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Background: Three albuterol sulfate metered-dose inhaled (MDI) products (Ventolin HFA, Proventil HFA,
and ProAir HFA) are marketed in the United States to provide the same total dose of albuterol sulfate.
However, it is widely known that the fine particle dose (<5 um) is the portion of the particle distribution
that actually reaches the lungs and provides therapeutic benefit.
Objective: To examine the differences in particle size between products and how a valved holding chamber
(VHC) can mitigate possible adverse effects.
Methods: Particle size distributions in each product were measured, with and without a VHC, and were
analyzed by high-performance liquid chromatography.
Results: The only significant mean (SD) difference in total dose was between Proventil (75 [21] ug) and
ProAir (107 [12] ug) (P <.01). The fine particle doses of all 3 products were significantly different: 21 (5) ug of
albuterol sulfate for Ventolin, 40 (4) ug of albuterol sulfate for Proventil, and 64 (7) ug of albuterol sulfate for
ProAir (P < .001 for all 3 cases). The VHC successfully removed the larger particle dose delivered by all
3 products (P < .01) without reducing the fine particle dose (P > .05).
Conclusion: Ventolin, Proventil, and ProAir should not be considered interchangeable products. In this
study, the dose of albuterol sulfate likely to reach the lungs with Proventil or ProAir is 2 to 3 times that of
Ventolin. As such, patients with asthma may require 3 additional puffs of Ventolin to achieve a clinical
benefit similar to Proventil or ProAir. Because all 3 products contain 200 actuations, it also follows that
Proventil or ProAir products may last a user 2 to 3 times longer than Ventolin.

© 2016 American College of Allergy, Asthma & Immunology. Published by Elsevier Inc. All rights reserved.

Introduction asthma attack because it can provide rapid relief to the patient.
Systemic adrenergic adverse effects are mostly avoided via inha-
lation of the drug as long as the particles are of the right size to
reach the lungs.* When a substantial portion of the dose deposits in
the mouth and throat, there can be a delay in symptom relief (or
in some cases no symptom relief) and a consequential increase in
systemic adverse effects. Some of these adverse effects include
decrease in potassium serum levels, heart rate increase, finger
tremors, and reduction in T-wave amplitude.’

There are currently 3 racemic albuterol sulfate pressurized MDI

Inhalation therapy has become the delivery system of choice for
treatment of asthma because it allows faster symptom relief with
smaller doses of corticosteroids and (»-agonists delivered directly
to the intended site of action (the lungs) and it avoids large sys-
temic doses that occur with oral administration and are commonly
associated with adverse effects.! Albuterol is a short-acting
(2-adrenergic receptor agonist administered by pressurized
meter-dose inhaler (MDI) to optimize drug delivery to the lungs.

Albuterol is generally used as a rescue treatment during an acute
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products on the market in the United States: Ventolin HFA (Glax-
oSmithKline, Philadelphia, Pennsylvania), Proventil HFA (3M
Health Care Ltd, Key Pharmaceuticals, and Merck & Co, Kenilworth,
New Jersey), and ProAir HFA (Teva Respiratory, LLC, and IVAX
Pharmaceuticals, North Wales, Pennsylvania). They all contain
enough product for 200 actuations, and each actuation is reported
to deliver 108 ug of albuterol sulfate (90 ug of albuterol base) from
the mouthpiece of the actuator.~® Furthermore, they all use the
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same hydrofluoroalkane (HFA) as their propellant: HFA-134a. The
only differences in the 3 products exist in their inactive ingredients
and in their canister designs (ie, proprietary valving systems vary).
In addition to the albuterol sulfate and the HFA propellant, Pro-
ventil HFA and ProAir HFA both contain ethanol, and Proventil HFA
also contains oleic acid. Ventolin HFA consists of albuterol sulfate
and the HFA propellant alone.

It is well established that the portion of the dose from an MDI
that is therapeutically relevant is the portion that is of a particle size
small enough to be aerodynamically transported into the lungs. The
cut-off particle size threshold is roughly 5 um in effective aero-
dynamic diameter.>'° Particles larger than approximately 5 um
are known to deposit quickly on the immediate surrounding sur-
faces, whereas particles less than approximately 5 um are known to
have the advantage of following the flight path of the inhaled
breath into the lungs. Therefore, the nominal total dose of albuterol
sulfate emitted from the actuator is much less important than the
portion of that dose that is aerodynamically less than 5 um. This
study was designed to investigate the performance of the 3
albuterol sulfate MDI products and the effect a holding chamber
can have on their drug delivery.

