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BACKGROUND: We have previously demonstrated aerosol delivery during conventional and high
frequency oscillatory (HFOV) ventilation using magnetic resonance imaging (MRI) in piglets. There
are no reports on aerosol delivery during high frequency jet ventilation (HFJV). OBJECTIVE: To
compare delivery of aerosolized gadopentetate dimeglumine (Gd-DTPA) in 3 neonatal ventilator
circuits: conventional mechanical ventilation, HFOV, and HFJV. METHODS: Aerosols of Gd-
DTPA (0.025 mol/L) generated using a jet nebulizer placed in the inspiratory limb of each ventilator
were delivered into an in vitro lung model simultaneously. Multi-slice T1-weighted spin-echo se-
quence scans were obtained prior to and after 10 and 20 min of cumulative aerosol delivery.
Gd-DTPA concentration was calculated from signal intensity changes, and the total amount of
Gd-DTPA was estimated. RESULTS: Gd-DTPA was visualized in the lung model at 10 and 20 min
for all 3 ventilators. Gd-DTPA delivery was highest with conventional mechanical ventilation
(1.92 �mol at 10 min, 2.89 �mol at 20 min), followed by HFJV (1.59 �mol at 10 min, 1.98 �mol at
20 min) and HFOV (0.79 �mol at 10 min, 1.00 �mol at 20 min). CONCLUSIONS: This is the first
report of effective aerosol delivery in a neonatal HFJV circuit. Future studies are needed for more
accurate quantification of aerosol deposition. Key words: aerosol; drug delivery; gadopentetate dime-
glumine; assisted ventilation; conventional mechanical ventilation; high frequency oscillatory ventilation;
high frequency jet ventilation; magnetic resonance imaging; jet nebulizer; neonatal. [Respir Care 2012;
57(11):1901–1907. © 2012 Daedalus Enterprises]

Introduction

Neonatal hypoxemic respiratory failure in term/near-
term infants is often associated with persistent pulmonary
hypertension of the newborn. Aerosolized prostaglandin E1

has been reported to be a potential selective pulmonary
vasodilator.1-3 We have previously reported the feasibility,
safety, aerosol particle size distribution, and emitted dose
of aerosolized prostaglandin E1 during conventional me-

chanical ventilation and high frequency oscillatory venti-
lation (HFOV).4-7 We have also demonstrated effective
in vivo alveolar delivery of aerosolized gadopentetate dime-
glumine (Gd-DTPA), a paramagnetic contrast agent, dur-
ing conventional mechanical ventilation and HFOV using
magnetic resonance imaging (MRI), as evaluated by signal
intensity (SI) changes in the lungs and kidneys in neonatal
pigs.8,9 Critically ill neonates with neonatal hypoxemic
respiratory failure may receive assisted ventilation with
high frequency jet ventilation (HFJV) as an alternative to
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conventional mechanical ventilation or HFOV. Although
aerosols would be expected to be delivered in the presence
of flow in the ventilator circuit,10 it is generally believed
that aerosols cannot be delivered during HFJV (unpub-
lished expert opinion of neonatologists), and this has not
been rigorously investigated. The present study is an ex-
tension of our previous work and was designed to assess
aerosol delivery during HFJV.

Pulmonary aerosol deposition has been evaluated by
theoretical in vitro models, pharmacokinetic studies, and
pulmonary imaging (gamma scintigraphy, single photon
emission computed tomography, positron emission tomog-
raphy, and MRI) in animals and humans.11-18 Based on our
previous studies on MRI evaluation of aerosol delivery in
intubated piglets, the time course of SI changes in kidneys
is similar during conventional mechanical ventilation and
HFOV. Thus, demonstration of aerosol delivery at the en-
dotracheal tube (ETT) attached to an HFJV setup would
suggest a similar fate in vivo, without the need for an
animal model, in accordance with the Applied Research
Ethics National Association/Office of Laboratory Animal
Welfare Institutional Animal Care and Use Committee
Guidebook recommendations. Use of MRI would provide
a rapid, sensitive, and quantitative method for evaluation
of aerosol delivery, with high spatial and temporal reso-
lution, and without the use of ionizing radiation. The pres-
ent study was designed to assess whether aerosolized Gd-
DTPA is delivered during HFJV (qualitative assessment)
and its comparison with aerosol delivery during conven-
tional mechanical ventilation and HFOV (quantitative as-
sessment) under identical in vitro experimental conditions,
using MRI of a lung phantom model.

