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Abstract The object of this study
was to evaluate in vitro the influence
of various ventilatory parameters on
the delivery of synchronized nebuli-
zation of terbutaline during mechan-
ical ventilation and to determine a
semiempirical model to control the
quantity of aerosol delivered into the
patient’s lung. An ATOMISOR
NL9 M jet nebulizer (La Diffusion
Technique Fran�aise, France) was
filled with terbutaline (Bricanyl, As-
tra-Zeneca, Sweden) and connected
to the inspiratory line of a Horus
ventilator (Taema, France). Nebuli-
zation was synchronized with the in-
spiratory phase. We assessed at the
end of the endotracheal tube the
quantity of terbutaline (terbutaline
mass output) and the volume median
diameter (VMD) by diffraction-laser
method. There was a negative corre-
lation between terbutaline mass out-
put and inspiratory air flow (r=�0.95,
p<0.0001) and between VMD and
inspiratory air flow (r=�0.96,
p<0.0001). Moreover, positive end-
expiratory pressure levels between
0 cm and 8 cm of water did not sig-
nificantly change the terbutaline out-

put mass (p=0.22). Total nebulization
time and terbutaline mass output
calculated by the mathematical model
showed good agreement with exper-
imental data. In conclusion, our
semiempirical model allows calcula-
tion of the duration of the nebuliza-
tion required to deliver a given mass
of terbutaline into patient lungs.
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Abbreviations: VMD Volume
median diameter · ETT Endotracheal
tube · f Respiratory rate · Mcharge
Drug mass charged in the nebulizer ·
Mdrug Aerosol drug mass output of
the nebulizer · Mresidual Residual
mass in the nebulizer · PEEP Positive
end expiratory pressure · Qneb
Aerosol drug flow mass output of the
nebulizer · Tgeneration Duration
of the effective aerosol generation ·
Ti/Ttot Ratio between inspiratory
time and total time · TNT Total
nebulization time until at the absence
of aerosol production · V’ Inspiratory
flow · VT Tidal volume

Introduction

Jet nebulizers are widely used in medicine to deliver
solute solutions in the form of aerosols into the respiratory
tract. In mechanically ventilated patients, the aerosol is
transported throughout a complex circuit consisting of an
inspiratory line, a connection for the nebulizer, an inter-

face (endotracheal tube or facial mask) to the patient and
an expiratory line. This complex circuit decreases aerosol
delivery to the patient, because part of the aerosol pro-
duced by the nebulizer is lost into the circuit. On the other
hand, nebulization during mechanical ventilation in in-
tubated patients offers the advantage, compared with
aerosol delivery in spontaneously ventilated patients, of
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preventing aerosol deposition in the extrathoracic region
and to some extent of standardizing the ventilatory pattern
during aerosol delivery.

A number of studies have been performed to charac-
terize and optimize aerosol delivery to the patient during
mechanical ventilation, taking into account both the cir-
cuit and the ventilatory settings.

The circuit aspect is the easiest part of the problem, as it
can be standardized and optimized for any patient’s con-
dition. Connecting the nebulizer to the inspiratory circuit
10—30 cm above the endotracheal tube (ETT) increases
aerosol delivery [1, 2]. Reducing ETT diameter to less than
7 mm results in decreasing aerosol delivery due to particle
impaction in the ETT, and this is particularly true with
pediatric ETT [3]. In comparison with continuous nebuli-
zation, nebulization synchronized with the inspiratory
phase increases the quantity of aerosol produced, because it
limits aerosol loss during expiratory phases [4].

The effects of ventilatory settings on nebulization ef-
ficiency have also been extensively studied, but they are
more difficult to handle because they depend in part on
the patient’s condition. Tidal volume (VT) higher than
500 ml is recommended for adult ventilation to allow
aerosol delivery to peripheral airways [5]. A minimum of
0.3 for the ratio between inspiratory time and total time
(Ti/Ttot ratio) is recommended [2, 5–8]. Decreasing in-
spiratory flow (V’) results in increasing aerosol delivery
[7, 9]. Heating and humidifying gas in the circuit divides
the quantity of aerosol delivered to the patient approxi-
mately by a factor of 2 [7, 9, 10].