Methods
Experiment

Ventolin HFA (lot 3ZP0173), Proventil HFA (lot 130461), and
ProAir HFA (lot DAA77A) products were each purchased in tripli-
cate from a local pharmacy. USP grade albuterol sulfate was
purchased from Spectrum Chemical (Brunswick, New Jersey)
(product AL156) for the preparation of standards.

The aerodynamic particle size distribution of each of the 3 MDI
products was established in sextuplicate without a spacer or
holding chamber. Each experiment was performed using a nonvi-
able 8-stage Anderson Cascade Impactor (ACI) with a USP throat
model and a mean (SD) air flow rate of 28.3 (0.5) mL/min.

Next, LiteAire valved holding chambers (VHCs; Thayer Medical
Corporation, Tucson, Arizona [Fig 1]) were positioned between the
MDI, and the ACI induction port and aerodynamic particle size
distribution of albuterol sulfate in each drug product was rede-
termined 6 times. In all cases, the analysis of albuterol sulfate
deposition on each stage of the ACI was performed using
high-performance liquid chromatography (HPLC) with UV
detection at 276 nm.

HPLC Assay

An Agilent 1100 HPLC system was used to quantitate the albu-
terol sulfate in each sample and each standard. The system included
a binary pump, a degasser, an autosampler, a column heater, and a
diode array detector. Chemstation software (Agilent Technologies,
Santa Clara, California) was used to collect and analyze the data. A
Synergi Fusion-RP (Phenomenex, Torrance, California) (inside
diameter, 150 mm length x 4.6 mm; particle size, 4 um; pore size,
80 A) column was used with an isocratic mobile phase of 0.01 M
ammonium acetate/isopropanol (95/5) (pH adjusted to 4.5) at a
flow rate of 1 mL/min to elute the albuterol sulfate. UV absorbance
detection at 276 nm was used to measure the albuterol sulfate peak
areas. The injection volume was 10 uL, and the column temperature
was controlled at 30°C. The run time was 5 minutes, and the
albuterol sulfate peak eluted at 3.0 minutes.

The HPLC assay was validated for accuracy, precision, specificity,
sensitivity, linearity, and range and limits of quantitation and
detection. The stability of albuterol sulfate was also established in
the intended solvent system for 72 hours. Specificity was revealed
in the observation that no interfering or coeluting peaks had the
same retention time as albuterol sulfate. The limit of detection and

Stores Flat Convenient Pop-up Design

Figure 1. The LiteAire Dual Valved Holding Chamber displayed flat (lower left) and
in its pop-up form (lower right) (Thayer Medical Corporation).

limit of quantitation were determined to be 0.002465 ug and
0.00493 ug of albuterol sulfate on column, respectively. The stan-
dard curve contained 6 levels, which ranged from 0.001 to 0.666
mg/mL of albuterol sulfate. Linearity and accuracy of the standard
curve were shown through reproducibility (R> > 0.98) and
measured concentrations being 100% to 105% of their known con-
centrations. Interday and intraday precision of peak area and
retention time were demonstrated because the coefficients of
variation ranged from 0.1% to 3.5% for peak areas and from 0.1% to
1.9% for retention times.

Statistical Analysis

Data were statistically analyzed using Minitab software, version
16.2.4 (Minitab Inc, State College, Pennsylvania). Analysis of vari-
ance was used when 3 or more groups were being compared, and t
tests were used when only 2 groups were being compared. Post hoc
pairwise testing was applied where analysis of variance P < .05.
P < .05 was considered significant.

Results

Table 1 gives the summarized data obtained for all 36 ACI runs
(18 with and 18 without using a VHC).