Methods

Mechanical Ventilation

Conventional mechanical ventilation was initiated with
a ventilator system (840, Puritan Bennett, Pleasanton, Cal-
ifornia) at a breath rate of 40 breaths/min, FIO2

of 1.0, peak
inspiratory pressure of 22 cm H2O, PEEP of 5 cm H2O,
and duty cycle of 35%, to simulate clinical use in moderate
to severe neonatal hypoxemic respiratory failure. HFOV
was initiated with the ventilator (SensorMedics 3100A,
Viasys Healthcare, Palm Springs, California) at a mean
airway pressure of 16 cm H2O, amplitude of 40 cm H2O,
frequency of 10 Hz, and duty cycle of 33%. The HFJV
circuit (Bunnell, Salt Lake City, Utah) included the jet
interrupter operating at a peak inspiratory pressure of
20 cm H2O, �P of 15 cm H2O, PEEP of 5 cm H2O, and
rate of 420 breaths/min, with a conventional mechanical
ventilation backup rate of 6 breaths/min. A 3.5 mm inner-
diameter ETT was connected to each ventilator system.
The ventilator settings chosen for the 3 ventilators are the

typical settings to be used in a neonate undergoing assisted
ventilation. The mean airway pressures during the 3 modes
of ventilation were: conventional mechanical ventilation
17 cm H2O, HFOV 16 cm H2O, and HFJV 10.3 cm H2O.

In Vitro Phantom Lung Model

ETTs from each ventilator were placed in a sponge that
served as a lung phantom (Ocelo, 3M, St Paul, Minnesota,
119 � 75 � 15 mm). Each ventilator circuit was set up as
it would have been in clinical practice, by using the short
self-test (with the 840) included in the manufacturer’s soft-
ware, patient circuit calibration procedure (HFOV), and
visual inspection to check for airtightness. However, ex-
haled tidal volume could not be measured with the 840 as
a sponge was being ventilated. Each sponge was moist-
ened with 40 mL tap water at the start of the experiment.
No further water was added to the sponge during the ex-
periment. The phantom was scanned in a 3T scanner prior
to aerosol delivery and after 10 and 20 min of cumulative
aerosol delivery.

Preliminary experiments performed with a separate
sponge for each ventilator (Fig. 1) provided an estimate of
the diameter of the area of aerosol deposition after 20 min
(Fig. 2). It also became clear that for results of experi-
ments with different ventilators to be comparable, the
amount of water in each sponge, and circuit humidity should
be identical, as MRI signal intensity is determined by the
concentration of H� ions. Therefore, we repeated the ex-
periments with all 3 ETTs from the 3 ventilators delivering
aerosol to a single sponge (Fig. 3) on a single day. Any
substantial leakage of aerosol delivered from one ventila-
tor to another at the ETT end was ruled out by placing the
ETTs at a sufficient distance apart, based on our prelimi-
nary experiments; placing the ETTs at different depths

QUICK LOOK

Current knowledge

A myriad of factors impact aerosol delivery during me-
chanical ventilation. The use of high-frequency venti-
lation with rapid flows and frequencies can further com-
plicate aerosol delivery. Aerosol delivery during high-
frequency jet ventilation has not been well characterized.

What this paper contributes to our knowledge

Using a neonatal lung analogue, effective aerosol de-
livery during high-frequency jet ventilation can be ac-
complished. Aerosol delivery during high-frequency jet
ventilation was lower than conventional ventilation but
higher than high-frequency oscillatory ventilation.
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into the sponge (Fig. 4); lack of greater SI at periphery of
region of interest, compared to center for each ETT (Fig. 5);
lack of MRI signal connecting outputs of any 2 ventilators.

Administration of Continuous Aerosol

Aerosols of Gd-DTPA were generated with a jet nebu-
lizer (low flow, MiniHeart, Westmed, Tucson, Arizona)
driven by oxygen at a flow of 2 L/min. Three different
nebulizers from the same lot were used for the 3 ventilator
circuits. The low flow MiniHeart nebulizer has an output
rate of 8 mL/h. The nebulizer was placed in the inspiratory
limb of the clinically used neonatal ventilator circuit, where
there was a natural break in the circuit, �50 cm from the
ETT for conventional mechanical ventilation and HFJV,
and �35 cm from the ETT for HFV. Aerosolization of
Gd-DTPA, a para-magnetic contrast agent, was initiated
after baseline MR images had been obtained without aero-
sol administration. At the start of aerosol therapy the neb-
ulizer chamber in each ventilator circuit was filled with
20 mL of Gd-DTPA (0.5 mol/L) diluted in normal saline

to yield a final concentration of 0.025 mol/L. Subsequent
MRI scans were obtained after 10 min and 20 min of
cumulative aerosol delivery. The time points were chosen
based on our previous experiments of MR evaluation of
aerosol delivery in neonatal pigs. Since MR-compatible
conventional mechanical ventilation, HFOV, and HFJV
were not available, the sponge was moved out of the scan-
ner between baseline, 10 min, and 20 min scans. The
ventilators were placed in a room �4.6 m away from the
MR suite. At the end of 10 min aerosol administration, the

Fig. 1. An endotracheal tube connected to a jet ventilator circuit
placed in a single sponge.

