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BACKGROUND: Nebulized therapy iscommonly used in spontaneously breathing tracheostomized
patients, despite a lack of recommended devices and techniques. | compared albuterol dose deliv-
ered to a model of spontaneously breathing children with tracheostomy, using different nebulizers,
tracheostomy tube sizes, inhalation techniques, and breathing patterns. METHODS: A tracheos
tomy model was connected in series to a breathing simulator, with a filter interposed. | simulated
the breathing patternsof a 16-month-old child and 12-year-old child, and tested tracheostomy tubes
with internal diameters of 3.5 mm and 5.5 mm. Albuterol nebulizer solution (2.5 mg/3 mL) was
used. A breath-enhanced nebulizer (Pari LC Plus), a breath-actuated nebulizer (AeroEclipse), and
a nebulizer that continuously delivers aerosol (Up-Draft I Opti-Neb) were operated for 5 min at
6 L/min with wall air. The Up-Draft Il was tested with T-piece and mask interfaces, with an
extension tube, and with and without assisted breathing (every breath and every other breath). The
amount of albuterol delivered was analyzed via spectrophotometry. Particle size distribution was
measured with a cascade impactor. RESULTS: The Pari LC Plus was more efficient than the
Up-Draft 11 or AeroEclipse. Assisted breathing with the Up-Draft |l with extension increased
albuterol delivery with every other breath (second best device/configuration), being superior to
every breath technique. Adding an extension tube increased delivered albuterol. T-piece was more
efficient than mask. Breathing patterns with larger tidal volume increased albuterol delivery.
Tracheostomy size had lessimpact on drug delivery. Mass median aer odynamic diameter decr eased
by 48-74% when passing through the tracheostomy tubes, and 0.8% of the nominal dose was
deposited in the tracheostomy tube. CONCLUSIONS: Albuterol delivery in a model of spontane-
ously breathing children with tracheostomy is influenced by type of device and configuration, use
of assisted breathing, breathing pattern, and tracheostomy tube size. Mass median aerodynamic
diameter significantly decreases during passage through a tracheostomy tube. Key words: trache-
ostomy; nebulizer; delivery device; children; albuterol. [Respir Care 2013;58(12):2076—2086. © 2013
Daedalus Enterprises]

Introduction

Nebulized aerosols are frequently prescribed to sponta-
neously breathing tracheostomized children. A recent sur-
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vey demonstrated a wide variability in devices and tech-
niques used.! Best practices guidelines are needed for the
delivery of aerosols to spontaneously breathing tracheos-
tomized children, but few data are available.2
Pressurized metered-dose inhalers (pMDIs), nebulizers,
and dry powder inhalers have been adapted for aerosol
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delivery through tracheostomy tubes.312 A few in vitro
studies, mostly using adult models, have provided some
information regarding the intricacies of delivering aerosol
through an artificial airway.13-16 These studies showed that
aerosol delivery is significantly affected by tracheostomy
tube size, interface, type and configuration of add-on de-
vices, use of assisted breathing, and bias flow. We previ-
ously reported that in a model of spontaneously breathing
children with tracheostomy, assisted breathing reduced the
delivered dose of pMDI aerosol.12 Those data were not in
agreement with data obtained using an adult model with
nebulized therapy.2> There are very few data on nebulized
therapy in spontaneously breathing tracheostomized pedi-
atric patients. Extrapolation from adult data to pediatric
scenarios could result in either under-dosing or over-dos-
ing.

In this in vitro study | compared the amount of nebu-
lized albuterol deliveredtoamodel of spontaneously breath-
ing children with tracheostomy, using different nebulizers,
techniques, tracheostomy tube sizes, and breathing pat-
terns.

| hypothesized that: different devices would deliver dif-
ferent amounts of albuterol; assisted breathing would de-
crease the delivered abuterol; larger tracheostomy tube
size would increase the delivered albuterol; a larger tidal
volume (V) would deliver a larger amount of abuterol
than a smaller V; different interfaces would affect the
delivered albuterol; and passage through a tracheostomy
tube would ater the aerosol’s characteristics.

Methods
Tracheostomy M odel

A previously described tracheal model of a 6-year-old
child was used.3 The model comprised an 8 cm height and
1.2 cm internal diameter plastic tube (trachea) with an
upper filter holder with a one-way valve (Pari Respiratory
Equipment, Midlothian, Virginia) and a lower filter. The
latter was connected in series to a breathing simulator
(Pari Compass, Munich, Germany). The breathing ssimu-
lator is a piston pump that can be programmed to deliver
a specified V4, inspiratory time, and breathing frequency.
The model was positioned horizontally to prevent gravi-
tational dripping of aerosol onto the filters (Fig. 1).16 A
circular incision was made 2 cm below the upper end of
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QUICK LOOK

Current knowledge

Nebulized aerosols are frequently prescribed to spon-
taneously breathing tracheostomized children. A recent
survey found wide variability in devices and techniques
used.