MDI Without a VHC

Figure 2 shows the results of testing all 3 albuterol sulfate MDI
products by ACI without a spacer or holding chamber. A mean (SD)
of 66 (16) ug of albuterol sulfate of the total dose of Ventolin HFA
was nonrespirable (recovered from the induction port through
plate 2), whereas the respirable dose was 21 (5) ug of albuterol
sulfate (recovered from plate 3 through the filter). Proventil HFA
and ProAir HFA had higher mean (SD) respirable doses at 40 (4) ug
and 64 (7) ug, respectively, and lower nonrespirable doses at 35
(21) ug and 42 (9) ug, respectively. This implies that a patient taking
Ventolin HFA might only be expected to receive a portion of the
dose (particles small enough to reach the lungs) of albuterol sulfate
compared with administration of Proventil HFA and ProAir HFA. In
addition, without a spacer or holding chamber, the patient taking
Ventolin HFA is likely to receive a comparably high deposition of
albuterol sulfate in the mouth and throat.

Figure 3 shows the significance of the differences between the
total doses and respirable doses for each product when no spacer or
holding chamber was used. All 3 products produced total doses that
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Table 1

Mean (SD) Amount of Albuterol Sulfate Obtained From Each Stage of an Andersen Cascade Impactor and Resulting Summary Parameters for 6 Separate Runs of 3 Different MDI

Products With and Without Using a Valved Holding Chamber

Deposit location MDI alone

MDI with valved holding chamber

ProAir HFA (n = 6)  Proventil HFA (n = 6)

Ventolin HFA (n = 6)

ProAir HFA (n = 6)  Proventil HFA (n = 6)  Ventolin HFA (n = 6)

Canister stem 1.79 (0.21) 4.82 (1.09) 739 (1.51) 2.46 (0.73) 4.15 (0.84) 6.66 (2.01)
Actuator 10.01 (3.93) 21.98 (5.24) 19.18 (1.54) 6.19 (2.58) 11.27 (1.46) 15.23 (2.13)
Induction port 38.90 (7.41) 34.29 (20.65) 61.57 (14.86) 3.07° 4,78° 2.79 (0.34)
Plate
0 1.29 (0.53) 0.57 (0.04) 1.69 (1.07) BLOQ? BLOQ" 0.50"
1 0.93 (0.30) BLOQ?* 1.24 (0.37) BLOQ? BLOQ* 0.58"
2 1.78 (0.82) 0.64 (0.12) 1.58 (0.76) 1.29 (0.55) 0.65(0.18) 0.77 (0.24)
3 12.45 (4.13) 5.41 (1.64) 4.26 (2.03) 10.48 (3.49) 6.74 (2.72) 3.32(1.76)
4 26.56 (3.14) 16.67 (2.07) 6.93 (3.10) 25.93 (2.02) 23.62 (2.23) 8.98 (2.98)
5 14.69 (6.07) 12.61 (3.26) 5.73 (1.87) 12.29 (3.80) 16.54 (3.21) 7.71 (2.85)
6 1.80 (0.41) 2.16 (0.42) 0.87 (0.16) 1.83 (0.49) 2.17 (0.31) 1.04 (0.13)
7 0.88 (0.16) 0.74 (0.14) BLOQ" 0.94 (0.13) 0.81(0.14) BLOQ*
Filter 8.03 (1.71) 2.45 (0.64) 3.11 (0.91) 9.95 (1.57) 2.62 (0.79) 3.77 (0.88)
Total dose, ug 106.73 (11.89) 75.04 (20.83) 86.50 (20.80) 63.23 (3.65) 53.84 (5.10) 26.32 (6.53)
Respirable dose, ug 64.41 (6.85) 40.05 (4.16) 20.90 (4.84) 61.42 (2.48) 52.50 (3.91) 24.83 (6.55)
(plate 3 — filter)
Respirable dose, % 61 (5) 58 (19) 24 (1) 97 (2) 98 (4) 94 (6)
Nonrespirable dose, ug 42.32 (8.94) 34.99 (20.76) 65.61 (16.07) 1.80 (1.49) 1.33 (2.17)° 1.50 (1.34)
(induction port — plate 2)
Nonrespirable dose, % 39 (5) 42 (19) 76 (1) 3(2) 2 (4)° 6 (6)
MMAD* 242 (0.20) 2.22(0.16) 2.48 (0.52) 2.33(0.16) 2.26 (0.15) 2.08 (0.23)
GSD! 1.53 (0.06) 1.57 (0.20) 1.77 (0.18) 1.48 (0.04) 1.41 (0.03) 1.71 (0.23)

Abbreviations: BLOQ, below the limit of quantitation; GSD, geometric SD; MDI, metered-dose inhaler; MMAD, mass medium aerodynamic diameter.

