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ABSTRACT 

 

Dissertation: Realistic evaluation of metered dose inhalers alone 

or in association with add-on devices 

     Wenchi Hsu 

     Doctor of Philosophy, 2012 

Dissertation Directed By:  Richard N. Dalby, Ph.D. 

     Professor and Associate Dean 

     Department of Pharmaceutical Sciences 

 

A pressurized metered dose inhaler (MDI) is a type of medical device designed to deliver 

multiple, individually precise doses of finely dispersed drugs to the lungs via the oral 

inhalation route. As documented by numerous studies, a significant drawback of MDIs is 

the use of incorrect techniques by patients. The effects of improper use and subsequent 

inadequate dosing can lead to a host of clinical problems ranging from sub-optimal 

therapeutic outcomes to emergency room admissions or mortality. All these outcomes 

also place a financial burden on society due to increased medical costs and decreased 

productivity from missed days at school or work. 

In an attempt to improve therapeutic outcome, MDIs were instrumented with a 

differential pressure transducer, load cell and accelerometer to facilitate simultaneous 

capture and display of inhaled flow rate, applied finger-force on canister, and shaking in 

real-time plots. A biofeedback function for inhaled flow rate was also included. Once 

developed, the instrumented MDI was used to train pediatric patient volunteers recruited 

from a predefined high risk population for asthma-related complications. The 

instrumented MDI was shown to be an effective training aid for significantly improving 



inhaler techniques. Improving inhaler techniques, as demonstrated by real-time collection 

of shaking, actuation, and inhalation profiles based on actual patient use, is an important 

step to reducing incidences of preventable therapeutic deficiencies or failures due to 

inhaler misuse.  

In addition to training alone, another way to facilitate correct MDI use is to deploy add-

on devices such as dose counters, valved holding chambers, and facemasks. However, 

there is no generally acceptable or agreed upon methodology for evaluating these 

products. To that end, test methods were developed which consisted of using a force-

instrumented MDI to evaluate dose counter accuracy, and using a novel soft anatomical 

model face-based test fixture with adjustable settings to evaluate valved holding 

chambers with facemasks under realistic simulated use conditions.  
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CHAPTER 1 

DISSERTATION OVERVIEW 

 

1.1 Introduction

Therapeutic outcome from pressurized metered dose inhalers (MDIs) may be enhanced 

by improving patients’ inhaler techniques and by effective functioning of add-on devices 

under a range a patient use conditions. This thesis can therefore be divided into two parts:  

Part 1 

Many patients do not have good inhaler techniques, due to the necessary sequence of 

steps required to use MDIs correctly. Since effective treatment from MDIs can be highly 

dependent on patients’ inhaler techniques, those whose techniques are poor may derive 

little or no benefit from their prescribed MDIs. Therapeutic deficiencies as a result of 

MDI misuse may however be mitigated if inhaler techniques can be improved. 

Part 2 

Add-on devices may be used in conjunction with MDIs to help overcome difficulties 
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patients experience when using MDIs alone. They include dose counters and valved 

holding chambers with facemasks. It is important that these add-on products be tested in 

a way to ensure reliable performance across a range of patient use conditions. However, 

there is currently no consensus regarding appropriate test methods for the performance 

evaluation of these products. 

1.2 Hypotheses 

 

Hypothesis 1 

An instrumented MDI can be developed and used as a training aid to improve inhaler 

technique of patient volunteers. 

Hypothesis 2 

Appropriate test methods can be developed to realistically evaluate the performance of 

dose counters and valved holding chambers with facemasks. 

1.3 Specific aims 

 

Specific aim 1 

To develop an instrumented MDI to record inhaler technique data and provide real-time 

biofeedback training. This aim included the following sub-aims: 

1. Instrument accelerometer, load cell, pressure transducer physically onto MDI  

2. Write LabVIEW program to acquire, plot, and save data from sensors 

3. Apply signal conditioning 

4. Calibrate load cell and pressure signals 

5. Verify calibrations 

6. Choose best available calibration model (if applicable) 
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7. Add patient biofeedback functionality to LabVIEW program 

8. Safe for patient use 

Specific aim 2 

To examine if the instrumented MDI can be an effective training aid in clinical studies 

involving pediatric patient volunteers. The aim included the following sub-aims: 

1. Recruitment of pediatric patient volunteers from a predefined high risk population 

for pilot and final study enrollment 

2. Collection of inhaler techniques from the volunteers 

3. Analysis of collected inhaler technique data 

Specific aim 3 

To evaluate the effect of flow rate on the in vitro performance of the MDI products used 

in the volunteer clinical studies. 

Specific aim 4 

To determine the accuracy of Ventolin
®

 HFA dose counters under simulated use 

conditions using force-instrumented MDIs. This aim included the following sub-aims: 

1. To record actuation forces associated with fire-count, fire-not-count, count-not-

fire, and miscount events 

2. To investigate whether the dose counter can be tampered to be used with a 

separate commercially available MDI not designed with an intact dose counter 
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Specific aim 5 

To realistically assess the performance of a valved holding chamber-facemask set under 

natural and ideal seal conditions using a novel facemask test rig. 

Specific aim 6 

To compare the performance of valved holding chamber-facemask sets from three 

manufacturers using the facemask test rig. For each valved holding chamber-facemask 

set, this aim included the following sub-aims: 

1. To determine the facemask percent leakage 

2. To determine the dose deposition including delivered dose to filter 

a. Under different facemask applied forces (using 0.45, 1.9 kg) 

b. Under different breathing conditions (1, 2, 4, 8 breaths)
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CHAPTER 2 

INTRODUCTION AND BACKGROUND 

 

2.1 Pulmonary drug delivery 

Pulmonary drug delivery involves the delivery of aerosolized drugs to the respiratory 

tract via the oral inhalation. These inhaled aerosols are generally intended for use as a 

prophylactic or direct treatment of local lung diseases such as asthma, cystic fibrosis, and 

chronic obstructive pulmonary disease (i.e., chronic bronchitis and emphysema) [1]. 

Additionally, inhaled aerosols have in the past been used to deliver drugs intended for 

systemic effect, such as insulin to treat diabetes [2], and more drugs, such as opiates and 

protein/peptide drugs, are being evaluated for their potential to systemically deliver drugs 

via inhalation [3-13]. 

The inhalation route offers distinct advantages for drug delivery. The most obvious is its 

ability to deliver drugs directly at their sites of action for local treatment of lung diseases. 

This is important, especially in the case of airway constrictions such as those encountered 
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during an asthma attack, in which a rapid onset of action is essential. Moreover, lower 

doses of the same drug can be given and achieve the same effect compared to delivery via 

other routes, such as oral or parenteral, resulting in not only reduced adverse effects but 

also reduced drug costs [14, 15]. Unlike the fate of drugs delivered orally, inhaled 

aerosols that are deposited in the lungs are not subject to degradation by first-pass 

metabolism in which bioavailability can be significantly reduced. In regards to systemic 

drug delivery, the ability to non-invasively avoid first-pass metabolism combined with 

the lungs’ large surface area, abundant network of capillaries, and thinness of the gas-

blood barrier, all lend themselves as qualities that can be exploited when using the lungs 

as a portal into systemic circulation [16-18]. 