What this paper contributes to our knowledge

The amount of albuterol delivered to amodel of a spon-
taneously breathing tracheostomized pediatric patient
was influenced by the type of aerosol device and its
configuration, the use of assisted delivery, breathing
pattern, and tracheostomy tube size. Aerosol particle
size significantly decreased while passing through the
tracheostomy tube.

the plastic tube to alow placement of the tracheostomy
tube. The model allows bidirectional air flow through the
tracheostomy tube and the trachea, and unidirectional flow
(exhalation) through the upper filter.

Tracheostomy Tubes

Uncuffed tracheostomy tubes (Tracoe, Boston Medical
Products, Westborough, Massachusetts) with internal/ex-
ternal diameters of 3.5/5 mm, and 5.5/7.6 mm were used.

Breathing Patterns

Two different breathing patterns, corresponding to a
16-month-old (V1 80 mL, breathing frequency 30 breaths/
min, inspiratory/expiratory ratio 1:3), and a 12-year-old
(V4 310 mL, breathing frequency 20 breaths/min, inspira-
tory/expiratory ratio 1:2) were used. | chose these patterns
to allow a better comparison with previous research on
pMDI aerosol.*3 The chosen V4 represent 7 mL/kg for
16-month-old and 12-year-old male children with weights
in the 50th percentile, based on the growth charts of the
Centers for Disease Control and Prevention. However, pa
tients with neuromuscular disease or decreased respiratory
drive can present similar patterns at older ages.

Devices, Interfaces, and Delivery Technique

Four units of nebulizers with 3 different operating prin-
ciples were studied: a nebulizer that continuously delivers
aerosol (Up-Draft 11 Opti-Neb, Hudson RCI/Teleflex Med-
ical, Research Triangle Park, North Carolina), a breath-
enhanced nebulizer (Pari LC Plus, Pari Respiratory Equip-
ment, Midlothian, Virginia), and a breath-actuated
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Fig. 1. Experimental setup to model nebulized albuterol delivery to
a spontaneously breathing child with a tracheostomy. The hollow
arrows represent the direction of air flow.

nebulizer (AeroEclipse |1, Monaghan, Plattsburgh, New
York). The Pari LC Plus has a one-way valve that allows
air entrainment into the nebulizer during inhalation, there-
fore enhancing drug output. Aerosol is still released during
exhalation in the Pari LC Plus. The AeroEclipse only re-
leases aerosol during inhalation (breath-actuated mode).
However, the AeroEclipse tested also has a continuous
operation mode. The nebulizers were operated at 6 L/min
with wall air. The Pari LC Plus and AeroEclipse were only
tested connected to the tracheostomy tube with an adapter
(UltraSet, Smiths Medical, London, United Kingdom). The
Up-Draft Il wastested alone and with a15 cm long, 22 mm
diameter tube (110 mL volume) placed after the nebulizer.
| also tested aerosol delivery with assisted breathing, at the
beginning of either every other breath or every breath. The
assisted breathing technique uses a resuscitation bag to
enhance the inhaled volume and flow (Fig. 2). A self-
inflating resuscitation bag (Pediatric AMBU Spur I,
AMBU, Ballerup, Denmark) with a stroke volume of
450 mL was used. With the Up-Draft 11, al configurations
were tested with 2 different interfaces: T-piece and tra-
cheostomy mask.

Procedure

Nebulizers were weighed dry, and after loading albu-
terol sulfate nebulizer solution (2.5 mg/3 mL). New dis-
posable filters (Pari Respiratory Equipment, Midlothian,
Virginia) were placed in both filter holders at the begin-
ning of every procedure. A mass flow meter (model 4043,
TSI, Shoreview, Minnesota) and its associated software
were used to verify the accuracy of the V; delivered by the
breathing simulator and wall gas flow. The nebulizer was
connected to the gas source and tracheostomy model and
operated for 5 min. Upon completion, the nebulizer was
re-weighed, then 5 mL of ultrapure water was added, then
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Fig. 2. Tested devices, interfaces, and adapters.

the nebulizer was weighed again The nebulizer was then
swirled and the content was tested for albuterol concen-
tration. The tracheal model was disassembled and the fil-
ters, filter holders, tracheostomy, and trachea were washed
with ultrapure water and analyzed for abuterol concentra-
tion, via spectrophotometry at 276 nm (Biomate 3 UV-Vis
Spectrophotometer, Thermo Fisher Scientific, Waltham,
Massachusetts).13

The amount of albuterol remaining in the nebulizer was
calculated as follows:

(Weight with 5 mL ultrapure water — dry weight)

X spectrophotometry concentration

This was calculated for each run to verify that drug
output in fact happened in the occurrence of an extremely
low delivered dose, but it was not reported.