First in this study, we evaluated in vitro the influence
of ventilatory parameters on the efficiency of terbutaline
nebulization in a circuit optimized for aerosol delivery.
The efficiency of nebulization was expressed as the ter-
butaline mass output (total mass of terbutaline reaching

the extremity of the ETT at the end of the nebulization)
and the particle-size distribution. The effects of VT, res-
piratory rate (f) and Ti/Ttot on these parameters were
evaluated. Furthermore, the influence of positive end
expiratory pressure (PEEP) and fill volume on aerosol
output was assessed. Statistical analyses were performed
to determine the relationships between the ventilatory
parameters and efficiency in terbutaline nebulization.

Second in this study, we hypothesized that the quantity
of aerosol produced at the extremity of the ETT can be
predicted and, therefore, targeted for a range of ventila-
tory parameters (targeted mass of drug). A semiempirical
model was then constructed with the aim of determining
the nebulization time (targeted nebulization time) re-
quired to deliver a given mass of terbutaline (the targeted
terbutaline mass) for a known ventilatory condition. This
was achieved by applying a statistical approach to the
data collected from the first part of this study.

Materials and methods

Experimental model

The influence of ventilatory parameters on terbutaline nebulization
during mechanical ventilation was evaluated using an optimized
setup, taking into account the parameters described above.

A Horus ventilator (Taema, France) was used with the
ATOMISOR NL9 M nebulizer (Diffusion Technique Fran�aise,
Saint Etienne, France) connected to its inspiratory line via a T-
piece, 20 cm upstream from the Y-piece.

An 8 mm ETT was connected downstream to the Y-piece
(Fig. 1). The nebulizer was filled with terbutaline (Bricanyl, Astra-
Zeneca, Sweden) and fed by air at a 6 l/min flow rate. Nebulization
was synchronized with the inspiratory phase of the mechanical
breath. The Horus ventilator delivers a square wave-flow pattern.
V’ is compensated for the addition of gas coming though the
nebulizer. The gas mixture (fraction of inspired oxygen [FiO2]

Fig. 1 Experimental setup to
measure terbutaline mass output
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21%) delivered through the circuit was neither heated nor humid-
ified.

Experimental steps

1. The effects of V’ on terbutaline mass output and particle-size
distribution were assessed using eight different ventilatory set-
tings (Table 1). At this step, the PEEP was 0 cm H2O, and the
nebulizer was filled with 10 mg/4 ml of terbutaline.

2. The effect of PEEP on terbutaline mass output was assessed at
four levels of PEEP (0 cm, 4 cm, 6 cm, 8 cm H2O). The ven-
tilator was set at VT of 600 ml, f of 12/min, and Ti/Ttot of 0.5,
and the nebulizer was filled with 10 mg/4 ml of terbutaline.

3. The effect of nebulizer fill volume on terbutaline mass output
was assessed with two different terbutaline charges (10 mg/4 ml
and 10 mg/8 ml). The ventilator was set at VT of 600 ml, f of
12/min, and Ti/Ttot of 0.5. To increase the amount of data for
statistical testing of PEEP effect and nebulizer fill-volume ef-
fect, each terbutaline charge was performed at PEEP 0 cm,
4 cm, 6 cm and 8 cm H2O.

Terbutaline mass output measurement

An absolute filter (A/E, Gelman, Ann Arbor, USA) was placed
between the end of the ETT and the lung model whose compliance
was set at 24€3 ml/cm H2O (Fig. 1). Filters were changed every
6 min until the beginning of the sputtering. Another filter was used
from the beginning of sputtering to the end of the nebulization (no
aerosol production by visual and aural examination). The duration
of nebulization until no aerosol production defines the total nebu-
lization time (TNT). A final filter was used for 6 min after the end
of the nebulization to verify the absence of aerosol production.
After nebulization, the filters were placed in 30 ml NaOH at 0.1 N
and centrifuged for 15 min at 4,500 g. The desorbed terbutaline
mass was determined using a spectrophotometer at 243 nm.