Fig. 2. Signal intensity changes around the end of the endotra-
cheal tube in the sponge in Figure 1 in a single slice on MR im-
aging following aerosol administration for 20 min. The red outline
marks the region of interest.

Fig. 3. Endotracheal tubes from 3 ventilator circuits (conventional
mechanical ventilation, high frequency oscillatory ventilation, and
high frequency jet ventilation) leading to a single sponge. The
endotracheal tubes are marked with clear tape to indicate the
ventilator they are connected to during aerosol administration.

Fig. 4. Cartoon showing placement of 3 identical endotracheal
tubes in a single sponge. The endotracheal tubes are placed at
sufficient distance apart based on findings of Figure 2 and to a
different depth inside the sponge, to avoid leakage of aerosol
delivered from one ventilator to the other at the endotracheal tube
end.
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sponge was transported to the MR suite: this took 30 sec-
onds. The sponge was then scanned for 15 min and re-
turned to the ventilators for another 10 min of aerosol
delivery.

Magnetic Resonance Imaging

The sponges were scanned in a 3T MR scanner (Magne-
tom Verio 3T, Siemens, Berlin, Germany), using a multi-
slice T1 weighted spin-echo sequence with a 12 channel head
coil (Fig. 6). Imaging parameters included: TR/TE � 294/
15 ms, BW � 203 Hz/px. FOV � 200 � 200 mm2, matrix
size � 384 � 69, interpolated to 384 � 384, in-plane
resolution � 0.528 � 0.528 mm2, 11 slices, 3 mm in
thickness, with 10% gap, Voxel volume � 0.814 mm3,
one average, acquisition time (TA) 2 min, 42 s. A FLASH
sequence with multiple flip angles was used for T1 mea-
surement, with TR/TE � 54/2.18 ms, FA � 10°, 20°, 30°,
and 40°, pixel bandwidth � 400 Hz, resolution � 3.35 �
2.34 � 5, interpolated to 2.34 � 2.34 � 5 mm3, and
TA � 2 min, 36 s for each flip angle. Scan time was
15 min.

SI changes in regions of interest surrounding the end of
the ETT from each ventilator were used to calculate Gd
concentration as described previously.8 Concentration of
Gd was extracted from the ratio of the SI as a function of
time, s(t), to the signal intensity at baseline, s(0). SI as a
function of time is proportional to (1 – exp (–TR/T1 (t)).
The ratio s(t)/s(0) can be calculated directly. To convert
this ratio to concentration requires a knowledge of T1(0)
in the equation 1/T1(t) � 1/T1(0) � �.c(t), where � is
approximately 5 mM/s, c(t) is the concentration of Gd as
a function of time, and T1(t) is calculated from T1(t) � –

TR/ln{1 – [1 – exp (–TR/T1(0))]s(t)/s(0)} from the spin
echo data. An average T1(0) extracted over all pixels with
enhanced SI in the sponge was used. The total amount of
Gd-DTPA deposited was calculated from the product of
Gd concentration and total volume. Total volume of the
regions of interest was calculated as the product of pixel
volume and number of pixels. Gd concentration was ex-
tracted from enhanced SIs in the regions of interest in
each slice and summed over all slices for each ventila-
tor. Delivered dose to the sponge was calculated as per-
cent Gd deposited on sponge, assuming a nebulizer output
of 8 mL/h.

MR images were analyzed using our internally devel-
oped signal processing software (MR SPIN in NMR), which
is written in Visual C�� for the Windows platform (http://
www.mrc.wayne.edu/) (Windows, Microsoft, Redmond,
Washington). Statistical analysis was performed using SAS
statistics software (PROC GLM in SAS 19.2, SAS Insti-
tute, Cary, North Carolina).