Study Design

The 16-month-old breathing pattern with the 3.5 mm
tracheostomy tube (3.5/16M), the 16-month-old breathing
pattern/5.5 mm tracheostomy (5.5/16M), the 12-year-old
breathing pattern with the 3.5 mm tracheostomy tube (3.5/
12Y), and the 12-year-old breathing pattern withthe 5.5 mm
tracheostomy (5.5/12Y) were tested with the Pari LC Plus,
AeroEclipse, and Up-Draft 1. The Up-Draft Il was tested
in all combinations of configuration/interface/technique.
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Fig. 3. Experimental setup to measure aerosol particle size distri-
bution.

Four units of each nebulizer model were tested in each
scenario.

Particle Size Determination

The Pari LC Plus and AeroEclipse were tested with
their adapters. Only the Up-Draft 1l was tested with T-
piece and mask interfaces. The AeroEclipse was run in
continuous operation mode. All 3 nebulizer models were
tested with both tube sizes (3.5 mm and 5.5 mm). A cas-
cade impactor (Next Generation Impactor, MSP, Shore-
view, Minnesota) was used, with cooled technique, to mea-
sure the particle size of the aerosol leaving the tracheos-
tomy tube.l” The configuration of the cascade impactor
was changed to provide a more realistic measurement
(Fig. 3). The United States Pharmacopeia throat was re-
placed by the tube used as trachea, with its upper end
blocked by a cork, and the lower end was connected via a
custom made adapter (M SP, Shoreview, Minnesota) to the
body of the cascade impactor. The cascade impactor was
calibrated (at 15 L/min), cooled for 90 min, and used
within 5 min of being removed from the refrigerator. All
stages of the cascade impactor and the nebulizer were
washed with ultrapure water and tested for albuterol con-
centration, via spectrophotometry, at 276 nm. Mass me-
dian aerodynamic diameter (MMAD), geometric standard
deviation (GSD), and percentage of particles < 5 um were
calculated with inhaler testing data analysis software
(CITDAS3.1, Copley Scientific, Nottingham, United King-
dom), with the drug recovered from stage 2 to the external
filter.
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Statistical Analysis

Breathing simulation data were compared as delivery
efficiency:

(ug of abuterol captured/2,500 wg) X 100

The following were used as outcome measures.

e Lower airways dose: drug delivered to the lower filter
and filter holder

e Tracheal dose: drug delivered to the model trachea
(8 cm X 1.2 cm plastic tube)

e Total patient dose: lower airways dose + tracheal dose
e Proximal/distal ratio: tracheal dose/lower airways dose
» Dose deposited in the tracheostomy tube

The lower airways dose represents aerosol that escaped
deposition in the trachea. Inter-device comparison for each
scenario (breathing pattern/tracheostomy size) was done
with analysis of variance (ANOVA). Intra-device compar-
ison for tracheostomy size and breathing pattern was done
with ANOVA for repeated measures. The Tukey test was
used when multiple comparison analysis was required.
Two-way ANOVA was used to evaluate the effect of tra-
cheostomy tube size and breathing pattern on abuterol
delivery. Comparison of delivery techniques (assisted vs
unassisted) was done with 2-tailed paired t test. A stetis-
tical software package was used for data analysis
(KaeidaGraph 4.1, Synergy Software, Reading, Pennsyl-
vania). A P value < .05 was considered statistically sig-
nificant.

Results
Lower Airways Dose

Lower airways dose was higher for the Pari LC Plus
than for either the Up-Draft Il or the AeroEclipse, for all
combinations of breathing pattern and tracheostomy size
(P < .001), and Up-Draft Il was higher than AeroEclipse
for all scenarios except 5.5/12Y (P = .38) (Table 1).

The addition of an extension tube to the Up-Draft I1/T-
piece setup increased lower airways dose only for the 3.5/
16M scenario (P = .03). No differences were noted for the
Up-Draft I1/mask setup (P > .18).

Assisted breathing on every other breath with the Up-
Draft Il/extension/T-piece setup increased lower airways
dosein the 3.5/16M and 5.5/16M scenarios (P = .007 and
P = .01, respectively). Assisted breathing on every other
breath with the Up-Draft | I/extension/mask increased lower
airwaysdoseinthe3.5/12Y and 5.5/12Y scenarios (P = .03
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Table 1. Lower Airways Dose