The terbutaline mass output was calculated by summing the
terbutaline mass collected on each of the filters until the end of the
aerosol production. The terbutaline output fraction was calculated
by the ratio between the terbutaline output mass and the terbutaline
nebulizer charge. The terbutaline output flow rate was the ratio
between the terbutaline mass collected on one filter and the filtering
time for this same filter.

Particle size distribution measurement

The particle size distribution was measured with a laser diffraction
method (Mastersizer X, Malvern, UK). The end of the ETT was
placed 1 cm above the laser beam and 1 cm to the side of the lens.

The aerosol produced at the end of the ETT was collected by a
vacuum pump placed 1 cm from the laser beam. Particle size dis-
tribution was therefore measured in an open model, which differs
from the closed model made by the ETT introduced into the
bronchial tree of a patient in clinical practice. Indeed, we hypoth-
esized that the particle size distribution is not influenced by the
pressure in the circuit.

The volume median diameter (VMD) of the aerosol produced at
the end of the ETT was measured continuously during consecutive
time intervals of 6 min until the end of nebulization.

Semiempirical model for aerosol delivery

The aim of this semiempirical model was to be able to determine
the nebulization time (the targeted nebulization time) to administer
a certain mass of terbutaline (the targeted terbutaline mass) for any
given ventilatory condition. This was achieved by applying a sta-
tistical approach to the data collected from the experiments de-
scribed above (Table 2).

The semiempirical model was based on the two following
equations:

targetednebulizationtime

¼ targetedterbutalinemass=terbutalineoutputflowrate ð1Þ

targetednebulizationtime < totalnebulizationtime ð2Þ
The targeted nebulization time was modeled with the experi-

mental data. The targeted terbutaline mass that depends on the
clinical condition was chosen a priori. Determination of terbutaline

Table 1 Influence of tidal volume (VT), respiratory rate (f) and duty cycle (Ti/Ttot) on the terbutaline output fraction and the particle-size
distribution (VMD volume median diameter)

VT
(ml)

f
(breaths/
min)

Ti/Ttot V’
(l/min)

Terbutaline output
fraction (%)
median (min- max)

VMD (�m)
median
(min–max)

Total nebulization
time (min)
median (min–max)

500 15 0.2 37.5 35 (28–37) 1.1 (1.1–1.2) 49 (49–50)
500 15 0.3 25.0 37 (36–41) 2.4 (2.3–2.5) 34 (34–36)
500 15 0.4 18.8 37 (36–40) 2.9 (2.6–3.0) 25 (25–28)
500 15 0.5 15.0 42 (42–44) 3.0 (3.0–3.1) 20 (19–23)
600 12 0.2 36.0 39 (38–42) 1.1 (1.1–1.2) 50 (49–55)
600 12 0.3 24.0 40 (39–42) 2.5 (2.4–2.5) 34 (32–40)
600 12 0.4 18.0 43 (42–45) 2.9 (2.9–3.0) 25 (23–26)
600 12 0.5 14.4 44 (44–48) 3.1 (3.1–3.2) 18 (16–19)

Table 2 Mathematical definition of different parameters for aero-
sol delivery control in mechanical ventilation ( V’inspiratory flow,
Tgeneration duration of the effective aerosol generation, Qneb
aerosol drug flow mass output of the nebulizer, Mcharge drug mass
charged in the nebulizer, Mdrug aerosol drug mass output of the
nebulizer, Mresidual residual mass in the nebulizer, f respiratory
rate, VT tidal volume, Ti/Ttot duty cycle, TNT total nebulization
time until at the absence of aerosol production)

Parameters Mathematical definition of parameters

V’ (f VT) / (Ti/Ttot)
Tgeneration TNT(Ti/Ttot)
Qneb Mdrug/Tgeneration
Mdrug Mcharge�Mresidual
Targeted nebulization
time

Targeted terbutaline mass/ terbutaline
output flow rate



874

output flow rate was based on the correlation between terbutaline
output flow rate experimental data and the ratio (Ti/Ttot)/V’.

We also verified that the model was accurate in boundary
conditions, i.e., the targeted nebulization time was less than or
equal to the total nebulization time (targeted nebulization time �
total nebulization time).

