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Introduction: The objective of this study was to investigate with the help of a computerized simulation model whether the treatment of an
acute asthma attack can be individualized based on the severity of the attack and the characteristics of the patient. Material and Method: A
stochastic lung model was used to simulate the deposition of 1 nm — 10 um particles during a mild and a moderate asthma attack. Breathing
parameters were varied to maximize deposition, and simulation results were compared with those obtained in the case of a severe asthma
attack. In order to investigate the effect of height on the deposition of inhaled particles, another series of simulations was carried out with
identical breathing parameters, comparing patient heights of 155 cm, 175 cm and 195 cm. Results: The optimization process yielded an
increase in the maximum deposition values of around 6-7% for each type of investigated asthma attack, and the difference between attacks of
different degree of severity was around 5% for both the initial and the optimized values, a higher degree of obstruction increasing the amount
of deposited particles. Conclusions: Our results suggest that the individualization of asthma attack treatment cannot be based on particles of
different size, as the highest deposited fraction in all three types of attacks can be obtained using 0.01 pm particles. The use of a specific set
of breathing parameters yields a difference between a mild and a moderate, as well as a moderate and a severe asthma attack of around 5%.

Keywords: asthma, modeling, stochastic, inhalation, particles

Received: 11 September 2015 / Accepted: 02 November 2015

Introduction
As we edge closer to the era of personalized medicine, the
concept of individualized treatment brings hope for pa-
tients diagnosed with diseases where treatment efficiency
has been less than satisfactory with the current methods
of treatment. One of these diseases is asthma bronchiale,
where the efficiency of inhalation treatment is relatively
low [1], and approximately one third of the patients do not
respond at all to corticosteroid treatment [2]. This can be
attributed probably to the large number of factors that can
influence the efficiency of treatment, from the character-
istics of the inhaled aerosol, to patient related factors like
age, stage of pulmonary disease, individual breathing pat-
tern or the morphometry of the lower airways [3], as well
as to the individual variations in response to treatment [4].
Given the multitude of factors influencing the treat-
ment of asthma, individualized treatment certainly seems
the next logical step in its management. It has been shown
that individualized self-management programs contribute
to the amelioration of symptoms and reduce the frequency
of attacks [5], but most personalized treatment plans refer
to individually adjusted types of medication and dosages.
Recent studies approach asthma therapy individualization
from a genetic [6-8], immunologic [9] or biologic [10-12]
point of view.
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Our study would like to take a different approach to the
concept of asthma therapy individualization, starting with
the inhaled medication and the inhalation technique. The
objective of this study was to investigate with the help of a
computerized simulation model whether the treatment of
an acute asthma attack can be individualized based on the
severity of the attack and the characteristics of the patient.

Material and methods

The simulations were carried out using the stochastic lung
model, presented in detail in previous papers [13,14]. We
modelled the inhalation of 1 nm — 10 pum particles by an
adult male during a 10 s symmetrical breathing cycle with
a 2000 ml tidal volume, and calculated the total amount
of particles deposited in bronchial generations 9—16, using
parameters characteristic of a mild (functional residual ca-
pacity 3500 ml, probability of obstruction 75%, degree of
obstruction 5-20%) and a moderate (functional residual
capacity 4000 ml, probability of obstruction 90%, degree
of obstruction 20-40%) asthma attack respectively.

The present work is the continuation of a previous study
regarding the maximization of the amount of deposited
therapeutic particles in bronchial generations 9-16, in-
haled during a severe asthma attack [14]. That study has
shown that the highest deposition values in this area can
be obtained with 0.01 pm particles, inhaled during an 8 s
symmetrical breathing cycle with a 1 s breath-hold, using
a 3000 ml tidal volume. The current study used a similar
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concept regarding the simulations: once we found the par-
ticle size that yielded the highest amount of deposited par-
ticles in the investigated region, we used that particle size
as a starting point for a new series of simulations, aimed to
maximize the deposited fraction of the inhaled particles,
changing one parameter at a time, in a well-defined inter-
val: the tidal volume between 750-3000 ml, the length of
the breathing cycle between 2-20 seconds and the length
of the breath-hold following inhalation between 0-10 s.
The initial and optimized total deposition values in bron-
chial generations 9-16 obtained in the case of a mild and
a moderate asthma attack respectively were then compared
with those obtained in the previous study in the case of a
severe asthma attack.

