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Abstract

Background: Inhalation is the preferred route for respiratory drug delivery, but several factors contribute to the
variability of the respirable dose fraction. Instant velocity and the dynamic characteristics of the droplet cloud
represent crucial factors. Aim was to measure and compare the instant velocity and the consistency of emitted
cloud from five different MDIs (A - Salbutamol sulphate 100mcg, GSK; B - Salbutamol sulphate 100mcg, Valeas; C -
Salmeterol xinafoate/Fluticasone propionate 25/125mcg, GSK; D - Formoterol fumarate/Bechlomethasone propionate
6/100mcg, Chiesi; E - Formoterol fumarate/Fluticasone dipropionate 5/125mcg, Mundipharma) and one SMI
(Tiotropium bromide 5mcg, Boehringer Ingelheim), at different distance from the nozzle and canister filling.

Methods: Measurements were made at 90, 50, and 10% of canister filling, and at 5, 10, and 20 cm from the nozzle, for
a total of 972 puffs. A high speed video photography protocol was adopted and high speed cameras (1.200 frames/
sec.) were used. Data were acquired by means of specialized softwares. Temperature, humidity, and vibrations
occurrence were strictly controlled during measurements. Statistics: Anova and p < 0.05 were accepted as the
minimum significance level.

Results: MDIs generated different Instant velocities: MDI B generated the highest, while MDI A the lowest. As
expected, velocity decreased in proportion to the distance from the nozzle. Except with MDI C, instant velocity
decreased significantly over the first 50% of canister emptying, but dropped by >33% at 90% of emptying with all
other MDlIs (p < 0-037; p < 0.001; p < 0.005, and p < 0.001, respectively). Instant velocity was extremely lower (p < 0.001)
and constant for all levels of canister filling (p = ns) with SMI. All MDIs had a very fast jet phase, ranging 0.01-0.03 s at
10 cm, and 0.03-0.05 s at 20 cm from the nozzle, without any significant difference from each other (p = ns). MDIs
generated a cloud similarly tight (p =ns) at 10 and 20 cm from the nozzle, while it was extremely wider and constant
with the SMI (p = 0-001). Also the cloud turbulence was minimized during the SMI emission.

Discussion and Conclusions: MDIs are characterized by a substantial variability in both their instant velocity and
consistency of the emitted cloud at different levels of canister filling. SMI generates a much slower soft mist cloud
which is constantly homogeneous and independent of canister emptying. These peculiarities assessed at bench are
suggesting a higher dose consistency and a much more effective therapeutic performance also in real life.
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Background

Inhalation is the preferred route for respiratory drug
delivery since long ago. It allows the inhaled drug to
target the bronchial tree directly with a lower dose, a
quick onset of action, and a better therapeutic index [1].

Treatment of Bronchial Asthma (BA) and Chronic
Obstructive Pulmonary Disease (COPD) stems from the
use of several kinds of inhalers, which actually represent
irreplaceable instruments for the effective therapeutic
management of these pathological conditions, in both
acute (i.e.: used as needed) and chronic (i.e.: for main-
tenance use) setting [2].

Dry Powder Inhalers (DPIs), Metered Dose Inhalers
(MDIs) and Soft Mist Inhalers (SMIs) are widely used
even if benefits to patients are strictly related to their
usability [3-6]. Aerosol characteristics can further influ-
ence the effectiveness of airway treatment [7-9], being
reproducibility of the emitted dose (such as the capabil-
ity to consent the delivery of the same drug amount also
in terms of its respirable fraction) one of the basic and
indispensable characteristics for inhalers [2, 10].

Several factors contribute to the variability of the
respirable fraction assumed from inhalers [11]. In par-
ticular, the instant velocity of the emitted dose from
MDIs, together to the dynamic characteristics of their
droplet cloud, can play a crucial role in causing such
a variability [2—-10]. Moreover, the instant velocity of
emission can also change due to both the progressive
emptying of the canister and the progressive depletion
of the propellant [11].

