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ABSTRACT
The interplay between canister, valve design, formulation, and environmental temperature is crucial
to dose retention in metered dose inhalers (MDIs). Previous studies that have utilized MDIs with
polymeric capillary retention valves, have shown that exposure to environmental changes can
create a temporary temperature gradient between the formulation retained in the metering
chamber and the formulation reservoir in the metal canister, which can cause inconsistencies in the
dose delivered to the patient. The purpose of this study was to more fully quantify these effects.
This was achieved by deliberately varying the temperature difference between inhalers and
environment within ranges representative of routine usage, and assessing the resulting loss of
prime effect via shot weight and delivered dose testing.

The shot weights delivered by three fixed-dose commercial MDIs—Foster�, flutiform� and
Seretide� , were investigated under different experimental conditions. Exposure to temperature
changes of up to 15�C did not appear to affect unprimed shot weights (USW) or subsequent doses
from the Foster product. In contrast, flutiform maintained prime at a temperature differential of
8.6�C, but delivered a low USW following exposure to a DT of 15�C under both realistic and
controlled conditions. Seretide exhibited loss of prime at lower temperature differentials (DT 8.6�C)
and a reduction in USW. The results suggest that the inclusion of ethanol in a solution-based
formulation may inhibit loss of prime, leading to more robust performance in the face of
temperature variations.

Delivered dose testing was carried out to assess the effect of loss of prime on the device ability to
deliver a dose to within 80–120% of the label claim. The results suggest that the drainage of
propellant from the metering chamber of suspension MDIs leaves active pharmaceutical ingredient
(API) residue, causing an increase in subsequent doses once the prime has been restored. Taken
together, the results provide valuable insight into the likely performance of MDIs subjected to
routine daily use, highlighting design and formulation strategies that could be applied to make
performance more robust.

EDITOR
Warren Finlay

1. Introduction

1.1. The use of capillary retention valves in metered
dose inhalers (MDIs)

The performance of an MDI is quantified using metrics
such as: shot weight, the weight of a single metered dose;
delivered dose, the amount of formulation delivered by
the device in a single actuation; and aerodynamic particle
size distribution, the size of particles delivered to the
patient. These parameters are dependent on the proper-
ties of the formulation and the design features of the
device—the hardware employed. The vaporization char-
acteristics of the formulation are particularly important
since they influence atomization behavior, when the
device is actuated. The phasing out of

chlorofluorocarbons (CFC) propellants has necessitated
extensive reformulation over recent decades with more
environmentally friendly hydrofluorocarbons (HFC)
now the propellant of choice for many products (Myrdal
et al. 2014). Ensuring that the formulation is optimized
in terms of, for example, surface tension and vapor pres-
sure is crucial for effective dose delivery. Ethanol is rou-
tinely incorporated as a cosolvent to further improve
performance.

The key hardware components of an MDI are: the
canister, which holds a reservoir of formulation; the
metering valve, which ensures that a consistent amount
of formulation is delivered to the patient with each actu-
ation; and the actuator mouthpiece, which atomizes the
dose and provides an interface between the MDI and the
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patient. Significant innovations to MDI hardware have
been introduced to address the requirements of new for-
mulations and, more generally, to improve product per-
formance with the metering valve; the focus of
significant attention due to its pivotal role in ensuring
consistent dose delivery (Stein et al. 2014). Newer meter-
ing valve designs are specified to, for example, promote
faster filling/draining to directly address the issue of loss
of prime.

Commercial MDIs typically make use of capillary
retention valves (Figure 1), to pre-meter the dose imme-
diately following actuation, in readiness for subsequent
use. Liquid formulation from the reservoir in the canister
is driven through capillaries A and B and into the meter-
ing chamber, by the differential pressure across the valve
stem orifice ports. Consistent delivery is essential for
effective treatment and depends upon each dose volume
being retained within the metering chamber by equilib-
rium capillary forces established at the capillary ports
until release by subsequent MDI actuation (Lewis et al.
2011).

Although the scientific basis for utilizing capillary
retention valves in this way is sound, the Rayleigh-Taylor
theory suggests that if the orifice of capillary A
approaches the critical wavelength (λcrit) for de-stabiliza-
tion of the liquid vapor phase interface, then opposing
gravitational force may exceed the capillary retention
force (Sharp 1984; Fradley and Hodson 2008). This can
cause drainage of the formulation from the metering
chamber back into the canister resulting in erratic dosing
unless the MDI is re-primed prior to use (Fradley and
Hodson 2008; Theil1996; Newman and Peart 2009) or
consistently stored valve down.