To quantify the effect of inter-subject variations — ex-
pressed through variations in the height, and subsequently
in the FRC values of patients — have on the deposition of
inhaled particles, and to investigate whether the treatment
of an asthma attack can be individualized based on the
variations of these parameters, another series of simulations
was carried out for patients with different heights and cor-
responding FRC values in case of a severe asthma attack.
The simulated patient heights were 155 ¢cm, 175 c¢m and

195 cm, and the corresponding FRC values were 2887 ml,
3355 ml and 3823 ml respectively. These FRC values were
calculated based on the formula of Stocks and Quanjer[15]:

FRC (1) = 2.34 x height (m) + 0.01 x age (yrs) - 1.09

All simulations were carried out for one complete
breathing cycle, assuming the inhalation of monodisperse
particles through oral breathing and that the particles are
inhaled uniformly during inhalation. Data processing and
statistical analysis were carried out with Microsoft Excel
2010, using Student’s t test to compare the results, and a
p level below 0.05 was considered to be statistically sig-
nificant.

Results
In the first series of simulations we modelled the deposi-
tion of 1 nm — 10 pm particles in bronchial generations
9-16 in the case of a mild asthma attack. Deposition frac-
tions in the investigated area are presented in panels A, B,
C and D of Figure 1.

The highest total deposited fraction of 41.80% in bron-
chial generations 9—16 was obtained in the case of 0.01pm
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Fig. 1. A. Total deposition values of 1 nm - 10 pm particles in generations 9-16 during a mild asthma attack (FRC = 3500 ml, V; = 2000
ml, T,n=58, Teun=5s, Ty,= 0 s). p < 0.001 for all comparisons. B. Percentual change in the deposition fractions of 0.01 pym particles in
generations 9-16 during a mild asthma attack, with tidal volumes ranging between 750-3000 ml (FRC =3500 ml, T, ,,=5s, T.,, =5 5s). p
< 0.001 for all comparisons. C. Percentual change in the deposition fractions of 0.01 pm particles in generations 9-16 during a severe
asthma attack, with symmetrical breathing cycles ranging between 2-20 s (FRC = 3500 ml, V; = 2000 ml). p < 0.001 for all comparisons.
D. Percentual change in the deposition fractions of 0.01 um particles in generations 9-16 during a severe asthma attack, with a breath-
hold following inhalation ranging between 0-10 s (FRC = 3500 ml, V; = 2000 ml, T;,, =10 s, T,,,, = 10 s). p < 0.001 for all comparisons.
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particles (Figure 1A), and the simulations were continued
using this particle size, changing the other parameters one
at a time. The effect of varying the tidal volume between
750 and 3000 ml is shown in Figure 1B. The results show
that varying the tidal volume in the specified interval did
not increase the deposited fraction, therefore the simula-
tions were continued with a tidal volume of 2000 ml. Vary-
ing the length of the breathing cycle yielded an increase of
4.83% (43.82% vs. 41.80%) in the case of a 20 s symmet-
rical breathing cycle (Figure 1C), and varying the length
of breath-hold following inhalation led to an increase of
1.35% (44.41% vs. 43.82%) in the case of a breath-hold
of 2 seconds (Figure 1D). Therefore, following optimiza-
tion, the total deposited fraction in bronchial generations
9-16 in the case of a mild asthma attack was 44.41% (a
6.24% increase over the initial value of 41.80%).

In the second series of simulations we modelled the de-
position of inhaled particles in bronchial generations 9-16
during a moderate asthma attack. Deposition values for
the wide range of investigated particles are presented in
panels A, B, C and D of Figure 2.