2.2 Lung anatomy and physiology 

The lung is the respiration organ in which oxygen from inhaled air is exchanged with 

carbon dioxide from the bloodstream. The respiratory tract can be divided into three 

regions: the upper (extrathoracic) airways, the conducting (central or tracheobronchial) 

airways, and the respiratory (peripheral or alveolated) airways [19, 20].  

Upper airways 

The upper airways contain the nasal cavity, mouth, oropharynx, and larynx. Its primary 

functions are to intake the inhaled air and to begin to warm and humidify it toward in 

vivo environmental conditions. The upper airways are characterized by its perpendicular 

bend toward the back of the mouth at the oropharynx in addition to its overall structural 

narrowness and variability among individuals [21]. These characteristics make this site a 

prime location where significant aerosol can deposit, and as a result, may severely limit 

the amount of drug reaching down into the lungs where they are intended. Avoiding 
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aerosol deposition in the upper airways is therefore desirable in achieving successful drug 

delivery to the lungs.  

Weibel model 

A simplistic way to explain the complexity of the conducting and respiratory airways is 

to use the Weibel model [22]. It views the lungs as a series of 24 airway generations. 

Starting with the trachea (generation 0), it bifurcates into two airways at approximately 

45° to become the right and left main bronchi (generation 1). Each of the two main 

bronchi then bifurcates into two more, smaller bronchi airways in the next generation. 

This process of bifurcation repeats with each generation all the way down to the alveolar 

sacs (generation 23). Therefore, as the generations increase, the number of airways 

increases exponentially. According to this model, for example, generation 3 contains 8 

airways while the number of airways in generation 17 swells to 282,144.  

The conducting airways cover generations 0 to 16 on the Weibel model and structurally 

they include the trachea, bronchi, bronchioles, terminal bronchioles. The airway diameter 

in the conducting region decreases from approximately 1.8 to 0.06 cm and the total cross 

sectional area increases from about 2.5 to 180 cm
2
. Past the conducting airways, the 

respiratory airways (also known as the gas exchange airways) cover generations 17 to 23 

of the remaining Weibel model. The respiratory airways consist of the respiratory 

bronchioles and alveolar ducts and sacs. The airway diameter in the respiratory region 

decreases slightly from approximately 0.05 to 0.04 cm, however the total cross sectional 

area increases extensively from approximately 300 to 11,800 cm
2 

[19]. A model depicting 

the conducting and respiratory exchange airways is illustrated in Figure 2.1. 
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Figure 2.1 Weibel model of airways [23], reprinted with permission. 

 

Lung physiology 

One of the functions of the conducting airways is to continue to warm and humidify the 

inhaled air as well as to transport the air down to the respiratory airways. Structurally, the 

conducting airways are lined with ciliated epithelial cells. These cells secrete a defensive 

blanket of viscous mucus, which contains a mixture of biological substances such as 

glycoproteins and immunoglobins [24]. The hair-like cilia on the epithelial cells beat at a 

frequency of around 15 Hz in healthy humans [25]. In a process known as the 
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“mucociliary escalator,” the cilia work in a synchronized manner to propel the mucus 

upwards towards the larynx, where the mucus can then either be swallowed or 

expectorated. Therefore, the conducting airways also functions as a first defense 

mechanism against unwanted inhaled particles. 

Unlike the conducting airways, the respiratory airways generally do not contain the 

mucus-secreting cells but instead contain alveolated regions in which gas exchange 

occurs. Due to the enormous surface area available, the respiratory airways contain about 

300 to 600 million alveoli with a mean alveolar surface area estimate ranging from about 

100 to 190 m
2
 in healthy humans [20, 26, 27]. Depending on its molecular weight and 

physicochemical properties, drugs that deposit in the respiratory region can cross into 

capillary circulation either transcellularly through cells or paracellularly through tight 

junctions between cells [28, 29]. In terms of defense mechanism, the respiratory airways 

contain macrophages that can engulf solid particles and transport them to the bottom of 

the mucociliary escalator to be cleared upwards. As they are typically soluble, inhaled 

drug particles are not usually subject to macrophage attacks [30]. 

2.3 Aerosol deposition mechanisms in the airways 

The most important physical property of an aerosol is its particle size. The particle size of 

an aerosol is typically described by its aerodynamic diameter, defined as the physical 

diameter of a unit density sphere which has the same gravitational settling velocity as the 

particle in question. Once inhaled, a particle’s aerodynamic diameter will predominantly 

dictate the mechanism by which it deposits in the respiratory tract. The three main 

mechanisms of aerosol deposition are: 1) inertial impaction, 2) gravitational 

sedimentation, and 3) Brownian diffusion [31-33]. In general, particles with aerodynamic 
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diameters between 1 and 10 µm will deposit by impaction or gravitational sedimentation. 

Those with aerodynamic diameters less than 1 µm will be largely deposit by Brownian 

diffusion [34-36]. A schematic depicting these deposition mechanisms is shown in Figure 

2.2. 

 

Figure 2.2 Primary particle deposition mechanisms in the airways, showing: a) inertial 

                  impaction, b) gravitational sedimentation, and c) Brownian diffusion. 

 

Inertial impaction 

In the context of respiratory physics, inertial impaction of inhaled particles, typically 

those with aerodynamic diameters larger than 5 µm, occurs primarily in the upper 

airways and at bifurcation sites in the larger, central airways (i.e., generations 1 to 8) [22, 

37, 38]. These are prime locations for deposition because the higher momentums inherent 

to larger, inhaled particles make it difficult for them to follow the directional changes in a 

high linear velocity airstream, especially those encountered at the throat and central 

airway. As a result, these particles are unable to negotiate the turns and thus impact on 

the airways instead. As the conducting airways continue to branch out and down, the total 

cross sectional area increases significantly causing the airstream velocity to fall as a 

a

b

c

air flow

direction
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result. This reduction in the velocity of the particle-containing airstream makes impaction 

an unlikely deposition mechanism for surviving particles reaching the peripheral, 

respiratory regions. Individuals can affect impaction probability by controlling their 

inhaled flow rates. A high inhaled flow rate increases the chances of impaction in the 

upper, larger airways while a low flow rate achieves the opposite effect [39, 40]. In terms 

of drug delivery, a lower flow rate is therefore desirable to reduce impaction and increase 

the amount of drug reaching down into the lungs where it can exert its intended 

pharmacological effect. Theoretically, the probability of a particle to impact on an airway 

surface is proportional to: 

�������
��  

where Ut is the particle’s terminal settling velocity (see equation in next section), U is the 

airstream velocity, θ is the angle in which the airstream changes direction, g is the 

gravitational constant, and r is the airway’s radius [41]. 