Percentage of Nominal Dose

16-Month-Old 12-Year-Old 16-Month-Old 12-Year-Old
Breathing Pattern Bresthing Peattern Breathing Pattern Breathing Pettern
With 3.5 mm With 3.5 mm With 5.5 mm With 5.5 mm
Tracheostomy Tracheostomy Tracheostomy Tracheostomy
Tube Tube Tube Tube
Device/scenario
Pari LC Plus (breath-enhanced) 1.64 = 0.08 2.63 +0.28 3.69 £ 0.26 519 + 0.36
AeroEclipse (breath-actuated) 0.15+ 0.08 0.55 + 0.24 0.58 = 0.23 2.08 = 0.30
Up-Draft 1l Opti-Neb (continuous aerosol delivery)
With T-piece interface 0.99 + 0.13 1.40 = 0.13 1.09 = 0.07 1.71 = 0.46
With T-piece interface plus extension tube 157 = 0.33 1.33+0.20 132+ 0.21 228 +0.37
placed after the nebulizer
With T-piece interface plus extension tube 246 = 0.18 3.04 =021 2.77 = 0.60 283 =091
placed after the nebulizer and assisted
breathing on every other breath
With mask interface 171+ 011 1.33 £ 0.07 1.02 + 043 1.74 + 0.53
With mask interface plus extension tube placed 1.88 = 0.28 1.16 = 0.19 0.96 = 0.24 150 +0.33
after the nebulizer
With mask interface plus extension tube placed 1.74 = 0.17 174 +0.34 133+ 30 218+ 0.18

after the nebulizer and assisted breathing on
every other breath

and P = .02, respectively). Every-breath assisted breath-
ing reduced the lower airways dose by 36% and 17% with
the T-piece and mask interfaces, respectively, compared to
every-other-breath assistance breathing.

With the Up-Draft Il the mask interface increased lower
airways dose only in the 3.5/16M scenario (P = .002).
However, when the extension tube was added, lower air-
ways dose decreased in the 5.5/12Y scenario (P = .02).
With assisted breathing the lower airways dose decreased
inthe3.5/16M and 5.5/16M scenario (P = .001and P = .01,
respectively).

Tracheostomy size and breathing pattern affected lower
airways dose with the Pari LC Plus and the AeroEclipse
(P < .001 for both), whereas only breathing pattern af-
fected the Up-Draft 11/T-piece setup (P = .002). The in-
teraction of both variables was significant only with the
AeroEclipse (P < .001). Assisted breathing with the Up-
Draft Il removed the effect of the breathing pattern (P = .40).

Tracheal Dose

Tracheal dose was higher with the Pari LC Plus than
with the Up-Draft Il or AeroEclipse, for all combinations
of breathing pattern and tracheostomy size (P < .001)
(Table 2).

The addition of an extension tube to the Up-Draft I1/T-
piece setup increased tracheal dose only in the 5.5/12Y
scenario (P = .01). No differences were noted for Up-
Draft Il/mask (P > .20).

2080

With the Up-Draft Il/extension/T-piece, every-other-
breath assisted breathing increased the tracheal dose in all
combinations of breathing pattern and tracheostomy size
except the 5.5/12Y scenario (P = .06). This modality was
similar to the Pari LC Plusfor al scenarios except 5.5/12Y
(P = .01). With the Up-Draft Il/extension/mask setup,
every-other-breath assisted breathing increased the tracheal
dose in the 3.5/12Y and 5.5/16M scenarios (P = .048 and
P = .049, respectively). Every-breath assistance technique
reduced the tracheal dose by 9% in the T-piece and mask
interface scenarios, compared to every-other-breath assis-
tance.

With the Up-Draft II, the mask interface increased
the tracheal dose in the 3.5/16M scenario (P = .005)
and decreased tracheal dose in the 5.5/12Y scenario
(P = .02). When the extension tube was added to the
Up-Draft 1l, tracheal dose increased in the 3.5/16M sce-
nario (P = .007) and decreased in the 3.5/12Y and 5.5/
12Y scenarios (P = .002 and P = .002, respectively).
With assisted breathing tracheal dose decreased in all com-
binations of breathing pattern and tracheostomy size
(P < .02).

Tracheostomy size and breathing pattern affected the
tracheal dose with the AeroEclipse (P = .02 for both) but
not with the Pari LC Plus (P = .09 and P = .37, respec-
tively), whereas only bresathing pattern affected the Up-
Draft I1/T-piece setup (P < .001). The interaction of both
variables was significant only with the AeroEclipse
(P = .02).
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Table2. Trachea Dose

Percentage of Nominal Dose

16-Month-Old 12-Year-Old 16-Month-Old 12-Year-Old
Breathing Pattern Bresthing Peattern Breathing Pattern Breathing Pettern
With 3.5 mm With 3.5 mm With 5.5 mm With 5.5 mm
Tracheostomy Tracheostomy Tracheostomy Tracheostomy
Tube Tube Tube Tube
Device/scenario
Pari LC Plus (breath-enhanced) 10.51 + 0.97 10.17 = 3.73 710 £ 1.72 9.49 + 141
AeroEclipse (breath-actuated) 0.35*0.70 0.32 = 0.39 0.34+ 013 157 + 041
Up-Draft 1l Opti-Neb (continuous aerosol delivery)
With T-piece interface 031 +011 1.81 +0.27 0.05 + 0.08 1.77 = 0.28
With T-piece interface plus extension tube 0.38 = 0.08 1.95 = 0.00 0.44 + 0.50 311 +0.71
placed after the nebulizer
With T-piece interface plus extension tube 853 = 1.36 512+ 144 5.77 = 0.68 550 = 1.74
placed after the nebulizer and assisted
breathing on every other breath
With mask interface 0.75 + 0.17 140 + 0.64 0.17 = 0.16 1.13 + 0.29
With mask interface plus extension tube placed 0.99 = 0.29 113+ 0.32 0.31+0.11 1.09 + 0.36
after the nebulizer
With mask interface plus extension tube placed 0.82 = 0.13 1.60 = 0.18 0.14 + 0.07 1.43 = 0.30