Results

Contrast was visualized in the lung mimicking phantom
at 10 and 20 min for all 3 ventilators (Fig. 7). Consistent
data were obtained in 3 repetitions of the experiments
under identical conditions. Mean Gd delivery (�mol) was
highest with conventional mechanical ventilation
(1.92 �mol at 10 min, 2.89 �mol at 20 min) followed by
HFJV (1.59 �mol at 10 min, 1.98 �mol at 20 min) and
HFOV (0.79 �mol at 10 min, 1.00 �mol at 20 min) (Fig. 8).
There was a significant increase in Gd deposited over time

Fig. 5. Magnetic resonance imaging (MRI) of a single slice of the
sponge in Figure 4, obtained after 20 min of aerosol administra-
tion. The lack of greater signal intensity at the periphery of the
region of interest, compared to the center, for each endotracheal
tube, and lack of MRI signal connecting outputs of any 2 ventila-
tors rules out substantial leakage of aerosol delivered from one
ventilator to another at the ETT end.

Fig. 6. A single sponge with 3 endotracheal tubes placed in a 12
channel head coil for magnetic resonance imaging. A black mark
at the right upper corner of the sponge ensures consistent place-
ment between scans; the endotracheal tubes are marked with
clear tape to indicate the ventilator they are connected to during
aerosol administration.
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(P � .001) and a significant interaction between time and
ventilation mode (P � .002). Delivered dose, calculated as
percent Gd deposited on the sponge, assuming a nebulizer
output of 8 mL/h, was highest for conventional mechanical
ventilation (5.8% at 10 min and 4.3% at 20 min), followed
by HFJV (4.8% at 10 min and 3.0% at 20 min) and HFOV
(2.4% at 10 min and 1.5% at 20 min).

Discussion

This study describes for the first time effective in vitro
aerosol delivery in a neonatal HFJV circuit, using MRI of
an innovative and inexpensive lung phantom, by compar-
ison with delivery during conventional mechanical venti-
lation and HFOV, which we have previously validated in
a piglet model. We have shown statistically significant
aerosol delivery over time for conventional mechanical
ventilation, HFOV, and HFJV and an interaction with ven-
tilator mode. Aerosol deposition in the HFJV circuit was
intermediate between that observed with conventional me-
chanical ventilation and HFOV under identical experimen-
tal conditions. The absolute estimated delivered dose was
most likely an underestimate; however, the relative deliv-
ered dose in the 3 neonatal ventilator circuits is probably
a true reflection of differences in aerosol delivery in these
ventilator systems. Although there was an increase in de-
livered dose between the 10 min and 20 min scans, the
increase was not linear. This could be a result of constant
efflux of aerosol deposited over time, non-linear relation-
ship between Gd concentration and SI changes, and de-
crease in Gd concentration gradient in the sponge over
time. The results of this study need to be validated in
longer term experiments using different lung models.

A complex array of factors influence aerosol delivery
during mechanical ventilation, including variables related
to the nebulizer, aerosol particle size, the ventilator circuit
and artificial airway, the inhaled drug or agent, the patient/
model, and the evaluation technique.12,19,20 Aerosol depo-
sition has been evaluated by theoretical in vitro models,
pharmacokinetic studies, and pulmonary imaging (gamma
scintigraphy, single photon emission computed tomogra-
phy, positron emission tomography, and MRI) in animals
and humans.11-18 In this report we have used MRI to eval-
uate deposition of aerosolized Gd-DTPA, a paramagnetic
contrast agent, in an innovative, inexpensive lung phan-
tom. Physicochemical properties and aerosol particle size
have been previously characterized for Gd-DTPA, with
50% of particles being smaller than 2.5 �m.21 We have
previously reported the aerosol particle size distribution of
prostaglandin E1 using the MiniHeart nebulizer.6 The
aerosol particle size for both prostaglandin E1 and Gd-
DTPA favors alveolar deposition.

The time course of MR visualization of Gd-DTPA in
the lung phantom was similar to that reported during con-
ventional mechanical ventilation.8 Delivered dose to the
sponge was calculated as percent Gd deposited on the
sponge, assuming a nebulizer output of 8 mL/h, as has
been reported by the manufacturer. Since the nebulizer
device used in these experiments is FDA approved,22 widely
used clinically, with demonstrated effectiveness in previ-
ous publications,4-6,8,9,23-28 we did not repeat experiments
to validate nebulizer output. Delivered dose was calculated

Fig. 7. This figure shows MR images obtained at baseline and at
10 and 20 min after cumulative aerosol administration in 3 series
of experiments. Each image represents a single slice; to ensure
that the same slices were sampled at the 3 time points, the sponge
was placed in the scanner in exactly the same position at the 3
time points. In each experiment, aerosols from conventional me-
chanical ventilation, HFOV and HFJV were administered simulta-
neously in a single sponge, which served as a lung model. The top
panel represents images obtained at baseline. Gadopentetate
dimeglumine (Gd-DTPA) is visualized in post-aerosol images at
both 10 and 20 min with all ventilators and in all experiments.