Other factors have also been identified to cause or
exacerbate the loss of prime in valve designs, as shown in
Figure 1. These include temperature fluctuation and
MDI agitation, which can influence the balance of gravi-
tational, interfacial and pressure differentials across the
capillary channels within the valve stem, (Thiel 1996;

Newman and Peart 2009; Church et al. 2011). Lewis
et al. demonstrated that the materials selected for the
canister and valve can play a crucial role in determining
the impact of temperature fluctuations, for certain types
of formulation. The combination of a high thermal con-
ductivity metal canister with insulating polymeric valve
components can facilitate the evolution of short-term
thermal differences, causing the content of the metering
chamber to develop a greater vapor pressure than that
within the canister, resulting in drainage of the formula-
tion from the metering chamber (Lewis et al. 2011).

A further study by Church et al. involving the con-
struction of a 2D model, allowed the visualization of for-
mulation drainage from a capillary retention system,
during temperature fluctuations. The results showed that
a temperature differential of just 1�C was sufficient to
overcome surface tension forces and drain HFA 134a
across the capillary interface. However, the addition of
15%w/w ethanol to the formulation impeded this drain-
age. This effect has been attributed to preferential evapo-
ration of the volatile HFA at the liquid-vapor interface,
associated ethanol enrichment and the inhibition of fur-
ther HFA loss from the metering chamber (Gamayunov
et al. 1984). As a result, drainage of the ethanol formula-
tion from the metering chamber was observed to be very
slow and only initiated when DT D 15�C, which is an
unrealistic temperature differential to develop across two
parts of the same MDI, regardless of external tempera-
ture influences (Church et al. 2011; Lewis et al. 2011).

As patients go about their daily activities and move
through a variety of environments, the exposure of
MDIs to temperature fluctuations is inevitable. When an
MDI is exposed to higher environmental temperatures,
the liquid formulation in the canister heats up more rap-
idly than the formulation in the thermal insulated meter-
ing chamber. The resulting vapor pressure difference
may contribute to dose retention. Whereas, when an
MDI is exposed to a cooler environment, the vapor pres-
sure of the liquid formulation within the canister
becomes lower than in the metering chamber, which can
cause the pre-metered dose to drain back into the reser-
voir (Church et al. 2011; Lewis et al. 2011).

In this study, commercial MDIs with different formu-
lations were tested to investigate dose retention following
isothermal storage and temperature cycling. The aim was
to assess the effect of any loss of prime associated with
varying environmental conditions on the delivered dose.
An additional aim was to assess whether the evaporation
of the propellant from solution or suspension formula-
tions could result in an increased concentration of active
pharmaceutical ingredients (APIs) within the metering
chamber, which could potentially be transferred to the
next dose. The implications and relevance of the

Figure 1. Illustrative schematic of Bespak BK 357 MDI capillary
valve (diameters of capillaries A & B D 0.6 mm).
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observations were evaluated in relation to real-world
applications, and the potential impact on the patient.

2. Materials and methods

Experiments were carried out to investigate the response
to temperature fluctuations of three fixed-dose commer-
cial products; Foster� (Chiesi), flutiform� (Mundi-
pharma), and Seretide� (GlaxoSmithKline). All of the
products tested contained an inhaled corticosteroid
(ICS) and a long-acting beta2 agonist (LABA) and had
capillary retention valves, but differed with regards to
their API(s), excipient and propellant content (Table 1).
In addition, Foster is a solution formulation where the
drug is homogenously mixed within the propellant,
whereas flutiform and Seretide are suspension-based
formulations.

Five units of each MDI product, all within their use-by-
dates, were obtained from a pharmacy. Each product was
subjected to five dose firings for each of the three different
test schedules (nD 5). The products were actuated, accord-
ing to guidance in the patient instruction leaflets (PILs), into
dose unit sampling apparatus (DUSA), to establish baseline
standard shot weights (SSWs). The DUSA were operated at
a flow rate of 28.3 L/min, in accordance with test methods
specified in the United States Pharmacopoeia (USP 2014).
Prior to use, the MDIs were equilibrated to laboratory tem-
perature and primed by firing the appropriate number of

actuations through the device as stated in the PILs. Individ-
ual weights for two doses were averaged to give the SSW for
each product.