Gravitational sedimentation 

Gravitational sedimentation occurs when an aerosol particle falls on an airway surface 

due to the force of gravity. This mechanism is a function of a particle’s aerodynamic 

diameter and residence time in the airways. The particles with the highest propensity of 

deposition via sedimentation are those with aerodynamic diameters between 1 and 5 µm. 

As the deposition in the upper, larger airways is dominated by impaction, deposition in 

the smaller, respiratory airways is dominated by sedimentation. Like impaction, particle 

sedimentation is also affected by an individual’s breathing pattern. Slow inhalation and 

breath holding will enhance sedimentation because it increases the residence time needed 
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for the force of gravity to overcome the upward drag force on a suspended aerosol 

particle [42, 43]. As the particle settles under the force of gravity, it will reach its 

terminal settling velocity, Ut: 

�� 	

����

18�  

where ρ is the particle’s density, g is the gravitational constant, Dae is the particle’s 

aerodynamic diameter, and η is the air viscosity [41]. 

Brownian diffusion 

Brownian diffusion describes the random movement of particles suspended in a fluid. 

Since particles less than 1 µm in diameter do not have enough momentum to deposit by 

impaction nor do they have enough settling velocity to deposit by sedimentation, 

Brownian diffusion becomes the governing force for these particles to deposit. This type 

of deposition occurs mainly in the lower, alveoli regions whereby the random diffusion of 

a particle may allow it to come into contact with an airway surface resulting in 

deposition. Particles which do not make contact with a surface may then be expelled out 

into the atmosphere during exhalation.  

Other deposition mechanisms 

Although impaction, sedimentation, and diffusion are the most common mechanisms of 

particle deposition in the respiratory tract, other mechanisms, though rare in occurrence, 

exist. For example, airborne articles can also deposit by interception, in which particles 

with irregular shapes, such as fibers, can physically catch on an airway’s surface as they 

navigate through the lungs. Another notable deposition mechanism is electrostatic 
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attraction [44, 45]. This occurs when a particle with an electrostatic charge induces an 

opposing charge on the airway surface, leading to deposition by opposite charge 

attraction. 

2.4 Pressurized metered dose inhaler 

Components and principle of operation 

Among the different types of aerosol drug delivery devices, pressurized metered dose 

inhaler (pMDI, MDI, or simply “inhaler”) is the most commonly used one worldwide 

[46]. Introduced in the 1950s to deliver inhalable bronchodilators for asthma therapy 

[47], the basic components and principles of MDI technology remain largely unchanged.  

Basically, a MDI is made up of four components: formulation, canister, metering valve, 

and actuator. The formulation contains the active drug dissolved or suspended in 

liquefied propellant(s) and if necessary, excipients, such as co-solvents and surfactants, 

are added to aid in the dispersion and stability of the formulation. Equilibrium exists 

between the liquid and gaseous phases of a propellant. The propellants have traditionally 

been chlorofluorocarbon-based (CFCs), but due to their link in ozone depletion, CFCs 

have nearly been phased out of use in the United States [48]. Hydrofluoroalkane-based 

(HFA) propellants have emerged as viable alternatives. The formulation is stored, under 

pressure, in a canister capable of protecting the formulation as well as withstanding the 

pressure needed to preserve the propellant as a liquid. These canisters are often 

constructed of aluminum alloy or stainless steel. To curb against drug-to-canister wall 

adhesion, the canisters may be internally coated with fluorocarbon polymers to improve 

delivered dose content uniformity [49, 50]. A metering valve is crimped onto the canister 

and serves to not only seal and secure the contents inside but also to measure out, via an 



 

14 

 

internal metering chamber, a reproducible volume of formulation each time throughout 

the lifespan of the product. Once crimped, the metering valve and the canister are seated 

valve-down into a plastic actuator. When the canister is depressed (termed “actuation” or 

known colloquially as “firing” an inhaler), the valve stem on the metering valve is pushed 

down onto the actuator nozzle, exposing the once internal metering chamber to the 

atmospheric conditions. As this occurs, the propellant-based formulation inside the 

metering chamber is instantly driven out through the expansion chamber and nozzle out 

into the actuator mouthpiece as a high velocity spray in which the highly volatile 

propellant expands and evaporates resulting in a forward spray of aerosol drug droplets 

that patients can then inhale into their lungs [51-54]. A schematic of a typical MDI 

system with labeled parts is provided in Figure 2.3. 

 
Figure 2.3 Schematic of a pressurized metered dose inhaler [55], reprinted with  

                  permission. 
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Advantages  

Compared to other pulmonary drug delivery devices, MDIs are robust, portable and 

convenient to use. Other advantages include patient acceptance, low cost, relative 

simplicity of use, and multi-dose capacity [56, 57]. The canister contains formulation for 

many doses, often up to 200, and the hermetically sealed canister protects the formulation 

from light, oxidative degradation, moisture ingress, and microbial contamination. The 

dose output from MDIs is generally reproducible and treatment times are short. Whereas 

dry powder inhalers require the patient to supply its own inhalation energy to release a 

dose, MDIs do not use energy from the patient to actuate a dose. As discussed in an 

earlier section, MDIs use the stored potential energy from the liquefied propellant to 

drive out and generate a metered dose [58].  

Disadvantages 

Despite its advantages, MDIs unfortunately also have some serious drawbacks. By and 

large, pulmonary drug delivery devices often suffer from low and variable penetration of 

drug into the lungs, and MDIs are no exception [59-61]. This is due in part to the 

propellant droplets exiting the device at a high velocity which promotes impaction in the 

oropharyngeal region. In addition, ventilatory parameters such as breathing pattern, flow 

rate, inhaled volume can also markedly affect particle deposition [16]. 

Despite their high dose load capacity, MDIs do not necessarily come equipped with dose 

counters to indicate to patients how many doses exactly remain in the canister, and as a 

result, those who do not keep track the number of doses remaining may find their MDIs 

empty during emergencies in which instant rescue therapy is needed. 
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Another significant disadvantage is that MDIs require a series of steps, many of which 

are critical, for appropriate drug delivery. The instructions for MDI use typically involve 

the following generic steps:  

1) Check the inhaler for any irregularities or blockage 

2) Shake the inhaler 

3) Exhale to functional capacity 

4) Place the inhaler in mouth and seal lips around the mouthpiece 

5) Actuate the inhaler while breathing in slowly and deeply 

6) Hold breath for at least 5 seconds 

7) Remove inhaler from mouth and exhale 

The overall execution, or lack thereof, of the above instructions is known as a patient’s 

inhaler technique. A common difficulty that impedes good inhaler technique is failure to 

coordinate actuation with inhalation. Both adult and pediatric patients are known to 

struggle with their inhaler techniques, to varying degrees. The youngest children, those 

age four or less, to whom MDIs are prescribed may not even have the motor skills to use 

the mouthpiece appropriately or have the coordination skills necessary to use MDIs 

effectively [62].  