Differently from MDIs, SMIs do not contain any pro-
pellant and their dose delivery is only driven by mechan-
ical forces which force a metered dose of drug solution
through a unique nozzle, thus producing two fine jets of
liquid that converge at a pre-set angle. The collision of
these two jets generates their typical soft mist [12, 13].
These characteristics are supposed to support a peculiar
pattern of emission which should facilitate the effective-
ness of drug inhalation [14, 15].

Nevertheless, quantitative studies aimed to compare
MDIs and SMIs from this point of view are still epi-
sodic in real life [16-18].

Aim

Aim of the study was to measure and compare the
instant velocity and the consistency of emitted cloud
from five different MDIs and one SMI, at different
distances from the nozzle and at different levels of
canister filling.

Methods

Five MDIs were compared to the only SMI presently avail-
able on the market (such as: Tiotropium bromide 5mcg,
Boehringer Ingelheim). They were made undistinguishable
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from each other before the measurements, and they were
marked with sequential letters (A-E). Two MDIs were
only containing salbutamol sulphate ((A - Salbutamol
sulphate 100mcg, GSK and B - Salbutamol sulphate
100mcg, Valeas, respectively), while the other three a
LABA/ICS combination (such as: C - Salmeterol xinafo-
ate/Fluticasone propionate 25/125mcg, GSK; D - Formo-
terol fumarate/ Bechlomethasone propionate 6/100mcg,
Chiesi, and E - Formoterol fumarate/ Fluticasone dipropi-
onate 5/125mcg, Mundipharma, respectively). All devices
were commercially available.

Six puffs from three canisters belonging to three differ-
ent batches were measured for each kind of device. Mea-
surements were carried out at 90, 50, and 10% of each
canister filling, and at 5, 10, and 20 cm from the nozzle,
for a total of 972 puffs.

A high speed video photography system was adopted
and high speed cameras (1.200 frames/s.) were used
(Casio Exilim PRO EX-F1; Shibuya, Tokio, Japan). Data
were acquired by means of specialized softwares usually
adopted for telemetric measurements (BioMOvie Tech;
Aosta, Italy). All measurements were performed by ex-
pert engineers unaware of the devices’ content in a dark
black room, where the light was optimized in order to
maximize the contrast of the clouds generated. All pro-
cedures were conducted in the absence of any turbu-
lence due to external factors, at a standard pressure
(800 m above see level), and at a temperature of 18 ° C.
During measurements, environmental conditions were
strictly controlled in terms of temperature, humidity,
and vibrations occurrence. The dose emission from each
canister was electronically activated via a remote control.
The rubber lever which caused the start of the emission
was activated by a switch which also started the video
recording on the computer hard disk.

Parameters collected were: the instant velocity (in m/s)
measured at 5, 10, and 20 cm from the start of emission;
the perimeter of the clouds emitted (in ¢cm) calculated
on thirteen points, and the corresponding areas (in cm?)
at 10 and 20 cm from the nozzle.

Moreover, as concerning the uniformity of the cloud
produced by each device, the portions of the emission
characterized by high turbulence will appear in bright
colours, while in dark colours those with the lowest tur-
bulence of flow. A dynamic diagram also indicates the
percentage of variation over all the emission phases.
According to the colorimeter changes, more homoge-
neously dark the cloud, more consistent and less turbu-
lent the emitted dose will be.

Statistics

ANOVA for multiple comparisons of means +sd was
used, and p < 0.05 was accepted as the minimum level of
significance.
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Results

Instant velocity

Means * sd of instant velocity calculated for each inhaler
at different distances from the nozzle and at different
filling levels of the canister are reported in Table 1, to-
gether with the significance level of comparisons. As ex-
pected, instant velocity was generally decreasing
significantly in proportion to the distance from the noz-
zle with all inhalers (p < 0.001).

Mean instant velocity was substantially different with
each MDI, and variability confirmed by the large differ-
ences in corresponding value distributions (such as, sd).
In particular, at 5 cm from the nozzle, MDI B generated
the highest velocity (p < 0.001), while MDI A the lowest at
10 and also at 20 cm from the nozzle (p < 0.001) (Table 1).