Three experimental schedules were used to assess the
effect of temperature variation on delivered shot weight,
and each schedule involved cycling the MDI five times
between two different environments. MDIs were stored for
30 min per cycle in the warmer environment, and 5 min in
the cooler environment during both schedules. Time peri-
ods were selected to ensure equilibrium of theMDI (30min;
Lewis et al. 2011) prior to a short exposure (5 min) to the
lower temperature. All MDIs were evaluated from first use
(when the formulation mass in each canister was at a maxi-
mum) to minimize temperature and induced pressure gra-
dients and ensure best-case dose retention scenarios.
Furthermore, during experimental conditions, all MDIs
were consistently stored valve upwards.

Schedule 1 involved cycling MDIs between an indoor
environment at a higher temperature, and an indoor
environment at a lower temperature. Schedule 2 involved
cycling MDIs between an indoor environment at a
higher temperature, and an outdoor environment at a
lower temperature. Finally, in a further schedule MDIs
were cycled under controlled conditions with the MDI
stored valve-up for 30 min in an incubator at 20�C, fol-
lowed by 30 min in an incubator at 5�C. As with sched-
ule 1 and 2, this cycle was also repeated 5 times. In these
controlled conditions, the storage period was 30 min for
both temperatures to account for fluctuations introduced
when incubator doors were opened in order to relocate
the MDIs. Average temperatures for each environment
are presented in Table 2.

Following the temperature cycle schedules, unprimed
shot weights (USW) were measured for all MDIs. Dose
retention values were then calculated as the percentage ratio
of the USW to the associated SSW. In addition to evaluating
shot weights, delivered dose analysis of both the ICS and
LABA was carried out for five consecutive doses after stor-
age. Unfortunately, LABAdata was not determined for Sere-
tide. Each dose was delivered into a separate clean DUSA,
quantitatively rinsed and the API content determined by
ultra-performance liquid chromatography (UPLC-MS)
(ACQUITY UPLC System, Waters Limited, London, UK).

Table 1. Summary of the container closure and formulation char-
acteristics of the three commercial MDIs tested. Reproduced with
permission from Lewis et al. (2016).

Product (API) Valve
Formulation;
Propellant Excipients

Foster� (Chiesi):
Beclomethasone
Dipropionate 100 mg/
Formoterol 6 mg

Bespak
50 mL

Solution:
HFA 134a

Ethanol

flutiform� (Mundipharma)
Fluticasone Propionate
125mg/Formoterol
Fumarate 5 mg

Aptar
50 mL

Suspension:
HFA 227

Ethanol Sodium
Cromoglycate

Seretide� (GlaxoSmithKline)
Fluticasone Propionate 125
mg/Salmeterolxinafoate
25 mg

Aptar
63 mL

Suspension:
HFA 134a

None

Table 2. Temperature conditions for the environments used in all schedules (mean § standard deviation, n D 5). Reproduced with per-
mission from Lewis et al. (2016).

Schedule 1 Schedule 2 Schedule 3

Environment Inside High Inside Low Inside Outside Incubator High Incubator Low

Duration (min) 30 min per cycle 5 min per cycle 30 min per cycle 5 min per cycle 30 min per cycle 30 min per cycle
Place of exposure Indoors Indoors Indoors Outdoors Incubator Incubator
Temperature (�C) 22.8 § 0.5 14.2 § 0.2 20.3 § 0.2 5.1 § 0.5 20.0§ 0.2 5.0§ 0.2
D Temperature (�C) 8.6 § 0.4 15.2 § 0.4 15.0§ 0.4
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To enable comparison between the products, these delivered
dose values were calculated as a percentage of the reference
label dose.

3. Results

3.1. Dose retention values

Exposure to temperature changes of up to 15�C did not
appear to affect the initial unprimed USW/SSW or subse-
quent doses from the Foster product (Table 3, Figures 2 and
3). The performance of the flutiform product remained con-
stant following Schedule 1 (DTD 8.6�C, Figure 2); where a
USW/SSW of 99 § 1% was recorded. However, when the
temperature differential increased to 15�C, the USW/SSW
fell to 46 § 22% during Schedule 2 and 39 § 40% during
Schedule 3, respectively. For Seretide USW/SSW reduced to
around 86% under the conditions imposed by Schedule 1,
decreasing further to approximately 10% and 54%, respec-
tively, when the temperature differential was increased (DT
D 15�C), under realistic and controlled conditions.