after the nebulizer and assisted breathing on
every other breath

Total Patient Dose

Total patient dose was higher with the Pari LC Plusthan
with the Up-Draft Il and AeroEclipse in all combinations

of breathing pattern and tracheostomy size (P < .001)
(Fig. 4).

The addition of an extension tube to the Up-Draft I1/T-
piece setup increased total patient dose in the 3.5/16M and

[]Breath-enhanced

M Breath-actuated

[l Continuous with T-piece

[l Continuous with mask

[ Continuous with T-piece and extension tube
N Continuous with mask and extension tube

- N -
B [e] @

Total Patient Dose (% of nominal dose)
S

| [ Continuous with T-piece and extension tube, and every other breath assisted
B Continuous with mask and extension tube, and every other breath assisted

I

i %

|l S |

3.5/16M 3.5/12Y

5.5/16M 5.5/12Y

Tracheostomy Tube Size/Breathing Pattern

Fig. 4. Total patient dose, expressed as percentage of nominal dose. The X-axis labels are explained in the text.
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Fig. 5. Proximal/distal ratio. The X-axis labels are explained in the text.

5.5/12Y scenarios (P = .02 and P = .03, respectively). No
differences were noted for the Up-Draft Il/mask setup
P > .22).

Every-other-breath assisted breathing with the Up-
Draft I1/extension/T-piece setup increased the total patient
dose in all scenarios except 5.5/12Y (P = .09). This mo-
dality was the second highest, and was similar to Pari LC
Plusin the 3.5/16M scenario (P = .25), but lower for other
scenarios. Every-other-breath assisted breathing with the
Up-Draft Il/extension/mask increased total patient dose in
the 3.5/12Y and 5.5/12Y scenarios (P = .02 and P = .04,
respectively). Every-breath assistance reduced total patient
dose by 7% and 24% with the T-piece and mask, respec-
tively, compared to every-other-breath assistance.

With the Up-Draft I, the mask interface increased the
total patient dose only in the 3.5/16M scenario (P < .001).
However, when the extension tube was added, total patient
dose decreased in the 3.5/12Y and 5.5/12Y scenarios
(P = .02and P = .042, respectively), whereas the increase
was maintained in the 3.5/16M scenario (P = .03). As
sisted breathing decreased the total patient dose in all the
scenarios with the mask interface (P < .03).

Breathing pattern affected total patient dose with the
Up-Draft 11, Pari LC Plus, and AeroEclipse (P < .001,
P = .002, and P = .003, respectively). Tracheostomy size
affected total patient dose with the AeroEclipse (P < .001).
Assisted breathing removed the effect of the breathing
pattern with the Up-Draft I1/T-piece setup (P = .15), but
not with the Up-Draft I1/mask setup (P < .001).
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Proximal/Distal Ratio

The Pari LC Plus had a higher proximal/distal ratio than
Up-Draft 1l or AeroEclipse in all combinations of breath-
ing pattern and tracheostomy size except for Up-Draft 11 in
the 3.5/12Y scenario (P = .07) (Fig. 5).

The addition of an extension tube to the Up-Draft Il
setup increased the proximal/distal ratio only in the 5.5/
16M scenario with mask interface (P = .03).

Every-other-breath assisted breathing increased the prox-
imal/distal ratio in the 3.5/16M and 5.5/16M scenarios
(P <.001 and P = .004, respectively) with the Up-Draft 11/
extension/T-piece setup, but decreased the proximal/distal
ratio in the 5.5/16M scenario (P = .007) with the Up-
Draft Il/extension/mask setup. The former had a proximal/
distal ratio similar to the Pari LC Plus, except in the 3.5/
16M scenario (P = .001).