With all MDIs, except MDI C, instant velocity decreased
over the first 50% of canister emptying by 10-15%, and
clearly dropped by 33% at 90% of emptying (p < 0-037;

Table 1 Means (sd) of emitted dose velocity for each MDI and
for the SMI, at different canister filling and distance from the
nozzle. Anova for comparisons

5cm 10 cm 20 cm Anova p

MDI A 90%  355(79) 231 (16) 125 (1.5) 0.001
50% 302 (10.0) 21.8 (24) 72 (64) 0.001
10% 27.5(9.7) 21.7 (2.3) 39 (6.2) 0.001

Anova p <0.037 ns <0.05

MDI B 90% 63.1 (9.7)° 513 (5.7) 321 (24) 0.001
50% 600 (93)* 517115 314 (45) 0.001
10% 423 (64) 333(15%) 184 (0-9)  0.001

Anova p <0.001 <0.001 <0.001

MDI C 90% 474 (7.7) 28.1 (2.5 179 (24) 0.001
50% 40.5 (74) 255 (1.7) 16.7 (24) 0.001
10% 37.7 (4.8) 279 (3.5) 178 (2.1) 0.001

Anova p ns ns ns

MDI D 90% 407 (11.7)  222(14) 122 (0.8) 0.001
50% 364 (6.9) 20.1 (2.0) 11.7.(1.1) 0.001
10%  313(3.7) 193 (1.6) 107 (1.2) 0.001

Anova p <0.005 ns <0.05

MDI E 90% 450 (4.1) 320 (33) 17.2 (14) 0.001
50% 414 (7.0) 293 (5.0) 16.1 (1.5) 0.001
10%  312(97) 21.7.(1.7) 129 (2.7) 0.001

Anova p <0.001 <0.01 <0.02

SMI 90% 57 (05)° 36 (0.5 1.8 (04) 0.001
50%  52(16°  35(09) 1.8 (0.5) 0.001
10% 50 (1.3)° 33(1.1) 16 (0.7) 0.001

Anova p ns ns ns

“MDI A generated the highest value for instant velocity at 90% and 50% of
canister filling (p < 0.001)

PSMI generated the lowest value for instant velocity at 90%, 50%, and 10% of
canister filling (all p <0.001)
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p <0.001; p <0.005, and p < 0.001, respectively). MDI A
showed the highest decrease over the first 50% of canis-
ter emptying (such as, —-15.0%), while MDI B and E
proved the highest drop at 90% of emptying (such as,
-33.0 and -30.7%, respectively) (Table 1).

In the case of SMI, instant velocity was extremely
lower at 5 cm from the nozzle, and extremely constant
for each level of canister emptying (p = ns). In particular,
starting from 5.7 m/s at 5 cm, instant velocity still was
5.0 m/s at 20 cm from the nozzle, such as highly stable
(Table 1).

The jet and the cloud phase of emission

Data concerning the jet and the cloud phase of emission
from each inhaler device are summarized in Table 2.
Means + sd of the time (in sec) needed to reach a dis-
tance of 10 and 20 cm from the nozzle are reported to-
gether to the means + sd of the corresponding areas (in
c¢m?) and perimeters (in cm) of the cloud, and the sig-
nificance level of statistical comparisons.

In particular, all MDIs showed a very fast jet phase,
ranging 0.01-0.03 s at 10 c¢cm, and 0.03-0.05 s at 20 cm
from the nozzle, without any significant difference from
each other (p =ns). As concerning the dynamic dimen-
sion and distribution of the cloud emitted, the tightest
area and perimeter of the cloud were calculated for MDI
B at 10 cm from the nozzle (p < 0.001), followed by MDI
A and C (Table 2). All MDIs had comparable values at
20 c¢cm from the nozzle (p = ns) (Table 2).

The morphological characteristics of the emission cloud
The time needed to reach the 10 cm distance from the
SMI nozzle was extremely longer (p <0.001), by a 10/1
ratio when compared to that of MDIs (Table 2). More-
over, the dynamic dimension of the cloud was extremely
wider at 10 and at 20 cm from the nozzle, thus showing
a much slower, homogeneous and stable emission of the
dose (p < 0.001) (Table 2).