The model of the total nebulization time (TNT) was obtained as
follows: For a nebulization lasting until the end of aerosol pro-
duction, the duration of the aerosol generation (Tgeneration) is the
product of TNT and Ti/Ttot (Tgeneration = TNT(Ti/Ttot)), thus
TNT = Tgeneration / (Ti/Ttot). For a jet nebulizer, the aerosol drug-
flow output of the nebulizer (Qneb) is the ratio between the drug
mass produced (Mdrug) and Tgeneration (Qneb = Mdrug / Tgen-
eration), thus, Tgeneration = Mdrug/Qneb. For a nebulization
lasting until the end of aerosol production, Mdrug is the difference
between nebulizer charge (Mcharge) and the residual mass in the
nebulizer (Mresidual) (Mdrug = Mcharge �Mresidual). Thus, TNT
in mechanical ventilation can be calculated with this equation:

TNT ¼ Mcharge�Mresidualð Þ=Qneb½ � � 1= Ti=Ttotð Þ½ � ð3Þ
Qneb given by the manufacturer of the ATOMISOR NL9 M jet

nebulizer (VMD=3.9 �m and output rate=0.26 ml/min for operating
continuously at 6 l/min) amounted to 0.65 mg of terbutaline/min.
Mresidual for 10 mg/4 ml terbutaline nebulizer charge measured by
spectrophotometry amounted to 3.3 mg. The numerical application
to calculate TNT was, therefore, TNT =10.3/(Ti/Ttot).

Statistical analysis

Values were expressed as median. Correlations between terbutaline
output fraction and V’, terbutaline output flow rate and Ti/Ttot,
terbutaline output flow rate and V’, VMD and V’, and TNT and Ti/
Ttot were tested using Spearman’s correlation test. Statistical dif-
ferences between the terbutaline output fractions among the dif-
ferent PEEP and between the terbutaline output fractions among the
different nebulizer charges were tested by the analysis of variance
(ANOVA) exact test for general scores. Linear regression analysis
was made using least-square fitting. A p value less than 0.05 was
considered statistically significant. The statistical analysis was
performed with the StatXact software program (Cytel Software,
USA, v. 3.0.2, 1995).

Results

Effects of inspiratory flow (Table 1) (step 1)

There was a negative correlation between the terbutaline
output fraction and V’ (r=�0.75, p<0.0001, Spearman
correlation exact test). The optimal terbutaline output
fraction was obtained with the lowest V’ obtained with
VT=600 ml, f=12/min, Ti/Ttot=0.5.

There was a positive correlation between terbutaline
output flow rate and Ti/Ttot (r=0.96, p<0.0001, Spearman
correlation exact test). There was a negative correlation
between terbutaline output flow rate and V’ (r=�0.95,
p<0.0001, Spearman correlation exact test).

There was a negative correlation between the VMD
and V’ (r =�0.96, p<0.0001, Spearman correlation exact
test). The largest VMD was obtained with the lowest V’
obtained using VT =600 ml, f=12/min, Ti/Ttot=0.5.

There was a negative correlation between TNT and Ti/
Ttot (r=�0.96, p<0.0001, Spearman correlation exact test).

Effects of PEEP (step 2)

For 10 mg/4 ml of terbutaline filled in the nebulizer,
terbutaline output fractions were 44%, 44%, 44%, and
46% for PEEP levels at 0 cm, 2 cm, 4 cm, and 6 cm water,
respectively (VT 600 ml and f 12/min, Ti/Ttot 0.5). There
were no statistical differences between the terbutaline
output fractions for the different PEEP (p=0.66, n=12,
ANOVA exact test for general scores).

For 20 mg/8 ml of terbutaline filled in the nebulizer,
terbutaline output fractions were 52%, 50%, 49%, and
52% for PEEP levels at 0 cm, 2 cm, 4 cm, 6 cm water,
respectively. There were no statistical differences be-
tween the terbutaline output fractions for the different
PEEP levels (p=0.22, n=12, ANOVA exact test for gen-
eral scores).