Although breath-actuated and other feedback compliance MDIs exist to help patients who 

have difficulties with using their inhalers, they are often expensive, bulky, or not readily 

available [63, 64]. Therefore since most patients do not have these products to fall back 

on, they must learn to use their MDIs via other means; for example, reading 

manufacturer’s instructions for use. However, instructions to inhale slowly and deeply do 
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not impart much tangible information to patients regarding just how slow is slowly or 

how deep is deeply. As a result, non-optimal and inappropriate flow rates often occur 

which result in reduced or inconsistent therapeutic benefit from MDIs. This, along with 

failures to coordinate actuation with inhalation may qualify as egregious, catastrophic 

inhaler techniques in which patients derive no therapeutic benefit from their MDIs. 

Since poor inhaler techniques can severely reduce MDI therapy, several types of add-on 

products are available to facilitate use and improve therapeutic outcome. These include 

dose counters, valved holding chambers, and facemasks. A brief description of each 

auxiliary device is provided in the next section, while more in-depth discussion is 

reserved in the later, applicable chapters. 

 2.5 MDI add-on devices 

Add-on devices were developed out of a need to reduce patient difficulties associated 

with using MDIs properly. Very importantly, they also make it possible for young 

children to benefit from MDI therapy [65]. 

Dose counters 

Since MDI canisters are not transparent, they make it difficult for patients to judge the 

amount of formulation remaining. The foolproof way to determine whether a canister is 

empty is for patients to record the number of times they have actuated their MDIs until 

they have reached the manufacturer’s labeled number of doses for each specific MDI. 

This is a tedious process, especially considering most MDIs contain a few hundred 

metered doses.  
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Dose counters can come already incorporated into MDIs as an intact package or as a 

separate entity to be added onto MDIs through retrofitting. Dose counters work by 

counting the total labeled number of doses down each time the MDI is actuated. Its 

purpose is to communicate to patients the number of doses remaining in an MDI.  

Spacers and valved holding chambers 

As mentioned earlier, the drug-containing propellant formulation exits the MDI rapidly as 

a high velocity spray. This unfortunately promotes unwanted drug impaction in the 

oropharyngeal region [66]. Spacers, often tubular in shape, are a type of device that adds 

time and distance between the emitted spray and a patient’s mouth. They increase drug 

deposition to the lungs by conditioning the aerosol particles into having more favorable 

aerodynamics for lung penetration. This is accomplished because spacers promote 

aerosol deceleration and evaporation, and also allow the ballistic fraction to impact in the 

device at the same time. These processes result in potentially higher delivery of drug 

particles down the respiratory tract. One end of a spacer contains an adaptor to fit a MDI 

while the other end contains a mouthpiece [67].  

Predicated on this technology, valved holding chambers (VHCs) are basically spacers but 

more advanced in that they contain low resistance one way valves adjacent to the 

mouthpiece to prevent aerosol escape and/or exhalation, or re-breathing, back into the 

device. Therefore, following MDI actuation, these devices can temporarily hold the 

aerosol particles inside the chamber for patients to inhale. This is very useful for patients 

who struggle with the coordination aspect of the inhaler technique as it allows some 

leeway between actuation and inhalation [68].  
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These devices therefore offer two huge advantages: lowering oropharyngeal deposition 

and facilitating MDI use for patients with coordination difficulties. However, because 

most spacers and VHCs are made of plastic, electrostatic charges can accumulate on the 

surface of these devices, due to the aerosol formation process, and consequently result in 

erratic drug output and decreased delivery [69, 70]. To mitigate these effects, studies 

have shown that washing these plastic devices in detergent can greatly reduce 

electrostatic charge and therefore improve drug delivery [69-71]. Moreover, in a direct 

approach to combat unwanted electrostatic charge, devices with anti-static claims are 

increasingly reaching the market. Accomplished by constructing out of metal or charge-

dissipative polymers, these improved devices have been shown to drastically improve 

drug delivery as well as reduce variability for more consistent performances compared to 

their non-conducting counterparts [72-74].  

The therapeutic benefits of VHCs have been demonstrated in clinical studies. For patients 

with poor inhaler technique, greater clinical response was found when patients used a 

MDI with VHC versus when they used a MDI alone [75-78]. In addition to facilitating 

MDI use among those with poor coordination skills, they have also been documented to 

significantly improve pulmonary bioavailability by decreasing oropharyngeal deposition, 

by as much as 11-fold, as noted in one study [79-82]. While nebulizers are often the 

device of choice for administering respiratory drugs in emergency settings, using a MDI 

with VHC can be clinically equivalent to using a nebulizer [83-91]. 

Facemasks 

Patients requiring MDI therapy but who cannot physically maneuver or use the 

mouthpiece appropriately, such as in the case of young children, will need to inhale 
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through a facemask via a spacer or VHC adjoined to the MDI [62, 92]. Facemasks 

therefore serve as patient-device interfaces for those who otherwise cannot use an MDI 

alone or attached to a VHC. In regards to inhalation and exhalation valves, some 

facemask may either have one or both while others may have none at all. The valves 

should be of low-resistance to allow patients, including young children, to easily open 

them under relaxed, tidal breathing. Also facemask designs with a flow indicator 

connected to the one way valve are useful in verifying that inhalation is taking place, 

hence indicating that appropriate seal between facemask and face has been established 

[67]. 

Facemask performance is known to be affected by a number of factors including valve 

and mask design, shape and material flexibility, and overall ease and quality of fit. In 

particular, a secure and tight facemask seal is necessary to ensure appropriate drug 

delivery from a VHC attached to a MDI [93-96]. Facemask seal can be influenced by the 

amount of applied force and also by the amount of dead space in facemask. It is desirable 

for facemasks to produce tight seal with a minimal applied force. Even a small leakage 

can result in significantly lowered drug delivery [97]. Dead space is, in essence, wasted 

effort that needs to be overcome to ensure good drug delivery from the MDI attached-

VHC. It is therefore important to minimize dead space in facemasks, particularly when 

they are used to deliver drugs to neonates and infants, due to their much smaller tidal 

volumes [98-100]. Additionally facemasks which utilize soft materials and flexible 

designs are advantageous because they allow some degree of movement, such as when 

facemask are applied on uncooperative children, while not severely compromising the 

integrity of the facemask seal [101, 102]. Despite their active role in drug delivery from 
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MDIs with VHCs, the methods for performance evaluation of facemasks are largely 

undefined.   
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CHAPTER 3 

DEVELOPMENT OF AN INSRUMENTED METERED DOSE 

INHALER TO RECORD INHALER TECHNIQUE DATA AND 

PROVIDE REAL-TIME BIOFEEDBACK TRAINING TO PATIENTS 

 

3.1 Introduction 

A pressurized metered dose inhaler (pMDI, MDI, or simply “inhaler”) is a type of 

medical device designed to deliver multiple doses of finely dispersed drugs to the lungs 

via the oral inhalation route. A significant drawback of MDIs pertains to its notorious, 

though rightfully earned reputation of being a difficult and challenging type of device to 

use properly.  