Uniformity of the cloud

The cloud turbulence was also minimized during the
SMI emission. From this point of view, two examples of
the difference between the flow turbulence generated by
the MDI and the SMI are reported in Figs. 1 and 2,
where the corresponding dynamic diagrams of the %
variation from the start over all the emission phases are
easily visible.

Discussion

MDIs (Metered Dose Inhalers) still are the cheapest and
the most widely prescribed devices in clinical practice,
even if their use is frequently biased by several limita-
tions, such as the high dependency of the patient’s cog-
nition status; the patient’s physical limitations; the
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Table 2 Means + sd of time (sec); area (cm?), and perimeter (cm) of the clouds calculated for each device at 10 and 20 cm from the
nozzle. ANOVA for comparisons

10 cm 20 cm

t sec Area cm? Perimeter cm t sec Area cm? Perimeter cm
MDI A 0011 (0.001) 1371 (213) 2054 (0.53) 0.05 (0.019) 71.10 (2.81) 4505 (1.93)
MDI B 0012 (0.01) 9317 (0.56) 19.19° (0.55) 0.053 (0.01) 6443 (2.50) 4168 (1.30)
MDI C 0011 (0.001) 16.72 (8.18) 2187 (163) 0.03 (0.01) 5242 (6.72) 431 (1.87)
MDI D 0.035 (0.021) 1853 (4.61) 2322 (133) 0.03 (0.01) 7535 (2.41) 4888 (2.84)
MDI E 0.03 (0.04) 2048 (1.71) 2424 (2.79) 0.05 (0.04) 5946 (2.19) 4701 (1.27)
SMI 0.29° (0.04) 66.20° (8.94) 3868° (11.14) 0.83° (0.39) 130.08° (5.71) 6835° (10.71)

“MDI B generated the tightest area and perimeter at 10 cm from the nozzle (ANOVA p < 0.001)
PSMI generated the widest areas and perimeters at 10 and 20 cm from the nozzle, with the slowest jet and cloud phase (ANOVA, all 0.001)

insufficient patient’s coordination between the device ac-  velocity obtained in the present bench study are in
tuation and the required inspiratory flow. Due to these agreement with those reported in a recent review con-
reasons, their use has to be frequently implemented with ~ cerning the aerodynamic characteristics of inhaler de-
spacer devices in clinical practice [2-10, 16]. vices, and in particular of MDIs and fixed combinations
As well known, the performance of MDIs is character- in asthma [21], even though, unfortunately, in this re-
ized by a jet phase which is followed by a cloud phase view the instant spray speed was not reported for all
[16]. MDIs suboptimal use mostly depends on the high  the same MDIs investigated in the present study.
velocity of these two phases of drug emission from the Furthermore, only the velocity slow down obtained be-
canister (i.e. even >80 km/h from the nozzle), which can  yond 10 ¢cm from the nozzle would consent a duration
frequently lead to a quite poor therapeutic performance of drug delivery which is presumably fitting to an effect-
in real life [11]. Actually, droplet velocity can substan- ive drug inhalation with such devices. To note that this
tially affect the respirable fraction of the drug to inhale.  distance from the mouth would be very difficult to be
It can be very poor in some circumstances [11, 17], as a  maintained by patients in real life without the aid of a
large amount of the delivered drug is absorbed from the spacer device, which is used in order to slow down all
oro-pharingeal and/or gastric mucosa, and contributes the phases of drug emission. In general, unless in the
to a relevant systemic bioavailability [19]. range 50-90% of canister emptying, instant velocity
The performances of most used inhalers had been com-  from MDIs still proves too high for allowing a “closed
pared in a limited number of bench studies [16-18, 20, 21].  mouth technique” of inhalation to all kinds of patients
Data of the present study prove that a substantial vari-  in real life.
ability in instant velocity of drug emission can occur On the other hand, if the distance from the nozzle has
with MDIs also in a strictly controlled experimental been recognized to represent one of the most crucial
model, independently of the patient’s role. In particular, points since long ago [19, 20], the homogeneity of the
when compared to others, some MDIs are character- cloud emitted (such as the corresponding perimeter and
ized by significantly higher velocity during either their  area) had also been confirmed as able to affect the ef-
jet and cloud phase of emission. Data on instant fectiveness of emission itself [11, 13, 16, 17].