Effects of terbutaline volume charge (step 3)

The median terbutaline output fractions of terbutaline
were 45% and 51% for 10 mg/4 ml and 20 mg/8 ml ter-
butaline filled in the nebulizer, respectively. There was a
statistical difference between the terbutaline output frac-
tions for the two different volume charges (p=0.0002,
n=12, permutation test for paired samples).

Terbutaline mass output semiempirical model

There was a strong correlation between the cumulative
inhaled mass and the nebulization time for each V’ (y=ax,
r>0.90, the constant being governed by V’). By linear
regression analysis, there was a strong correlation be-
tween terbutaline output flow rate ( y in the equation) and
the ratio (Ti/Ttot)/V’ (x in the equation) (y=6.28 x+0.03,
r=0.97, p <0.00001) (Fig. 2).

Furthermore, TNT calculated by the mathematical
model (TNT=10.3/(Ti/Ttot)) showed good agreement
with the experimental data (r=0.98, p<0.00001) (Fig. 3).

Discussion

In this study, we have: (1) characterized the effect of the
most relevant ventilatory parameters on aerosol delivery
in an in vitro model of mechanical ventilation using a
synchronized jet nebulizer; and (2) described a semiem-
pirical model allowing the targeting of nebulization time
to deliver a known amount of terbutaline with a nebulizer
characterized in terms of its residual volume and output
rate. Furthermore, the semiempirical model allowed us to



875

validate some hypotheses about the effect of ventilatory
parameters on aerosol kinetics.

The optimal terbutaline mass output was obtained with
the lowest V’ that amounted to 0.20 l/s. But low flow may
not be readily tolerated by non-sedated patients. More-
over, increasing terbutaline output does not always sup-
port the use of lowest inspiratory flows (+13% of terbu-
taline output for inspiratory flow decreasing from 36 l/
min to 14.4 l/min). This result is consistent with previous
studies suggesting that V’ may partly explain the particle
impaction into the ventilatory circuit. The proportion of
aerosol lost in the circuit is composed of the largest
particles, and this proportion increases when inspiratory
air flow increases. But particle size measurements at the
extremity of the ETT appear to be only slightly correlated
with terbutaline output. As particle size decreased from
2.4 �m to 1.1 �m, there was only a small, 1–2%, change in
terbutaline output. This example shows that the factor-2
decreasing of particle size at the end of the ETT is not a
consequence of terbutaline lost by impaction. The math-
ematical relationship between particle size and mass

(mass �r (4/3)pVMD3, with r the density equal to 1 for
terbutaline solution) indicates that a particle size de-
creasing from 2.4 �m to 1.1 �m has as consequence a
terbutaline mass output decreasing from 55% to 4%.
Thus, particle decreasing at the extremity of the ETT is
not only due to particles lost in the circuit but perhaps also
to particle evaporation in the circuit (as, conversely, the
effect of humidity on particle size growth).

PEEP set between 0 cm and 8 cm H2O did not change
terbutaline output fraction nor particle size distribution in
our study. This conclusion confirms previous results ob-
tained with an ultrasonic nebulizer used at different PEEP
levels [11].

Increasing terbutaline fill volume from 4 ml to 8 ml
tended to increase terbutaline output fraction (45% vs
51%) (p=0.0002, n=12, permutation test for paired sam-
ples). These results could be explained by the terbutaline
residual mass in the nebulizer. In vitro results in our study
showed a lower residual mass in percentage of terbutaline
charge for 20 mg/8 ml than for 10 mg/4 ml (22% vs 34%).

Terbutaline output flow rate was constant during
nebulization (r>0.90, p<0.0001 by linear regression). This
result is consistent with previous studies [9]. The terbu-
taline flow output positively correlated with Ti/Ttot ratio
(r=0.96, p<0.0001, Spearman correlation exact test) and
negatively correlated with V’ (r=�0.95, p<0.0001). The
positive correlation between terbutaline output flow rate
and Ti/Ttot reflects the impact of synchronizing nebuli-
zation with inspiratory phase, whereas the negative cor-
relation between terbutaline output flow rate and V’ is
explained by the loss of terbutaline into the circuit.