Patients who are prescribed inhalers are typically taught the appropriate technique by 

either healthcare providers or through self-education by reading the manufacturer’s 

instructions for use. Children who are not proficient readers may need to rely on their 

guardians to explain the instructions, along with additional teaching by healthcare 
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providers. However, a study by Interiano et al found that healthcare providers involved in 

the care of respiratory patients often do not have good understanding of proper inhaler 

use themselves [103]. In this study, leading the way among the medical specialties for 

worst inhaler technique were nurses—82% of which (41 out of 50 nurses) received 

“poor” scores, meaning only two of the six steps judged by the authors to be critical for 

effective inhaler use were achieved. Additionally, the study observed that a disturbing 

number of patients with prescribed inhalers also do not have good inhaler techniques. 

Rather than being an outlier, these findings are unfortunately a common theme. Literature 

abound with studies that show the majority of healthcare providers as well as patients, 

including both adults and children, with prescribed inhalers are not able to adequately 

describe or demonstrate necessary steps for correct use of inhalers or inhalers with add-

on devices [104-120].  

Successful operation of MDIs requires a series of steps, several of which are critical to 

effective drug delivery. Common errors in inhaler technique include forgetting to shake 

the inhaler, firing into mouth while inhaling through the nose, inappropriate inhaled flow 

rate, lack of breath holding after inhalation as well as a host of errors relating to 

coordination issues such as firing before inhalation, firing at the end of inhalation, firing 

stops inhalation, and firing during exhalation [121]. These findings are distressing since 

inhaler technique errors unnecessarily result in patients not receiving full benefit from 

their prescribed medications. Consequences for non-optimal or improper use can lead to 

increased side effects and inadequate therapies which may result in serious health 

problems including death [122, 123]. Due to this, increased medical costs are also 

associated with inhaler misuse, in addition to economic losses due to missed days from 
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work and school [124]. The need to improve inhaler technique among patients is 

therefore evident [125]. Fortunately, there are many studies that demonstrate individuals 

can markedly improve their inhaler techniques through repeat instructions, training aids, 

or follow-up checks [121, 126-137]. 

Thus with this in mind, the general aim was to develop an instrumented inhaler that could 

record inhaler technique data as well as serve as a real-time biofeedback training aid to 

improve inhaler technique among patient volunteers. Specifically, the aim included 

following sub-aims: 

1. Instrument sensors (i.e., accelerometer, load cell, pressure transducer) 

physically onto MDI  

2. Write LabVIEW program to acquire, plot, and save data from sensors 

3. Apply signal conditioning 

4. Calibrate load cell and pressure signals 

5. Verify calibrations 

6. Choose best available calibration model (if applicable) 

7. Add patient biofeedback functionality to LabVIEW program 

8. Safe for patient use  

It is important to note that this instrumented inhaler was based on a past inhaler training 

platform [138], but was mechanically and electronically updated with new components 

and upgraded data acquisition capabilities, processing speed, and software programming. 

Although the goal between the two inhaler training tools was similar, their approaches to 

that end were entirely different. While the earlier training tool used a C program that 
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guided users independently, via a series of pop-up messages, through the steps of using 

an inhaler, this training tool was based on a LabVIEW program to be used in conjunction 

under the guidance of trained pharmacists. The program allowed the users options to 

either practice inhaler techniques repeatedly from start to end or just focus on one aspect 

of inhaler technique, such as inhaling at an appropriate flow rate. In other words, unlike 

the previous training tool, it was flexible to user needs, as the program will not guide 

users into the next inhaler step unless mastery of the previous step was demonstrated, as 

confirmed on screen or by the pharmacists. Therefore, this training tool allowed 

pharmacists, or other trained healthcare professionals, to become part of the inhaler 

training process, such that together, they combined to improve inhaler techniques of 

patient volunteers. 

3.2 Materials and methods

System design 

Basically, inhaler use consists of three types of detectable action: shaking, actuation 

force, and inhaled flow rate. When an inhaler is shaken, the inhaler undergoes changes in 

acceleration, due to its non-constant velocity in movement. To sense shaking, an off-the-

shelf dual axis, ±5 g accelerometer (DC-ACCM5G; Dimension Engineering, Akron, OH) 

was used. It required an excitation voltage of 3 to 5 VDC. A 1” diameter compression 

load cell (LCGC-50; Omega Engineering Inc., Stamford, CT) was used to determine 

actuation force, also known as the “finger-force” a patient exerts to push the canister 

down to initiate actuation. It had a load range of up to 22.6 kg (50 lbs) with an excitation 

voltage of 5 VDC. Lastly, a bidirectional differential pressure transducer (PX653-

25BD5N; Omega Engineering Inc., Stamford, CT) was used to detect flow rate, since 
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changes in flow correlate to changes in pressure. The pressure transducer had an 

operating range of ±25” H2O and required an excitation voltage of 12 to 36 VDC. 

Figure 3.1 shows the schematic diagram of the system components. At the center of the 

circuitry was a 68 pin I/O connector block (CB-68LP; National Instruments, Austin, TX). 

It had 68 screw terminals to connect to data acquisition devices. The accelerometer, load 

cell, and pressure transducer sensors therefore all connected to input and ground pins on 

this block. The output signals from the I/O connector block was transmitted via a 

shielded cable (SCH68-68-EPM; National Instruments, Austin, TX) with an attached data 

acquisition card (DAQCard-6024E; National Instruments, Austin, TX) that was 

connected to the PCMCIA card slot of a laptop (Latitude E6400; Dell, Round Rock, TX). 

The signals were interpreted using LabVIEW
TM

 software (version 8.5; National 

Instruments, Austin, TX) on the laptop. The laptop supplied the 5 VDC necessary for the 

accelerometer and load cell, while the pressure transducer required its own external 24 

VDC linear power supply (U24Y101; Omega Engineering Inc, Stamford, CT). All 

electronics were connected on the I/O connector block, which was grounded by the 

laptop, so in effect the whole system shared the same ground which reduced noise and 

removed any unnecessary redundancy in the system. 



 

 

Figure 3.1 Schematic diagram of electronic components i

       system. 

 

Instrumentation 

Once all the circuitry connections in the inhaler training system were completed, 

Ventolin HFA
®

 MDIs (108

Triangle Park, NC) were 

and pressure transducer to facilitate simultaneous capture of shaking (duration in seconds, 

intensity in Volts), applied finger

L/min) at a sampling frequency of 500 Hz. A specialized metal holder was custom 

ordered from a machine shop to secure the load cell snugly on top of the canister. 