Fig. 1 Colorimetric difference in the turbulence pattern obtained with MDI A (a) and SMI (b). The spots of bright colours indicates the sites of
highest turbulence during the cloud emission, and their distribution. Dark colours indicate the absence of turbulence and the homogeneity of
cloud emission. The variability of the red diagram trend indicates the corresponding dynamic stability or instability during all emission phases
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Fig. 2 Colorimetric difference in the pattern of turbulence obtained with MDI B (a) and SMI (b). The spots of bright colours indicates the sites of
highest turbulence during the cloud emission, and their distribution. Dark colours indicate the absence of turbulence and the homogeneity of
cloud emission. The variability of the red diagram trend indicates the corresponding dynamic stability or instability during all the emission phases

A further crucial cause of variability in MDIs perform-
ance is represented by the substantial changes registered
in instant emission velocity when calculated at different
levels of canister filling. Consequently, the corresponding
emitted dose can be easily supposed to change progres-
sively during the canister life, and in proportion to its pro-
gressive emptying. This phenomenon represents a real
limitation in MDIs reproducibility because patients, un-
aware of this phenomenon, will assume a dose of the
drug(s) which is substantially different and progressively
lower when the canister is at the beginning, rather than at
the middle, or towards the end of its lifespan duration.

The five different MDIs tested in the present study
also showed a clear inter-variability in their instant vel-
ocities of drug emission, likely due to their different con-
struction criteria. From this point of view, while the
instant velocity of MDIs named C, D, and E, such as
those inhalers containing a B, adrenergic/steroid com-
bination, were more or less comparable, the perfor-
mances resulted quite different and variable in the case
of MDIs A and B, such as those inhalers only containing
salbutamol. In particular, these two latter devices, which
are the most used in emergency situations, are afflicted
by a high inter- and intra-variability for different canister
filling and for different distances from the nozzle. In
other words, they should not be regarded as inter-
changeable in clinical practice because the different dy-
namic patterns of their cloud emission can correspond
to highly variable and dramatically unpredictable thera-
peutic performances. From this point of view, also the
high turbulence registered during the MDIs emission
can contribute to further affect the reproducibility of
their emitted dose (Figs. 1 and 2).

In general, SMIs (Soft Mist Inhalers) did not result
afflicted by these critical aspects. In particular, data of
the present study proved that, when compared to those
of MDIs, the instant velocity of drug emission from
SMIs is dramatically lower (by a 10/1 ratio), and abso-
lutely constant for any level of canister filling. Obviously,

instant velocity tends to decrease in proportion to the
distance from the nozzle also in this case, but the range
of absolute values is dramatically smaller, and the pat-
tern of the cloud proved much more homogeneous and
consistent for all their emission phases, and not charac-
terized by any significant turbulence. Moreover, even if
the perimeter of the SMI cloud is larger than those pro-
duced by MDIs, no negative effects on drug deposition
can be presumed thanks to the dramatically lower vel-
ocity of the emission, which allows the vast majority of
patients to inhale the cloud effectively.

The characteristics of the cloud generated by the SMI
proved absolutely different. In agreement with other stud-
ies [12, 13, 18], present results prove the extremely higher
stability of cloud emission from the SMI devices, which
likely contributes to explain their easier and more conveni-
ent use to the patient [22]. In particular, both the homo-
geneity and the consistency of the emitted cloud represent
the peculiar characteristics of SMIs” performance.

Whether the results of the present bench study sup-
port the principle that the difference and variability in
instant velocities, cloud morphology, and consistency
assessed for MDIs and the SMI can affect their effective-
ness/efficacy, further studies aimed to investigate specif-
ically the effects of these differences in clinical practice
should be planned.

Conclusions

The dynamic characteristics of the soft mist cloud
assessed during the present bench study are suggesting a
much more effective performance of SMIs when com-
pared to that of MDIs. This peculiarity is mainly due to
the slower jet emission and to the much more homoge-
neous composition of the droplet cloud generated.

Abbreviations
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