3.2. Delivered doses values

When the delivered dose of the API was measured, no
significant difference was found for ICS dose delivery

from the Foster solution formulation (t test, t � 0.2); all
doses were within 80–120% of the label claim. In con-
trast, the unprimed delivered ICS doses from the suspen-
sion based products; flutiform and Seretide were
recorded as 52 § 66% and 65 § 38%, respectively, falling
substantially below the label claim (Figure 4). These val-
ues are slightly higher than the corresponding %USW/
SSW (39 § 40% and 54 § 25%, respectively, see Table 3
and Figure 3), suggesting that the API is left in the cham-
ber after loss of prime. The LABA data obtained for Fos-
ter and flutiform followed the same trend. Delivered
doses for flutiform and Seretide also took more than one
shot to return to standard values (Figure 4). The deliv-
ered dose values for the second shot after the Schedule 3
delivered a greater mass of ICS than the label claim: 135
§ 3% for flutiform and 120 § 21% for Seretide.

For flutiform and Seretide, ten and eight doses,
respectively, fell outside of the 80–120% label claim. Fur-
thermore, eight doses of the flutiform MDIs, and five of
the Seretide MDIs fell outside of the 75%–125% label
claim (Table 4).

4. Discussion

4.1. Dose retention values

Out of the three commercial products tested, the
Foster product proved most robust to the impact of
temperature cycling. Foster contains the most etha-
nol (12% w/w), which could be the reason for the
observed stability. This is consistent with the results
observed for the other commercial products. The flu-
tiform formulation contains 1.3% w/w ethanol;

Table 3. % dose retention (USW/SSW) following different tem-
perature cycling schedules (mean § standard deviation, n D 5).
Reproduced with permission from Lewis et al. (2016).

USW/SSW (%)

D Temperature (�C) Foster Flutiform Seretide

Schedule 1 8.6§ 0.4 99 § 2 99 § 1 86 § 7
Schedule 2 15.2§ 0.4 103 § 1 46 § 22 10 § 5
Schedule 3 15.0§ 0.4 98 § 5 39 § 40 54 § 25

Figure 2. Dose retention (USW/SSW) for commercially available
MDIs following schedule experiments designed to reflect realistic
conditions: Schedule 1 (inside high and inside low) and Schedule
2 (inside and outside) (mean § standard deviation, n D 5).

Figure 3. Shot weights following Schedule 3 as a % ratio of the
standard shot weight (mean § standard deviation, n D 5).
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which was sufficient to maintain the dose at a tem-
perature difference of 8.6�C. However, under realistic
and controlled conditions involving a temperature
differential of 15�C, 1.3%w/w ethanol was not suffi-
cient to prevent dose drainage, and consequently
USW reduction. Seretide contains no ethanol within
the formulation, and under all conditions, dose
drainage was observed.

These results are in agreement with previous studies,
suggesting that the inclusion of ethanol within an MDI
formulation prevents temperature fluctuations from
inducing dose drainage from the metering chamber. This
is because evaporation of the propellant leads to ethanol
enrichment at the metering chamber’s capillary liquid-
gas interface; inhibiting further hydrofluroalkane (HFA)
evaporation, and facilitating dose retention (Lewis et al.
2011; Church et al. 2011).

The dose retention values measured after realistic and
controlled temperature cycles were significantly differ-
ent, suggesting that measuring dose retention under con-
trolled conditions may underestimate the extent of dose
drainage that occurs in a realistic situation. Clearly this
reflects the importance of laboratory testing that reflects
real-world performance.

4.2. Delivered doses values

The ICS and LABA doses delivered from the Foster
solution formulation were consistent with the label
claim, in accordance with the maintenance of prime.
However, the unprimed delivered ICS doses from fluti-
form and Seretide fell short of the label claim. LABA
data for flutiform suggested that delivery of the API
was similarly compromised. These results are consistent
with the loss of prime observed in the shot weight
measurements, the delivered dose testing indicated a
larger delivered dose than would be expected based on
the loss of prime data alone. This suggests that due to
evaporation the concentration of APIs in the formula-
tion remaining in the metering chamber after loss of
prime was higher than the concentration in the bulk
formulation in the canister.

It is considered likely that formulation drainage from
the metering chamber may leave behind API particles, a
finding supported by this data. Re-suspending the API in
the propellant remaining in the metering chamber before
delivery of the unprimed dose, caused increased deliv-
ered dose values, which consequently were higher rela-
tive to their corresponding USWs. Furthermore, API
particles which are not delivered may also re-suspend
when the chamber is filled with the next and subsequent
doses (Colombani et al. 2010). The results from this
study support this hypothesis since the API delivered
dose immediately following unprimed firing is substan-
tially higher for both flutiform and Seretide, before fall-
ing back to the reference label value.