2All 6 samples were BLOQ.

bOnly 1 of 6 samples was above the limit of quantitation, so an SD could not be calculated.

“Mean value not significantly different from 0 (P > .05).

dcalculated using www.mmadcalculator.com. Equations based on Internation Organization for Standardization No. 24727.

were significantly larger than their respirable doses (P < .001 for
ProAir HFA, P = .009 for Proventil HFA, and P < .001 for Ventolin
HFA). As such, 39% to 76% of the aerosol in all 3 products are defined
as nonrespirable.

Without a spacer or holding chamber, ProAir HFA gives a mean
(SD) total dose of 107 (12) ug of albuterol sulfate with a respirable
dose of 64 (7) ug of albuterol sulfate, which means the respirable
fractionis 61% (5%) of the dose. Without a spacer or holding chamber,
Proventil HFA gives a total dose of 75 (21) ug of albuterol sulfate with
a respirable dose of 40 (4) ug of albuterol sulfate, which means the
respirable fraction is 58% (19%) of the dose. Without a spacer or
holding chamber, Ventolin HFA gives a total dose of 87 (21) ug of
albuterol sulfate with a respirable dose of 21 (5) ug of albuterol sul-
fate, which means the respirable fraction is only 24% (1%) of the dose.

MDI Alone

Amount of Albuterol Sulfate, ug

ProAir HFA (n=6)

— = = -Proventil HFA (n=6)  seceeee Ventolin HFA (n=6)
Figure 2. The Andersen stage distributions of the 3 metered-dose inhaler (MDI)
products actuated without holding chambers: ProAir HFA (solid line), Proventil HFA
(dashed line) and Ventolin HFA (dotted line). The error bars represent 1 SD of the
mean (n = 6).

ProAir HFA was found to produce a total dose closest to manu-
facturers’ report of 108 ug per actuation. Measurements for
Proventil HFA and Ventolin HFA were lower, but the large error bars
on these measurements revealed no significant difference between
the total doses of ProAir HFA and Ventolin HFA (P = .36) or between
the total doses of Proventil HFA and Ventolin HFA (P = .07). How-
ever, the difference between the total doses of ProAir HFA and
Proventil HFA is significant (P = .009).

MDI With a VHC

Figure 4 shows the results of testing all 3 albuterol sulfate MDI
products by ACI when a VHC is used. It can be seen that the VHC
removed almost all the nonrespirable dose from the 3 products.
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Figure 3. The means (SDs) (error bars) of the total doses (open rectangles) and
respirable doses (striped rectangles) of albuterol sulfate emitted per actuation of 3
metered-dose inhaler (MDI) products (Ventolin HFA, ProAir HFA, and Proventil HFA).
The P values represent the significance of the difference between the total dose and
the respirable dose. Note that ProAir HFA was measured to produce an albuterol
sulfate dose closest to manufacturers’ report of 108 ug per actuation.
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MDI With Holding Chamber

Amount of Albuterol Sulfate, ug

ProAir HFA (n=6)
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Figure 4. The Andersen stage distributions of the 3 metered-dose inhaler (MDI)
products actuated through a valved holding chamber VHC (LiteAire). The error bars
represent the SDs of the means. Note that the VHC removes all the nonrespirable
particles for all 3 products such that their total doses of albuterol sulfate are now
equivalent to their respirable doses. Note that Ventolin HFA is shown to deliver a
significantly lower dose of albuterol sulfate than Proventil HFA and ProAir HFA.

Most notably, the drug collected in the induction port was reduced
to negligible amounts (P <.02), whereas no reduction was observed
in the respirable dose for all products tested (P > .20). This is
optimal performance for a holding chamber.