The use of mask interface did not change the proximal/
distal ratio with the Up-Draft 1l alone. The addition of an
extension tube increased the proximal/distal ratio in the
3.5/16M scenario (P = .01), but decreased the proximal/
distal ratio in the 3.5/12Y and 5.5/12Y scenarios (P = .01
and P = .003, respectively). Assisted breathing decreased
the proximal/distal ratio in all scenarios with the mask
interface (P < .006)

Breathing pattern and tracheostomy size decreased the
proximal/distal ratio with the Up-Draft 1l (P < .001 and
P = .02, respectively) and the Pari LC Plus (P = .03 and
P < .001, respectively), and had no effect with the
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Table 3.  Particle Size Distribution of Nebulized Albuterol Exiting the Tracheostomy Tube
Up-Draft 1l Opti-Neb
(continuous aerosol delivery) Pari LC Plus AeroEclipse
(breath-enhanced) (breath-actuated)
With T-Piece Interface With Mask
Tracheostomy tube size, mm 35 55 35 55 35 55 35 55

Mass median aerodynamic diameter, 1.20 + 0.12 138+ 0.18 143 *+0.12 160+ 010 126+ 018 158+ 010 122+ 015 1.77+0.10

mean = SD um
Geometric standard deviation

190+ 017 185*+006 179+0.01 1.93*+007 1.78+0.13 1.77*0.04 175*=015 168 0.07
Percent of particles < 5 um 100 99 100

99 99 99 100 99

AeroEclipse (P > .43). When an extension tube was added
to the Up-Draft I1/T-piece setup, the breathing pattern had
a positive effect (P < .001). When the Up-Draft I1/mask
setup was used instead, tracheostomy size exerted a neg-
ative effect (P = .03), whereas breathing pattern exerted a
positive one (P = .001). With assisted breathing with the
Up-Draft 11/T-piece setup, breathing pattern and tracheos-
tomy size exerted anegative effect (P = .001 and P = .04,
respectively). When the mask interface was used instead,
breathing pattern exerted a positive effect (P < .001),
whereas tracheostomy size had a negative one (P < .001).

Drug Deposited in the Tracheostomy Tube

The median percentage of abuterol deposited in the
tracheostomy tube was 0.8% (IQR 0.5-1%) of the nominal
dose.

Particle Size

The MMAD with the 3.5 mm tracheostomy tube ranged
from 1.20 = 0.12 um (Up-Draft I1/T-piece) to
1.43 = 0.12 wm (Up-Draft I1/mask) (P = .13) (Table 3).
The GSD with the 3.5 mm tracheostomy tube ranged from
1.75 *= 0.15 (AeroEclipse) to 1.90 = 0.17 (Up-Draft 11/
T-piece) (P = .38). All the nebulizers had 99.9% of their
particles smaller than 5 um (P > .99).

The MMAD with the 5.5 mm tracheostomy tube ranged
from 1.38 = 0.18 um (Up-Draft I1/T-piece) to
1.77 = 0.10 um (AeroEclipse) (P < .001). Post hoc anal-
ysis showed that the difference was present only for the
Up-Draft 11/T-piece and AeroEclipse setups (P = .04).
The GSD with the 5.5 mm tracheostomy tube ranged from
1.68 + 0.07 (AeroEclipse) to 1.93 = 0.07 (Up-Draft 11/
mask) (P < .001). Post hoc analysis showed that Up-
Draft 11/mask had a larger GSD than the AeroEclipse or
Pari LC Plus (P < .001 and P = .03, respectively). All the
nebulizers had 98.7-99.9% of their particles smaller than
5 um (P = .90).

When aerosol characteristics were compared between
the 3.5 mm and the 5.5 mm tracheostomy tube, the fol-
lowing was noted:
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e The MMAD with the 5.5 mm tube was larger for al the
nebulizersexcept the Up-Draft 11/T-piecesetup (P = .26),
with anincrease in size of 0.17 um (P = .01), 0.32 um
(P = .01), and 0.55 um (P = .01) with the Up-Draft I1/
mask, Pari LC Plus, and AeroEclipse, respectively

* No differences were noted in their GSD (P = .25)

* No differences were noted in their percentage of parti-
cles <5 um (P = 10).

Discussion

The breath-enhanced nebulizer was the most efficient
device, followed by the continuous-aerosol nebulizer with
every-other-breath assisted breathing. Breathing pattern af -
fected drug delivery more significantly than tracheostomy
size, and T-piece was a more efficient interface than mask.
The smaller tracheostomy tube, the younger-child breath-
ing pattern, and assisted breathing caused more proximal
aerosol deposition. Finally, aerosol particle size decreased
after traveling through the tracheostomy tube, and little
drug deposited in the tracheostomy tube.