Extending out one side of the specialized holder was a metal plate to which the 

accelerometer was mounted. As for the pressure transducer, a miniature hole was drilled 
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Schematic diagram of electronic components in instrumented inhaler training

Once all the circuitry connections in the inhaler training system were completed, 

(108 µg albuterol sulfate/actuation; GlaxoSmithKline,

) were then physically instrumented with the accelerometer, load cell, 

and pressure transducer to facilitate simultaneous capture of shaking (duration in seconds, 

y in Volts), applied finger-force on canister (0-8 kg), and inhaled flow rate (0

L/min) at a sampling frequency of 500 Hz. A specialized metal holder was custom 

ordered from a machine shop to secure the load cell snugly on top of the canister. 

out one side of the specialized holder was a metal plate to which the 

accelerometer was mounted. As for the pressure transducer, a miniature hole was drilled 
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on the bottom side of the actuator and, in a way that did not obstruct the actuation 

process, a small plastic tubing was inserted into the hole and attached to a silicone tubing 

that was connected to the pressure transducer.  

LabVIEW software 

From the connector block, all three sensor signals were transmitted to the laptop via the 

data acquisition card and interpreted using LabVIEW software, which uses a graphical 

programming language and is essentially a powerful “virtual instrument” that can be 

programmed to process a wide range of data applications from simple computing tasks to 

executing sophisticated measurement and control systems. In this application, LabVIEW 

was used acquire data from the sensors in addition to the design of a graphical user 

interface programmed to plot all signals simultaneously in real-time, rolling display 

formats visible to users. The program also included the development of a biofeedback 

functionality to help users train to inhale at 30 L/min, a flow rate known to promote 

aerosol drug deposition to the lungs. 

Signal conditioning and calibration 

Depending on the amount of noise, signal conditioning using built-in LabVIEW signal 

analysis tools was applied. If signal conditioning was used, then checks were performed 

to make sure that the imposed filter did not alter the signal in a negative way. Since the 

accelerometer was only being used as a detection sensor and not used to quantify the 

intensity of shaking, only the load cell and pressure transducer required calibrations. Due 

to its linear relationship between input and output, the force signal (load cell) was 

calibrated using a linear calibration and the calibration was checked to validate 

performance. Since flow rate signals (pressure transducer) do not have linear relationship 



 

 

between input and output, a variety of calibration models was explored, and the best one 

was selected and then validated to confirm performance.

Patient safety 

Steps were taken to ensure the safety of the users using the in

aid system. In particular, this included device safety and drug safety.

3.3 Results and discussion

Instrumented inhaler 

The Ventolin HFA
® 

MDI

shaking, actuation force, and inhaled flow rate. All sensor placements and cable 

connections were strategically positioned to minimize interference with normal inhaler 

use. The instrumented inhaler 

Figure 3.2 Instrumented inhaler with labeled sensors
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LabVIEW program and biofeedback functionality 

An operational LabVIEW program was written to acquire data from the sensors and 

display all three signals in rolling, staggered plots in real-time to users. Measured signal 

values were also displayed numerically on the top right corner of each plot. All executed 

signals were saved as LabVIEW measurement files. Biofeedback functionality was 

incorporated into the LabVIEW program. It consisted of specially designed visual alert 

indicators which included a solid red line at 30 L/min in addition to flashes of the color 

gray on the black background of the flow plot whenever the flow rate exceeded 40 L/min. 

These two components worked in tandem to guide users to inhale at 30 L/min.  

The LabVIEW program consisted of a block diagram (not visible to users) which powers 

the front panel (visible to users). As shown in Figure 3.3, the block diagram contained all 

the inner workings, connections, processes, and tool commands necessary for the 

instrumented inhaler to function as intended. The fruit of the block diagram’s labor is the 

front panel, shown in Figure 3.4. The front panel is the graphical user interface that 

displays the plotted signals and contains the biofeedback functionality, as seen in the 

horizontal line at 30 L/min in the inhaled flow rate display panel plot.
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Figure 3.3 Block diagram of the instrumented inhaler LabVIEW program, which runs the 

      front panel. 

 

Figure 3.4 Front panel of the instrumented inhaler LabVIEW program, as displayed to 

                   users during inhaler technique training. 

Shake display panel (pink signal)

Actuation force display panel (blue signal)

Inhaled flow rate display panel (yellow signal)
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 Sensor signals 

Shaking, force, and flow rate signals were all successfully acquired and integrated into 

the LabVIEW program. The specifics for each signal are given below. 

Shaking signal 

Although the accelerometer can measure the duration and intensity of shaking as well as 

the number of discrete shaking actions, it was being used solely as a “yes/no” detector 

sensor. In this regard, calibration of the signal was not necessary. Additionally, the raw 

signal was already smooth so it did not require any signal conditioning. Figure 3.5 shows 

an example of the shaking signal: y-axis is the shaking response in volts (V), x-axis is 

time in seconds (sec). This example shows that the instrumented inhaler was shaken from 

around the 1 to 3 second mark, as evidenced by the cyclic signal changes. 

Figure 3.5 Example of a shaking signal from the instrumented inhaler. 

 

 Force signal 

One function of the instrumented inhaler was to acquire data regarding the peak force a 

user exerted on the canister during actuation. This required the force signal to be 

calibrated. The calibration was performed using LabVIEW’s standard calibration 

function, which fittingly assumed linearity. To quantify signal, the load cell was 
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calibrated with a range of calibration weights from 0 to 4 kg. Due to lack of calibration 

weights greater than 4 kg, forces greater than this were extrapolated from the calibration 

curve. Once the calibration was completed, the load cell was tested with the same 

calibration weights to verify performance accuracy. This was done by placing the weight 

on top of the load cell and acquiring three separate 10-second measurement files of the 

signal under each condition. The 10-second signals under each test weight condition were 

averaged to determine the mean value, standard deviation, and percent error of the mean 

value, as shown in Figure 3.6. With a highest percent error of four, the calibration of the 

load cell was deemed acceptable.  

 
Figure 3.6 Load cell calibration check using LabVIEW’s calibration function (bars 

      indicate mean±SD, n=3). 

 

Hysteresis can be considered as a time lag effect in which the energy used to deform a 

material may not entirely be recovered when the material goes back to its undeformed 

state. In terms of a load cell, there was no reason to expect symmetry in the force-

deformation curve each time a weight was loaded or unloaded. Therefore, the effect of 
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hysteresis was determined by increasing the test weights (i.e., 0, 1, 3, 4 kg) from zero to 

maximum then decreasing from maximum back down to zero on the same continuous 

cycle, and during which three 10-second measurement files were collected for each test 

weight condition. For analysis, the 10-second measurement signals were averaged to 

determine the mean value and standard deviation. The effect of hysteresis on the load cell 

is given in Figure 3.7. It shows that a slight effect of hysteresis was observed but not 

enough to become a concern, especially considering its application in which users 

perform simple press-and-release actions on the instrumented inhaler with breaks in 

between, as opposed to pushing the load cell down constantly or repeatedly. The effect of 

hysteresis was therefore negligible and considered a nonissue. 