In summary, terbutaline output flow rate can be cal-
culated by the correlation obtained with Ti/Ttot ratio
corrected by the aerosol transport factor (V’) (terbutaline
output flow rate =6.28 [(Ti/Ttot)/V’] +0.03, r=0.97,
n=146, p<0.0001) (Fig. 2). Because this model is based
on data analysis, the model is only validated in our ex-
perimental conditions, i.e., for terbutaline aerosol gen-
erated by the synchronized ATOMISOR NL9 M jet
nebulizer in our optimized circuit. However, TNT can be
calculated by the mathematical model, which shows good
agreement with experimental data (TNT =[(Mcharge
�Mresidual) / Qneb] � [1/(Ti/Ttot)], r=0.98, p <0.00001,
n=24) (Fig. 3). This mathematical determination of the
total nebulization time for nebulization synchronized
with the inspiratory phase should therefore be robust
enough to be applied with other jet nebulizers, ventila-
tory patterns and circuits.

Our semiempirical model allows calculation of the
duration of the nebulization required to deliver a given
mass of terbutaline (terbutaline targeted mass). The
equation “terbutaline output flow rate =6.28 [(Ti/Ttot)/
V’] +0.03” allows calculation of the terbutaline output
flow rate for known ventilatory settings. The targeted
nebulization time is the ratio between the terbutaline
targeted mass and the calculated terbutaline output flow

Fig. 2 Correlation between terbutaline output flow rate and the
ratio between the duty cycle (Ti/Ttot) and the inspiratory flow (V’)

Fig. 3 Correlation between total nebulization time (TNT) experi-
mental data and total nebulization time mathematical model
(TNT=10.3 /(Ti/Ttot)) for any duty cycle (Ti/Ttot)
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rate. Table 3 is an example of this application. For ex-
ample, to administer 2 mg of terbutaline to a patient
ventilated with VT of 500 ml, f of 15/min and Ti/Ttot of
0.4, the nebulization time must be 12 min.

This study shows that it is possible to control the drug
mass administrated into a model of mechanical ventila-
tion with a known aerosolized drug. A recent study has
demonstrated the clinical relevance of such an in vitro
approach of aerosol delivery in mechanical ventilation
conditions [12]. For one circuit type, one jet nebulizer
type, and one type of drug, we have demonstrated that the
quantity of aerosol produced at the extremity of the ETT
can be predicted and, therefore, targeted for a range of

ventilatory parameters. The relevance of our mathemati-
cal model has been established in specific conditions in
terms of ETT size, flow, temperature and humidification.
It could be tested in other conditions to determine the
impact of these parameters on the terbutaline output and
particle size distribution.

The potential of our semiempirical approach to predict
aerosol delivery is easy enough to be tested with any other
combination ventilation / nebulizer.
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Table 3 Targeted nebulization time calculated in different venti-
latory conditions to administer a chosen mass of terbutaline aerosol
(the targeted terbutaline mass) with ATOMISOR NL9 M jet neb-

ulizer in an optimized setup. Targeted nebulization time is com-
puted with the equation described below (VT tidal volume, f res-
piratory rate, Ti/Ttot duty cycle, V’ inspiratory flow)

Targeted
terbutaline
mass

Targeted nebulization time (min)

VT=400 ml VT=500 ml VT=600 ml

f=18 breaths/min f=15 breaths/min f=12 breaths/min

Ti/
Tto-
t=0.2

Ti/
Tto-
t=0.3

Ti/
Tto-
t=0.4

Ti/
Tto-
t=0.5

Ti/
Tto-
t=0.2

Ti/
Tto-
t=0.3

Ti/
Tto-
t=0.4

Ti/
Tto-
t=0.5

Ti/
Tto-
t=0.2

Ti/
Tto-
t=0.3

Ti/
Tto-
t=0.4

Ti/
Tto-
t=0.5

1 mg 15 9 6 4 16 9 6 4 15 9 6 4
2 mg 31 18 12 8 31 19 12 8 31 18 12 8
3 mg 46 28 18 12 47 28 18 13 46 28 18 12
4 mg - - 24 16 - - 24 17 - - 24 16

Targeted nebulization time = targeted terbutaline mass/6.28 [(Ti/Ttot)/V’] + 0.03
Targeted nebulization time �10.3/(Ti/Ttot)