Delivery Device

The finding that the different types of nebulizers re-
sulted in different outcomes is in agreement with Pitance
et al,*¢ who studied amikacin delivery in an adult trache-
ostomy (internal diameter 6.5-10 mm) model (V1 440 mL,
breathing frequency 20 breaths/min, inspiratory/expiratory
ratio 1:2) with a collecting filter at the tip of the trache-
ostomy tube, creating aclosed circuit. They tested a breath-
assi sted nebulizer and a continuous-aerosol nebulizer alone
and with an extension tube, and found that with the small-
est internal diameter tested (6.5 mm) the continuous-aero-
sol nebulizer with extension tube had a dlightly higher
respiratory dose than the breath-assisted nebulizer. Their
respiratory dose is equivalent to the total patient dose re-
ported here. The other 2 reported studies tested only one
type of nebulizer.2415 The data reported here are consistent
with reports on spontaneously breathing models, and sup-
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port the concept that data obtained with one operating type
of nebulizer cannot be extrapolated to others.18

These data show that the Pari LC Plus delivered more
drug proximally than distally. The Up-Draft 11/T-piece/
extension setup with every-other-breath assistance per-
formed similarly to the Pari LC Plus. Thisfinding could be
used to target the trachea for the delivery of antibiotics for
treatment of tracheitis. The lower airways dose delivered
by the Pari LC Plus and Up-Draft Il/extension/T-piece
with every-other-breath assistance was equivalent to 2-3
pMDI puffs (90 wg/puff) delivered with a non-electro-
static valved holding chamber in a similar model for all
scenarios except 3.5/16M (range 3-5 puffs).23 The poor
performance of the AeroEclipse in this experimental setup
could be partly due to the fact that the flows generated
with the chosen breathing patterns were not large enough
to activate and keep open the inhalation valve.

Assisted Breathing

Whether or not to use assisted breathing to deliver aero-
sol through a tracheostomy remains an important clinical
question. These positive findings for the younger breath-
ing pattern and all small tracheostomy sizes are in agree-
ment with Ari et a5 who used an adult type tracheostomy
model (internal diameter 8 mm) (V+ 450 mL, breathing
frequency 20 breaths/min, inspiratory/expiratory ratio 1:2)
and a continuous-aerosol jet nebulizer. Their model had a
collecting filter connected at the end of the tracheostomy
tube connected to a passive test lung. Their results are
equivalent to the total patient dose reported here. This
model prevented the buildup of pressure by alowing
aerosol to be expired if it was not deposited on the filters,
and also had a breathing simulator. These differences
could explain the discrepancy in the magnitude of the
improvement, with 55% in this study (5.5/12Y scenario)
and > 300% in their study. The data reported here are
not in agreement with the pMDI data obtained using the
same model.2® Similar results were replicated in a fol-
low-up study.® The differences between the nebulizers
and pMDls could be partially explained by the fact that the
nebulizers produce a slower aerosol, in a continuous fash-
ion, that fills the model/airway with aerosol during exha-
lation. Conversely, a pMDI’s aerosol plume production is
intermittent and faster. | also found that every-other-breath
assistance was superior to every-breath assistance. That
difference might be due to the fact that every-other-breath
assistance allows aerosol to collect in the reservoir in be-
tween breaths.

Assisted breathing increased the proximal/distal ratio
with the younger breathing pattern. This could be due to
the turbulence created by the gas coming from the resus-
citation bag. Thisfinding might be used to target the prox-
imal airways during treatment of tracheitis.
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Extension Tube

The enhancement in drug delivery found in some sce-
narios with the addition of an extension tube coupled to a
T-pieceisin agreement with Pitance et al.16¢ However, they
reported a larger increase in delivered drug than reported
here (12—-22% vs 53-54%). The difference in magnitude of
delivery improvement with the extension tube could be
partly dueto the difference in V; used. The volume of the
extension tube is larger than the V; of the young child, so
no entrainment of air without aerosol occurs.

Interface

The decrease in delivered dose when the patient inter-
face was switched from T-piece to mask is in agreement
with thefindings of Ari et al5 and Piccuito et al.4 Ari et al
reported a 50% decrease and Piccuito et al reported a 15%
decreasein an adult tracheostomy (internal diameter 8 mm)
model (V+ 400 mL, breathing frequency 20 breaths/min,
inspiratory/expiratory ratio 1:2) when switching from T-
piece to mask interface.1415 Their experimental setups also
had a filter at the end of the tube, so their data are com-
parable to the total patient dose reported here. 1415

Tracheostomy Size

The finding that tracheostomy size directly correlated
with lower airways dose (AeroEclipse and Pari LC Plus)
and with tracheal and total patient dose (AeroEclipse) is
consistent with data reported for endotracheal tubes.20
Pitance et al, using an adult tracheostomy model, found a
decrease in respiratory dose that ranged from 4% to 21%
when changing from an internal diameter of 10 mm to
8.5 mm, and from 17% to 31% when changing from an
internal diameter of 8 mm to 6.5 mm, using 3 devices.16
Their findings also showed that a decrement of internal
diameter of tracheostomy tubes at smaller sizes results in
more significant negative effect on the amount of deliv-
ered abuterol.