 
Figure 3.7 Effect of hysteresis on load cell (bars indicate mean±SD, n=3). 
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software imposed low pass filter, with a cutoff frequency of 35 Hz. A raw 10-second 

force signal collected under a constant applied force from a 3 kg mass is shown in Figure 

0 1 3 4 3 1 0

Mean 0.08 1.04 3.09 4.07 3.12 1.06 0.08

SD 0.05 0.08 0.07 0.08 0.07 0.08 0.05

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

L
o

a
d

 C
e
ll

 O
u

tp
u

t 
(k

g
)

Applied Mass on Load Cell (kg)



 

35 

 

3.8. After the implementation of a 35 Hz low pass filter, the signal became “filtered,” as 

shown in Figure 3.9. The filtered signal resulted in a cleaner, smoother response. 

Figure 3.8 A raw force signal under a constant 3 kg applied mass. 

Figure 3.9 The filtered force signal of the raw force signal from Figure 3.8. 

To make sure that the accuracy of filtered force signals was not affected by the imposed 

low pass filter, the 10-second raw and filtered signals from Figure 3.6 were averaged to 

compare their responses. The effect of signal conditioning on load cell reading is shown 

in Figure 3.10, please note that the standard deviation reported is the mean of the 

standard deviation from the signals. The results indicate that the mean readings were 

perceptibly identical and that the only difference was that standard deviations of the 

response from the raw signals were more than twice the standard deviations of the 
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response from the filtered signals. The reduction in standard deviation while the mean 

values remained the same showed that the filter worked as intended and that there were 

no negative effects. 

 
Figure 3.10 Effect of signal conditioning on load cell output (bars indicate mean±SD, 

        n=3). 

 

An example of a typical actuation force profile is given below as a raw signal in Figure 

3.11 and as a filtered signal in Figure 3.12. They show an actuation force (also known as 

the peak “finger-force”) of about 6.3 kg occurring around the 4-second mark.

Figure 3.11 A raw signal of a representative actuation force profile. 
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Figure 3.12 The filtered force signal of the raw signal from Figure 3.11. 

 Although the effect of signal conditioning on force signals under constant applied loads 

was verified, measures were taken to verify that during a real inhaler actuation, the force 

signal was not attenuated by the imposed low pass filter. Therefore, the example raw and 

filtered signals from Figure 3.11 and 3.12 were analyzed for its mean response plus and 

minus 100 milliseconds the time at actuation force (i.e., time at maximum force). The 

results are given in Figure 3.13. Just like the earlier signal conditioning verification under 

constant forces, the filter did not alter the mean response of the signal, as it only served to 

lower the standard deviation of the response. This demonstrates that the filter functioned 

as designed during actual inhaler actuations as well. 
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Figure 3.13 Effect of signal conditioning on the actuation force of a representative force 

        profile (bars indicate mean±SD). 

 

Flow rate signal 

The purpose of the flow rate signal was to determine the inhaled flow rate through the 

instrumented inhaler. To quantify the signal, the pressure transducer was calibrated with a 

range of constant flow rates, from 0 to 90 L/min, airflow pulled from a vacuum pump 

(Copley Scientific Limited, Nottingham, UK). Despite its nonlinear input-output 

relationship, calibration using LabVIEW’s standard calibration based on linearity was 

attempted, as shown in Figure 3.14, to determine if it may be potentially sufficient. The 

results show this calibration was not acceptable, as no flow rate through the pressure 

transducer resulted in a mean output reading of 10 L/min. Additionally, under the critical 

30 L/min condition, the flow rate at which users will train to target during inhalation, the 

calibration has a percent error of almost 11%.  
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Figure 3.14 Flow rate calibration check using LabVIEW’s calibration function (bars 

        indicate mean±SD, n=3). 

 

One way to skirt around the calibration issue was to use a LabVIEW function known as 

“custom-scale.” The creation of a custom-scale served to specify a conversion from the 

prescaled units as measured by a channel into the scaled units associated with the sensor. 

In terms of the flow rate signal, custom-scale can convert the real world units of the 

voltage measured by the pressure transducer into scaled units of inhaled flow rate. 

Among the different types of available custom-scales, the linear, polynomial, and table 

custom-scales models were explored. 

The linear custom-scale scales values via the straight line equation y=mx+b, where x is a 

prescaled value and y is a scaled value. To use this scale, a linear regression equation 

(voltage to flow rate), as shown in Figure 3.15, was specified. To verify performance 

under all models, three 10-second measurement files were collected at flow rates of 0, 15, 

30, 60 and 90 L/min. The 10-second measurements files under each flow condition were 
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then averaged to obtain the mean value, standard deviation, and percent error of the mean 

value. The verification of the linear custom-scale calibration model is shown in Figure 

3.16. Just as the linear custom-scale calibration curve predicted, the model over-predicted 

values for 0 and 90 L/min, under-predicted for 30 and 60 L/min, and was accurate for 15 

L/min.  

 
Figure 3.15 A linear custom-scale flow rate calibration curve. 
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Figure 3.16 Flow rate calibration check using linear custom-scale model (bars indicate 

         mean±SD, n=3). 

 

The polynomial custom-scale model uses an nth order polynomial equation to scale 

values. Forward and reverse polynomial equations therefore need to be specified to use 

this model. A forward polynomial equation (voltage to flow rate) is shown in Figure 3.17 

and its reverse polynomial equation (flow rate to voltage) is shown in Figure 3.18. While 

the polynomial equations showed good agreement between known and predicted flow 

rate values, the verification of the polynomial custom-scale calibration model was not as 

expectedly accurate, as seen in Figure 3.19. 
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Figure 3.17 A forward polynomial custom-scale flow rate calibration curve. 

 
Figure 3.18 The reverse polynomial custom-scale flow rate calibration curve from Figure 

        3.17. 
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Figure 3.19 Flow rate calibration check using polynomial custom-scale model (bars 

        indicate mean±SD, n=3). 

 

The table custom-scale was the last applicable calibration model. When data points (x, y) 

are specified, this model maps an array of prescaled values (x, or voltage) to its 

corresponding array of scaled values (y, or flow rate), while all values in between the data 

points are scaled proportionally. The data points used for this model are plotted in Figure 

3.20. The results of the table custom-scale calibration check are provided in Figure 3.21. 

They showed excellent agreement between the known and predicted flow rate values. 

0 15 30 60 90

Mean 8.75 16.4 30.7 67.4 94.8

SD 0.47 0.47 0.64 0.27 0.13

%error 0.0 9.5 2.4 12 5.3

0

10

20

30

40

50

60

70

80

90

100

F
lo

w
 R

a
te

 O
u

tp
u

t 
(L

/m
in

)

Flow Rate Input (L/min)

N/A



 

44 

 

 
Figure 3.20 A table custom-scale flow rate calibration curve. 