Fig. 8. Total amount of gadopentetate dimeglumine (Gd-DTPA)
(�mol) delivered at 10 and 20 min for each ventilator type. Total
Gd-DTPA was calculated from changes in signal intensity. The
error bars represent one standard error.
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as a percent of known nebulizer output (8 mL/h) rather
than volume of Gd placed in the nebulizer (20 mL), which
greatly exceeded the nebulizer output. Calculating Gd de-
posited as a percentage of the volume placed in the neb-
ulizer chamber would introduce an error, as the percentage
would vary, depending on the amount placed in the neb-
ulizer, as long as this exceeded the nebulizer’s output.

The delivered dose in this report is lower than that re-
ported in adult (57–81%) but higher than that reported in
pediatric ventilation studies (0.2–10%).29-36 In an in vitro
wet lung model involving chemical analysis of prostaglan-
din E1, we had previously demonstrated an emitted dose of
32–40% following conventional mechanical ventilation
and 0.1% following HFOV.6 Recently, Davies et al re-
ported lack of deposition in ex vivo pig lungs of aerosols
of technetium labeled DTPA generated by a vibrating mesh
nebulizer placed in the conventional mechanical ventila-
tion circuit of a HFJV setup (n � 2). However, placement
of the vibrating mesh nebulizer in the jet interrupter sys-
tem of the HFJV circuit (n � 2) greatly enhanced central
airway delivery, although parenchymal delivery remained
very low.37 These discrepancies in results of aerosol de-
position studies are probably related to differences in ven-
tilator systems, nebulizer design, lung model, and assess-
ment techniques.38

Despite the important findings described in this study,
there are potential deficiencies. Limitations of our study
include the inability of our lung phantom to mimic the
complex anatomy of the neonatal respiratory system, and
the effect of disease state on aerosol drug delivery. The
variability in the air pockets in the sponge may have in-
troduced an error in the quantification of aerosol depos-
ited, thus underestimating the actual amount of aerosol
deposited. Another factor that contributed to underestima-
tion of aerosol delivered was the inability to take into
account the Gd deposited in the gap between scanned slices.
Since HFOV and HFJV are not MR compatible, the sponge
had to be moved between scans obtained at baseline, 10 min,
and 20 min, thus introducing another source of error in the
quantification of Gd concentration. To minimize this error,
every attempt was made to replace the sponge in the scan-
ner in exactly the same position.

Other factors that may have contributed to errors in
estimation of percent Gd delivered include the use of T1
averaged over the entire sponge, instead of voxel-specific
T1 for calculating Gd concentration, changes in water con-
centration in the sponge over time, and assumption of
constant nebulizer output of 8 mL/h. However, since all
ventilators were tested in identical experimental condi-
tions using a single sponge, although the absolute esti-
mates of Gd delivered may be underestimated, the relative
estimates of Gd delivered are likely accurate. Finally, we
did not investigate the effect of other ventilator-related
factors such as circuit flow and humidity on aerosol de-

livery. The effects of these factors on aerosol delivery
have been reported before; the primary goal of this study
was to validate that aerosol is delivered in a HFJV circuit,
by comparison with delivery during conventional mechan-
ical ventilation and HFOV, which we have previously val-
idated in a piglet model.

Conclusions

In conclusion, we have successfully demonstrated ef-
fective aerosol delivery in a neonatal HFJV circuit using
MRI of an inexpensive lung phantom. Aerosol deposition
in the neonatal HFJV circuit was intermediate between
that observed in neonatal conventional mechanical venti-
lation and HFOV circuits. The absolute estimated deliv-
ered dose was most likely an underestimate; however, the
relative delivered dose in the 3 neonatal ventilator circuits
is probably a true reflection of differences in aerosol de-
livery in these ventilator systems. Future studies are needed
for more accurate quantification of delivered dose during
conventional mechanical ventilation, HFOV, and HFJV,
taking into account nebulizer-, ventilator-, and patient/
model-related factors. The use of a closed system lung
model, more sensitive MRI techniques and MR-compati-
ble equipment may allow earlier detection of contrast and
more accurate quantification of delivered dose following
administration of aerosol. MR imaging using T1 enhanc-
ing contrast agents such as Gd-DTPA may be a powerful
noninvasive, real-time technique, not only for comparing
aerosol delivery from different aerosol devices and venti-
lator circuits, but, more importantly, in understanding spa-
tial and temporal drug distribution and disposition in vivo
in animal and human models in the presence and absence
of lung disease.
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