2. Table I summarizes the profiles
of the inhalation flow pattern and particle emission signal
based on the four different inhalation patterns. Under all
conditions, particle emission completed within 0.4 s after
the onset of inhalation before reaching PFR (Fig. 2). The
particle emission signals in higher FIR resulted in sharper
and larger peaks. The particle emission finished at lower

@ Springer

ent inhalation patterns (n=3, mean=+S.D., *p <0.05, Tukey’s multi-
ple comparison test)

inhalation flow rate than the defined PFR under lower PFR
and FIR conditions.

The influence of the inhalation patterns on the inhala-
tion performance of Symbicort® Turbuhaler® is depicted in
Fig. 3. The OE x St2 ranged from 4.9% to 39.7%, depending
on the variations in PFR and FIR. Both OE and OE x St2
increased with higher PFR and FIR. In particular, not only
Quick60, but also Slow60 with a constant and slow increased
FIR (Fig. 3c), achieved significantly higher OE X St2 com-
pared with Mild60 and Quick30.

The relationships of the inhalation flow rate or particle
emission signal and the inhalation performance are shown in
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Fig.4 Relationships of inhalation flow rate or particle emission signal and output efficiency. Each dotted line represents a regression line

Fig. 4 and 5. The AUCpg,pg (Fig. 4e and 5e), FR at PE peak
top (Fig. 4h and 5h), and FR at PE peak end (Fig. 4i and 51)
showed stronger and more significant correlations with OE
and OE X St2 compared to the inhalation flow rate evalua-
tion parameters, such as PFR and FIR (Fig. 4a-c and 5a-c).

Discussion

In this study, the correlation between particle emission sig-
nals and in vitro inhalation performance were analyzed using
the real-time non-invasive monitoring system based on PRM
and flow meter. As results, we clearly demonstrated that sig-
nificant and strong correlations were observed between the
particle emission signals and in vitro lung deposition.
Previous studies have reported that drug release and par-
ticle size distribution in the Turbuhaler® strongly depends
on the peak inhalation flow rate [31-33]. Therefore, the
assessment of PFR is typically conducted using a whistle
trainer or an In-check dial® in clinical practice [24]. These
tools are designed to assess successful inhalation based on
patients’ ability to achieve an optimal flow rate. Although
the optimal PFR of Turbuhaler® was reported as 30—-60
L/min [6], lung deposition in this study was significantly

decreased by the decreased FIR even under the optimal PFR
condition. This result is consistent with those of previous
studies using Turbuhaler® [34, 35]. Other DPIs, such as
Rotahaler®, Spinhaler®, and Breezhaler®, have also dem-
onstrated a correlation between FIR and lung deposition [5,
36]. In contrast, some reports have found that FIR does not
affect inhalation performance using capsule DPIs [9, 36].
Therefore, the impact of FIR on the inhalation performance
of DPIs is controversial. This conflict is attributed to dif-
ferences in the structure of the devices or drug amounts. In
general, dose emission occurs earlier from the reservoir and
blister type DPI than the capsule DPI [37]. In particular,
because the internal volume of the Turbuhaler® is small,
most of the drug particles are released before reaching the
PFR [34]. For this reason, Turbuhaler® is hypothesized to be
sensitive to PFR and FIR during initial inhalation. The pre-
sent study revealed that particle emission via Turbuhaler®
completed within 0.4 s after the start of inhalation, and the
flow rate at the particle emission was lower than the defined
PFR, especially under the lower FIR conditions (Fig. 2 and
Table I). These results provide a reasonable mechanism for
the hypothesis of FIR sensitivity of the Turbuhaler®.

The flow rate modified particle emission signal (AUC
Frxpp) OF the particle emission signal modified flow rate (FR

@ Springer
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Fig.5 Relationships of inhalation flow rate or particle emission signal and lung deposition. Each dotted line represents a regression line

at PE peak top and FR at PE peak end) were more accu-
rate prediction factors for lung deposition than the flow
rate or particle emission signal alone (AUCpg and peak
PE). Assuming that the particle emission signal reflects the
concentration of released drug, the particle emission signal
should be affected by the duration of particle retention on
the detection area of the PRM system. Under the low flow
rate condition, the duration of particle retention will be pro-
longed, and the particle emission signal will be increased. To
adjust the overestimation, we calculated AUCrg, pg, Which is
the time integrated value of the multiplication of the inhala-
tion flow rate and particle emission signal intensity. Kondo
et al. also demonstrated that the particle mass released from
pressurized metered dose inhaler could be calculated by
multiplication of particle emission signal and instantaneous
flow [38]. Therefore, parameters that consider both the flow
rate and particle emission signal could improve the predic-
tion of pulmonary delivery.

The mean lung deposition for all inhalation patterns
in this study was 21.4%, which is comparable to previous
research on BUD deposition from the Turbuhaler®. In in
vitro experiments using an inhalation simulator produced
with a vacuum pump, the average lung deposition ranged
from 23.1% to 29.1% [10, 31, 39]. Several studies have
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reported a mean deposition of BUD into the lung ranging
from 21.8% to 29.1% in asthmatic patients [40-42]. How-
ever, it is essential to note that the results of these studies
remain independent from the patient’s inhalation technique.
Numerous reports have highlighted that an inadequate inha-
lation technique by patients leads to suboptimal symptom
control [43]. In some studies, improper usage rates of Tur-
buhaler® among patients have been found to range from 32
to 69% [44—46], with frequent errors observed during steps,
such as breathing out completely before inhalation, hold-
ing the inhaler upright, and breath-holding after inhalation
[46, 47]. The impact of these errors on lung drug deposi-
tion has been reported in many previous studies [48-51].
Moreover, in asthma or COPD patients, disease exacerba-
tions and advanced age often impede the attainment of an
optimal inhalation flow rate, leading to suboptimal delivery
[52, 53]. The monitoring system presented in this study can
be directly connected to the patient’s inhaler and detecting
the particle emission signal and inhalation flow pattern.
Real-time measurement of the flow rate modified particle
emission signal, such as AUCgg,pg, can predict the pulmo-
nary delivered dose in real-time in a non-invasive manner.
By using the monitoring system, dose adjustment could be
realized according to the patient’s daily respiratory function.
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There are some possible limitations in this study.
Firstly, the particle emission signals were influenced by
both carrier lactose particles and drug particles. Although
a clear relationship between the particle emission signal
and the inhalation performance was observed in Symbi-
cort® Turbuhaler®, further evaluation should be con-
ducted for the application of the PRM to other inhalers.
Secondly, administering corticosteroids to asthma patients
aims to suppress inflammation in the peripheral airways,
with an expectation of favorable drug distribution to deep
lung regions, leading to improved disease treatment [54].
Therefore, prediction of the drug distribution within the
lungs is desired in clinical practice. Further detailed analy-
sis should be conducted to reveal the correlation between
particle distribution within the lungs and PRM param-
eters. Lastly, we were unable to assess the relationship
between the monitoring parameters of particle emission
signals and the clinical outcomes. Consequently, future
clinical research is imperative to demonstrate the predict-
ability of clinical effects through particle emission signal
monitoring.

Conclusion

Non-invasive and real-time monitoring using flow rate and
particle emission signal by PRM could be a useful tool for
the prediction of pulmonary drug delivery. In addition, this
study provides useful information for the development of
personalized inhalation therapy to prevent the practice of an
inadequate inhalation technique.
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