In the case of a moderate attack, the highest deposited
fraction of 46.21% was obtained using 0.01 pm parti-
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cles (Figure 2A). Continuing the simulations with this
particle size, varying the tidal volumes yielded a maxi-
mum increase of 0.39% (46.39% vs. 46.21%) in the case
of a tidal volume of 2750 ml (Figure 2B), varying the
length of the breathing cycle yielded a further increase of
4.7% (48.57% vs. 46.39%) when using a 20 s symmetri-
cal breathing cycle (Figure 2C), and varying the length
of breath-hold following inhalation yielded an increase
of 0.95% (49.03% vs. 48.57%) in the case of a breath-
hold of 2 seconds (Figure 2D). In conclusion, following
optimization, the total deposited fraction in bronchial
generations 9—16 in the case of a moderate asthma at-
tack was 49.03% (a 6.1% increase over the initial value
of 46.21%.

Figure 3 presents a comparison between the initial and
the optimized total deposition values in bronchial genera-
tions 9—16, obtained in the case of a mild, a moderate and
a severe asthma attack, while the optimized parameters
that lead to the highest deposited fractions in the target
areas are presented in Table I.

The results show that the quantity of deposited particles
increases with the severity of the asthma attack, the differ-
ence between the mild and the severe attack amounting to

46,21

40,64

35,99

19,08

13,70

11,20

5,00

000 035 030 039

0,00 T T
1750 2250

-0,91

1500
2,58

750 1000 1250 2000 2500 2750
-5,00

-5,43

-10,00 -
-10,78

-15,00

6,84
3,75

712 673

1,60 267 308

0,0010,0020,005 0,01 0,02 0,05 01 02 05 10 20 50 100

A Particle size (pm)

-8,54

-16,81

Change in the deposited fraction (%)

= -32,87
c Length of breathing cycle (s)

Change in the deposited fraction (%)

-20,00

-25,00 -

-19,97

Tidal volume (ml)

Change in the deposited fraction (%)

D

-0,20 -
-0,40 -
-0,60 -
-0,80
-1,00

1,20
1,00 -
0,80 -
0,60 -
0,40 -
0,20 -
0,00

0,00

0,95
0,91
0,82

0,64

0,41

0,16

10
0,33
-0,54

-0,78

Length of breath-hold (s)

Fig. 2. A. Total deposition values of 1 nm - 10 pym particles in generations 9-16 during a moderate asthma attack (FRC = 4000 ml, V; =
2000 ml, T;,, =5s, T, =5, Ty,= 0 s). p < 0.001 for all comparisons. B. Percentual change in the deposition fractions of 0.01 pm particles
in generations 9-16 during a mild asthma attack, with tidal volumes ranging between 750-3000 ml (FRC =4000 ml, T;,,=5s, T.,, =5 s).

p < 0.001 for all comparisons. C. Percentual change in the deposition fractions of 0.01 um particles in generations 9-16 during a severe
asthma attack, with symmetrical breathing cycles ranging between 2-20 s (FRC = 4000 ml, V; = 2750 ml). p < 0.001 for all comparisons.
D. Percentual change in the deposition fractions of 0.01 pm particles in generations 9-16 during a severe asthma attack, with a breath-
hold following inhalation ranging between 0-10 s (FRC = 4000 ml, V; = 2750 ml, T;,, =10 s, T_,,, = 10 s). p < 0.001 for all comparisons.
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around 10% for both the initial (51.5% vs. 41.8%) and
the optimized (55.32% vs. 44.41%) deposition values.

As far as inter-subject variability is concerned, the re-
sults of the simulations carried out with different patient
heights are shown in Figure 4.

The results show that in case of identical breathing
parameters a larger patient height — and consequently a
larger functional residual capacity — increases the amount
of deposited particles, but while the height difference be-
tween two investigated categories is 20 cm, the difference
between the deposition fractions is only 1-2%.
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Fig. 3. Comparison between the initial and the optimized total
deposition values in bronchial generations 9-16 obtained in the
case of a mild, a moderate and a severe asthma attack. p < 0.001
for all comparisons.