Breathing Pattern

The finding that the older-child breathing pattern in-
creased the lower airways dose, tracheal, dose and total
patient doseisin agreement with previously reportedinvivo
studies and with in vitro studies that used spontaneously
breathing pediatric models.2122 | also found that assisted
breathing removed the difference in patient dose among
breathing patterns by significantly increasing lower air-
ways dose (24—128%) and total patient dose (55—465%).
This finding is the opposite of that reported for pMDIs
using a similar model.13 | speculate that the differences
between pMDI and nebulization could be due to the fact
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that nebulization provides a slower aerosol, generated at
least during all the inspiratory time, and that the nominal
dose is much higher (2,500 wg vs 90 Q).

When tracheal dose was analyzed, the same findings
were noted except for the Pari LC Plus, which showed no
differences across breathing patterns. Tracheal dose was
30-34-fold and 5-6-fold higher with the Pari LC Plus
than with the Up-Draft |1 or AeroEclipse for the smallest
tracheostomy with the younger-child breathing pattern and
with the largest tracheostomy size and the older-child
breathing pattern, respectively.

Drug Deposited in the Tracheostomy Tube

The low amount of drug deposited in the tracheostomy
tube (0.8% of nomina dose) contrasts with higher values
reported with pMDIs, using either similar (7.8%) or dif-
ferent (10%) setups.323 These differences could be due to
the higher velocity of the pMDI aerosol and impaction
deposition on the tracheostomy tube wall. | found much
lower tracheostomy tube deposition than did Pitance et a,
using an adult model, who reported a range of 2-16% of
the nominal dose.1® This might be due to differences in
experimental setup. As noted above, aerosols did not have
any escape, and buildup of pressure could have occurred
resulting in more deposition in the tracheostomy tube.

Particle Size

Thefinding that aerosol particle size reduces when pass-
ing through a tracheostomy tube is in agreement with data
obtained with radio-labeled aerosol passing through a
3.5 mm endotracheal tube.2425 Arhens et a also reported
an MMAD decrease, from 3.4 um at the mouth of a jet
nebulizer to 1.2 wm, 1 um, and 0.48 um at the tips of
endotracheal tubes with internal diameter of 3 mm, 6 mm,
and 9 mm, respectively.2> The MMAD decreased by 48—
74% when passing through the tracheostomy tubes. The
MMAD of the aerosol from the Up-Draft 1l decreased
from 4.56 um to 1.2 um and 1.38 um after passing a
3.5 mm and 5.5 mm tube, respectively.r” The MMAD of
the aerosol from the Pari LC Plus decreased from 3.47 um
to 1.26 um and 1.58 um after passing a 3.5 mm and
5.5 mm tube, respectively.2” The MMAD of the aerosol
from the AeroEclipse decreased from 3.43 umto 1.22 um
and 1.77 um after passing a 3.5 mm and 5.5 mm tube,
respectively.24 The reduction in particle size is most
likely due to impaction of the larger droplets against the
tracheostomy tube walls. Future studies should evaluate
weather using aerosols with an MMAD of 1 um can im-
prove delivery.
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M odel

The 2-compartment model used provides richer infor-
mation than can a single-compartment model, which arti-
ficialy increases the magnitude of certain phenomena. Ar-
hens et a also reported that a 2-compartment model
prevented the overestimation created by condensation in
the tubes and subsequent dripping.2° In addition, a 2-com-
partment model resembles more what happens in human
subjects. However, my model is not perfect because it
doesnot allow air entrainment through the mouth or around
the stoma. Future studies should include anatomically cor-
rect models to overcome the limitations noted above.

The in vitro nature of my study constitutes one of its
main limitations. In particular, this setup overestimates the
amount deposited in the lower airways, because once the
drug is trapped on the filter, it cannot be exhaled. Another
limitation is that 1 used only one size trachea. Despite
these limitations, these data advance the present knowl-
edge on how to optimize aerosol delivery to spontaneously
breathing children with tracheostomy.

Clinical Implications

Drug delivery was low in most of the scenarios and
device/delivery techniques studied. Assisted breathing with
continuous aerosol nebulization improved delivery, and it
should be considered, especially when the trachea is the
targeted area. This setup was as efficient as the breath-
enhanced nebulizer setup, making the former the device of
choice. Breath-actuated nebulizer should not be used un-
less opening of the valve by the patient is documented.

The best way of using these and other data and to be
able to determine the applicability to a specific patient is
by measuring the spontaneous V- through the tracheos-
tomy with a Wright manometer.%.13

Conclusions

The breath-enhanced nebulizer was the most effective
device. Every-other-breath assisted breathing increased
aerosol delivery (second best), being superior to every-
breath assisted breathing. Tracheostomy size and breath-
ing pattern significantly affected drug delivery. T-piece
wasamore efficient interface. Aerosols changed their char-
acteristics when traveling through tracheostomy tubes. The
smaller tracheostomy tube, the younger-child breathing
pattern, and assisted breathing cause more proximal aero-
sol deposition. These data underscore that extrapolation
from different devices and different scenarios might lead
to erroneous conclusions.
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