Figure 5 shows the relative respirable doses compared with
the total doses emitted per actuation when the VHC is used. It can
be seen that the VHC renders the total dose equivalent to the
respirable dose for all 3 drug products (P = .47 for ProAir HFA,
P = .62 for Proventil HFA, and P = .70 for Ventolin HFA). ProAir
HFA gives a mean (SD) total dose of 63 (4) ug of albuterol sulfate
with a respirable dose of 61 (3) ug of albuterol sulfate, which
brings the respirable fraction up to 97% (2%). Proventil HFA gives a
mean (SD) total dose of 54 (5) ug of albuterol sulfate with a
respirable dose of 53 (4) ug of albuterol sulfate, which brings the
respirable fraction up to 98% (4%). Ventolin HFA gives a mean (SD)
total dose of 26 (7) ug of albuterol sulfate with a respirable dose of
25 (7) ug of albuterol sulfate, which brings the respirable fraction
up to 94% (6%).

Discussion
Disparities of 3 Albuterol Sulfate MDI Products

Previously, other researchers have found clinically relevant
differences among MDI products that are marketed by their man-
ufacturers to be equivalent in drug substance and dose. As a matter
of fact, because of some of these known differences, the Medicines
and Healthcare Products Regulatory Agency (MHRA) in the United
Kingdom has asked physicians to specify the brand of the MDI
product rather than allowing an “equivalent” replacement.'!

All 3 of the products we studied have significant in vitro dif-
ferences that may be clinically relevant. In 2012, McCabe et al'?
published that ProAir HFA delivers a softer and warmer plume
that lingers longer than that of Ventolin HFA. They also reported
that the respirable dose in ProAir HFA (53 [4] ug per actuation) was
notably higher than that in Ventolin HFA (26 [2] ug per actuation).
DeBacker et al'® found roughly 3 times the lung deposition of
albuterol sulfate in 3-dimensional airway models of patients with
asthma using ProAir HFA compared with Ventolin HFA. Hautmann
et al'* compared all 3 albuterol sulfate products and found that,
with or without a VHC, ProAir HFA and Proventil HFA delivered
significantly more albuterol sulfate per actuation than Ventolin
HFA. Furthermore, the US Food and Drug Administration lists the 3
albuterol sulfate products as having therapeutic equivalence codes

MDI with Holding Chamber
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Figure 5. The means (SDs) (error bars) of the total doses (open rectangles) and
respirable doses (striped rectangles) of albuterol sulfate emitted per actuation of 3
metered-dose inhaler (MDI) products (Ventolin HFA, ProAir HFA, and Proventil HFA)
when a valved holding chamber is used. The P values represent the significance of
the difference between the total dose and the respirable dose.

of BX, which means they are presumed to be therapeutically
inequivalent because of insufficient data to the contrary."”

The Importance of a VHC

Ideally, an MDI product would directly deliver 100% respirable
drug with every actuation. If this were achievable, a spacer would
not be necessary. Spacers for MDI delivery only offer one benefit to
the user. They provide a chamber through which the aerosol plume
must travel before reaching the patient’s mouth. Within that space,
the larger, nonrespirable (less aerodynamic) particles deposit on
the walls of the spacer and do not travel into the patient’s mouth.
Thus, spacers allow the patient to avoid potential adverse effects
and discomfort associated with drug delivery to the mouth and
throat surfaces.'>!”

Holding chambers were initially developed as an improvement
over spacers. They also provide a chamber to remove the non-
respirable particles, but in addition, they are valved, which allows
the aerosol plume to be held in the chamber until the patient is
prepared to inhale the dose. A second improvement was to also
provide an exhalation valve system that prevented a patient from
exhaling back into the chamber and disrupting the intended dose.
These valves become important for children and older adults who
have either not developed the ability or lost the coordination to
slowly inhale while actuating the MDI and to continue to inhale
until the plume has been consumed. In addition, oral exhalation
without a VHC requires the patient to remove the MDI actuator
mouthpiece from the patient’'s mouth. This is another level of
coordination that becomes difficult for the very young and the
elderly.'®!” If a patient exhales while the aerosol plume is still in-
side a spacer, the plume would be (at least partially) redirected back
toward the MDI actuator. In some cases, the dose can be wasted as it
is blown backwards out of the spacer or deposited in and around
the actuator. The purpose of the valve system in the VHC is to
prevent exhaled air from entering the chamber but to allow inhaled
air to come through the chamber.'®