Table I. The optimized parameters that lead to the highest depos-
ited fractions in the target areas

Mild asthma Moderate Severe
attack asthma attack asthma attack
Particle size 0.01 pm 0.01 pm 0.01 pm
Tidal volume 2000 ml 2750 ml 3000 ml
Length of breathing cycle 20s 20s 8s
Length of breath-hold 2s 2s 1s
following inhalation
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Fig. 4. Comparison between the deposition values of 0.01 pm
particles in bronchial generations 9-16 corresponding to different
patient heights during a severe asthma attack (V; = 3000 ml, T;,, =
4s,T,,=4s,BP=1s).p<0.001 for all comparisons.

Discussion

Our previous study regarding the maximization of the
amount of deposited therapeutic particles inhaled during
a severe asthma attack in bronchial generations 9—16 has
shown that the highest deposition values in this area can
be obtained with 0.01 um particles, inhaled during an 8
s breathing cycle with a 1 s breath-hold following inhala-
tion, using a 3000 ml tidal volume [14]. The idea behind
the current study was to investigate whether the differences
in the deposition efficiencies of therapeutic particles in-
haled during a mild, a moderate and a severe asthma attack
are large enough to warrant the use of particles with differ-
ent diameters and/or different breathing patterns in each
of these situations. Another question was should we use
particles with different diameters and/or different breath-
ing patterns in case of patients with large differences in
their height, but the same degree of asthma attack severity?

As far as particle size is concerned, our results show that
in all three cases the highest quantity of deposited parti-
cles can be obtained with 0.01 um particles, suggesting
that particle size is not a factor that the individualization
of asthma attack therapy should be based on. Thus, the
differences observed in the deposition efficiency of par-
ticles inhaled during the modelled attacks are due to a
mixture of breathing- and patient-related parameters that
contribute differently to the process of particle deposition.
One of these parameters is the obstruction of the airways,
which seems to be the main factor behind the differences
observed when comparing attacks of different severities. A
higher degree of obstruction increases the deposition of the
inhaled particles as shown in other studies [16-18], but the
difference between the mild and the severe asthma attack
is around 10% in case of identical breathing parameters.
Using an optimized set of breathing parameters increases
maximum deposition values by 6-7%, but essentially this
10% difference — around 5% between the mild and the
moderate attack, and 5% between the moderate and the
severe attack — is maintained even after optimization. The
relatively small increase in the deposited fraction that could
be obtained with the change of breathing parameters may
be due to the fact that the deposition of particles of this size
is less sensitive to the variations of breathing parameters, as
shown in a previous study [14]. Further studies are needed
to assess whether these differences are large enough to war-
rant the use of a specific set of breathing parameters during
an attack. The effect of height on particle deposition is less
pronounced, as an increase of 20 cm in the patient’s height
increases the deposited fraction between 1-2%.

One of the study’s limitations is the fact that inter-
subject variability was assessed only through the patients’
height, and other patient-related parameters, such as age,
were not taken into consideration. Also, there are other
parameters, such as the Body Mass Index, which may be
better suited to investigate the effect of patient-related pa-
rameters on the efficiency of particle deposition [19]. The
investigation of such parameters is currently not possible
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with the stochastic lung model, but may be implement-
ed in the future. It should also be noted that even if in a
modelling environment the use of ideal parameters yields
statistically significant differences between the maximum
deposited fractions that can be obtained during asthma at-
tacks of different severity, in vivo the efficiency of particle
deposition is influenced by a large number of factors, and
ultimately the decision whether a particular patient can
benefit from the use of a particular breathing pattern has
to be made by the physician.

Conclusion

The results of this study suggest that the individualization
of asthma attack therapy cannot be based on using parti-
cles of different size in the case of attacks with different
degrees of severity, as the largest amount of therapeutic
particles deposited in bronchial generations 9-16 during
a mild, a moderate and a severe asthma attack can be ob-
tained using particles with a diameter of 0.01 pm. Maxi-
mizing the amount of deposited particles using a specific
set of breathing parameters results in a difference of around
5% between a mild and a moderate, as well as a moderate
and a severe asthma attack. While this difference is signifi-
cant statistically, its benefit remains to be assessed through
further studies.
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