Following all schedules, the delivered dose values for
flutiform and Seretide, fell outside the label claim

Figure 4. Delivered dose of ICS and LABA following Schedule 3 as
a % ratio of the standard delivered dose as specified on the prod-
uct label (mean § standard deviation, n D 5).

Table 4. Number of ICS and LABA doses measured outside of label claim following controlled cycling (Schedule 3). Reproduced with
permission from Lewis et al. (2016).

Units Outside Standard DD Outside 80–120% Outside 75–125%

Product Drug #1 #2 #3 #4 #5 #1 #2 #3 #4 #5

Foster ICS 0 0 0 0 0 0 0 0 0 0
LABA 0 0 0 0 0 0 0 0 0 0

flutiform ICS 5/5 4/5 1/5 0 0 4/5 4/5 0 0 0
LABA 4/5 4/5 1/5 0 0 3/5 4/5 0 0 0

Seretide ICS 3/5 2/5 2/5 0 1/5 2/5 1/5 1/5 0 1/5
LABA ND ND ND ND ND ND ND ND ND ND

ND D not determined.

88 D. A. LEWIS ET AL.



(Table 4). The Food and Drug Administration guidelines
recommend that no more than 1/10 delivered doses
should be outside of the 80–120% label claim, for accept-
able dose uniformity (FDA Draft Guidance 1998). The
results highlight the necessity of priming doses to achieve
acceptable product performance.

In this case the patient is instructed to fire up to four
(flutiform) or two (Seretide) priming doses before taking
their medication (120 dose label claim). Interestingly, the
flutiform PIL recommends priming not only before using
the inhaler for the first time or if the inhaler has not been
used for three days or more, but also after exposing to
freezing or refrigerated conditions (Flutiform Prescribing
Conditions 2016). These recommendations are in agree-
ment with the results obtained in this study. Seretide
instructions for use do not provide specific repriming
instructions following exposure to cold temperatures.
However ICS/LABA combinations are intended to be
taken regularly twice a day, and so dose retention issues
may be much less of an issue (provided patients are com-
pliant) when compared to sparingly used rescue inhalers
that are constantly carried with the patient.

5. Conclusions

During normal daily life, the exposure of MDIs to mod-
est temperature changes is inevitable. The results from
this study show that transitioning between warm and
cool environments can have a detrimental effect on dose
drainage from the metering chambers of MDIs. Conse-
quently, this can impact the dose of drug received by a
patient.

Furthermore it was found that measurement of dose
retention under controlled conditions may underesti-
mate the extent of dose drainage that can occur in a real-
istic situation. This underlines the importance of
carrying out appropriate testing in the laboratory to
ensure that data is representative of what might be
expected to occur during routine use, to avoid
compromising the efficacy of treatment.

The loss of prime observed as a result of temperature
cycling has further consequences than simply causing a
reduced shot weight. For suspension formulations in
particular, propellant drainage appears to leave behind
API in the metering chamber, which can cause two prob-
lems: a reduction in the unprimed dose and/or an
increase in subsequent doses, as remaining particles sus-
pend in the re-filled chamber. It can take numerous shots
to return to a dose that is consistent with the label claim.

A further conclusion is that the inclusion of ethanol
in a solution formulation appears to provide some pro-
tection from the loss of prime caused by temperature
cycling. This evidence, in combination with advances in

device design, provides a basis for the future develop-
ment of MDIs that more robustly answer to patient
requirements and rely less heavily on instructions and
appropriate use to deliver clinical efficacy.

Loss of dose retention can be solved by carefully con-
sidering the formulation and the closure system. Solution
formulations contain ethanol to dissolve the API, and in
some cases suspension formulations, such as Airomir�

(3M) or Clenil�Compositum (Chiesi) also utilize moder-
ate levels of ethanol as an excipient. Alternatively, metal
container closure systems (canister and valve) can
engender uniform metering chamber and canister ther-
mal acclimatization. Finally, it is important to mention
fast fill/fast drain valves, which are an alternative to the
traditional capillary retention valve design, and they
have the potential to eliminate loss of prime from MDIs
(Topliss et al. 2006; Wilby et al. 2006). Although the
designs have been available for many years, none have
yet reached the US or European markets.
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