Originally, spacers and VHCs were only thought to be necessary
for inhaled corticosteroids because of the additional systemic
exposure and the development of secondary yeast infections of the
oropharynx. Now it is widely published that most inhaled MDI
medications can benefit from the use of a VHC for the following
reasons.>'8=23 First, MDI products with standard actuators,
strictly from a physics perspective, simply cannot avoid oropha-
ryngeal deposition. Second, all medications can cause adverse
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effects, especially when delivered in excess. Third, clinical benefit
depends more on patient technique of use than on the MDI device
itself. Removing the need for the patient (regardless of age) to
properly coordinate MDI actuation with slow inhalation; hence,
consuming the entire dose better ensures dose uniformity and
expected clinical outcome.’

The present study reveals how a VHC (in this case the LiteAire
collapsible paperboard VHC) can remove the nonrespirable dose
without reducing the respirable dose. Table 1, Figure 3, and Figure 4
provide clear evidence of such. For all 3 drug products, the VHC
removed the nonrespirable particles to the point that there were no
significant differences between the total doses and the respirable
doses: ProAir HFA became up to 99% respirable, Proventil HFA
became up to 100% respirable, and Ventolin HFA became up to 100%
respirable. Furthermore, there were no reductions in the respirable
doses delivered through the VHC compared with respirable doses
delivered directly from the MDI alone.

Interestingly, there was one increase in the respirable dose of
albuterol sulfate delivered through the VHC compared with the
respirable dose obtained from the MDI alone. Proventil HFA
produced a respirable dose of 40 (4) ug of albuterol sulfate per
actuation from the MDI alone. With the addition of the VHC, the
respirable dose went up significantly to 53 (4) ug of albuterol
sulfate per actuation (P < .001). The reason for this is unknown
but when similar observations were made in a previous study the
increase was attributed to lack of static attraction.”* In the pre-
sent case, it could be also attributed to the inherent static dissi-
pative nature of the paperboard VHC (surface resistance of 5 x
10° £ 1 x 10° Q) and/or plume geometry of Proventil HFA in
relation to the internal geometry of the VHC. Hautmann et al'*
used a high-speed infrared camera to image the varying plume
geometries of the same 3 albuterol sulfate products. They found
that the diameter of the Proventil HFA plume is larger than the
plumes of ProAir HFA and Ventolin HFA immediately outside the
actuator. Preliminary in-house measurements of all 3 products
also revealed that Proventil HFA had the largest plume diameter
pon exiting the actuator. When an MDI is actuated into an
opening narrower than the plume diameter, such as might be the
case with Proventil HFA and a USP throat model, some of the
respirable dose will likely directly affect and deposit on the walls.
On the other hand, a VHC with an inside diameter wider than the
plume might allow more of the respirable dose to pass through,
improving respiratory delivery. This possible explanation for an
apparent increase in respirable dose with a VHC should be
evaluated in a future study.

Further study is warranted with the LiteAire because it is unique
among VHCs in its shape and paperboard construction. To better
understand the increase in the Proventil HFA fine particle dose with
the VHC, the performance of the LiteAire relative to other VHCs
should be evaluated with a special focus on plume geometry. In
addition, the possibility that the paperboard nature of the LiteAire
may offer an advantage in drug delivery compared with non-
antistatic plastic VHCs should be investigated by comparing fine
particle dose delivery.

A weakness of the present study is the lack of in vivo data to
accompany the in vitro findings. It is not possible to state whether
the in vitro differences found herein translate to similar clinical
differences. Furthermore, it may be more clinically predictive to
add simulation of patient breathing and delays between inhalation
and actuation of the MDI. Other researchers have found the com-
bined effect of uncoordinated breathing and breath flow rate with
an antistatic VHC.>> Additional studies on these parameters are
planned; nevertheless, researchers have also found clinical differ-
ences between 2 of the same products (ProAir HFA and Ventolin

HFA), which reflect the in vitro differences discovered in this
study.”

It appears that the respirable doses of ProAir HFA, Proventil HFA,
and Ventolin HFA are not substantially equivalent. Implications are
that a manufacturer’s reported total dose delivered for an MDI may
be an inadequate way to predict an expected clinical response and
that the value of using a VHC as standard practice cannot be
overlooked.
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