 
Figure 3.21 Flow rate calibration check using table custom-scale model (bars indicate 

        mean±SD, n=3). 
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custom-scale models all showed a flow rate when in fact none existed. The table custom-

scale model was the only one to not register a flow rate. Just as importantly, the table 

custom-scale model showed outstanding agreement across all the other flow rates as well, 

including the critical 30 L/min condition, when comparing against the other models. It is 

clear from this figure then that the table custom-scale calibration model aligned best with 

the target values and was therefore chosen as the calibration model for the pressure 

transducer. 

 
Figure 3.22 Comparison of all flow rate calibration models (bars indicate mean±SD, 

         n=3). 
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Like the load cell, the effect of hysteresis on the pressure transducer was determined by 

increasing the calibration flow rates (i.e., 0, 15, 30, 60, 90 L/min) from zero to maximum 

then decreasing from maximum back down to zero on the same continuous cycle, and 

during which three 10-second measurement files were collected for each flow rate 

condition. For analysis, the 10-second measurement signals were averaged to determine 

the mean value and standard deviation. The effect of hysteresis on the pressure transducer 

is provided in Figure 3.23. The results showed the pressure transducer was not affected 

by this property. 

Figure 3.23 Effect of hysteresis on pressure transducer (bars indicate mean±SD, n=3). 
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Due to the visible electrical noisiness of the flow rate signal, signal conditioning was 

performed via a software imposed low pass filter, with a cutoff frequency of 30 Hz. A 

raw 10-second flow rate signal collected under a constant 30 L/min flow rate is shown in 

Figure 3.24, and the filtered signal is shown in Figure 3.25. 

Figure 3.24 A raw flow rate signal under constant 30 L/min flow rate. 

Figure 3.25 The filtered flow rate signal of the raw signal from Figure 3.24. 

 To verify the performance of the filtered flow rate signal, the 10-second raw and filtered 

signals from Figure 3.21 were averaged to compare their responses. The effect of signal 

conditioning on pressure transducer output is given in Figure 3.26, again standard 

deviation reported is the mean of the standard deviation from the signals. The results 
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indicated that the imposed low pass filter did not affect the accuracy of the mean values 

but rather decreased the standard deviations significantly, as expected.  

 
Figure 3.26 Effect of signal conditioning on pressure transducer output (bars indicate 

        mean±SD, n=3). 

 

Patient safety 

Measures were taken to ensure the safety of patient volunteers, from a device and drug 

perspective, when using the instrumented inhaler. In terms of device safety, this included 

making sure the instrumented inhaler was mechanically and electrically safe to use. 

Therefore, other than the load cell and accelerometer and its connections, all remaining 

electrically live components were mounted firmly inside a secure metal box, measuring 

31x18x15 cm. All remaining electrically live components, including the pressure 

transducer, connector block, external power supply, fuses, switches and wirings, were 

therefore inaccessible to users to reduce the risk of any shock hazard. Further, the 

electrical wirings from the load cell and accelerometers were all insulated and wrapped in 
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a plastic sheath cover. These precautions protected users from any potential contact with 

live parts of the instrumented inhaler training system.

Additionally, since users will 

instrumented Ventolin
®

 HFA inhaler, it was necessary to protect them from any 

unnecessary dosing of drug. To accomplish

filter (G200; 3M, St. Paul, MN) was attached via parafilm to the mouthpiece of the 

instrumented inhaler, as seen in Figure 3.27. Users will therefore use the filter housing 

mouthpiece instead of the inhaler m

inhaler. The filter guards against the inhalation of drugs or other excipients during 

training and is intended as single patient reusable.

Figure 3.27 Instrumented inhaler with an a

Filter validation 

Although introduced here, it is important to note that all the previous flow 

49 

a plastic sheath cover. These precautions protected users from any potential contact with 

of the instrumented inhaler training system. 

ditionally, since users will undergo inhaler technique training using an actual, 

HFA inhaler, it was necessary to protect them from any 

of drug. To accomplish this, a filter housing a polypropylene aerosol 

3M, St. Paul, MN) was attached via parafilm to the mouthpiece of the 

instrumented inhaler, as seen in Figure 3.27. Users will therefore use the filter housing 

mouthpiece instead of the inhaler mouthpiece when inhaling from the instrumented 

inhaler. The filter guards against the inhalation of drugs or other excipients during 

and is intended as single patient reusable.  

Instrumented inhaler with an attached aerosol filter. 

Although introduced here, it is important to note that all the previous flow 

a plastic sheath cover. These precautions protected users from any potential contact with 

ler technique training using an actual, working 

HFA inhaler, it was necessary to protect them from any 

ypropylene aerosol 

3M, St. Paul, MN) was attached via parafilm to the mouthpiece of the 

instrumented inhaler, as seen in Figure 3.27. Users will therefore use the filter housing 

outhpiece when inhaling from the instrumented 

inhaler. The filter guards against the inhalation of drugs or other excipients during 

Although introduced here, it is important to note that all the previous flow rate calibration 
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evaluations were conducted with this aerosol filter in place. Due to the aerosol filter, 

more validations were necessary to ensure that the filter did not negatively affect the flow 

rate signal. This included two potential scenarios. The first was related to its single 

patient reusable property in which the effect of filter “wetness” or accumulated collected 

mass, due to repeated actuations of aerosol particles from the canister getting trapped in 

the filter, was assessed. The results of the effect of filter “wetness” on the flow rate signal 

after conditions of 0, 20, 40, and 60 sprays is shown in Figure 3.28. The results indicated 

that even after an extreme 60 number of actuations, the calibration (using table custom-

scale) still upheld. This validated the performance of the flow rate signal under conditions 

of up to 60 sprays on the same filter. 

 
Figure 3.28 Effect of filter “wetness” on flow rate signal (bars indicate mean±SD, n=3). 

 

The second scenario involved the potential of needing to change a filter in a middle of an 

inhaler training session, for example, if the filter somehow malfunctioned or if the patient 
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effect of changing filter on flow rate signal is shown in Figure 3.29. Similar to the first 

scenario, the results showed that changing the filter away from the one the system was 

calibrated with that day did little to affect the overall flow rate signal. This check 

therefore validated that confidence in the calibration will remain despite filter changes. 

 
Figure 3.29 Effect of changing filter on flow rate signal (bars indicate mean±SD, n=3). 

 

3.4 Conclusions 

Ventolin HFA
®

 MDIs were successfully instrumented with an accelerometer, load cell, 

and pressure transducer to facilitate simultaneous capture of shaking, actuation force, and 

inhaled flow rate. A LabVIEW program was created to interface with the instrumented 

inhaler to record inhaler technique data, an example profile shown in Figure 3.30, as well 

as provide real-time biofeedback training to help improve inhaler technique among 

patient volunteers. This included the calibration and validation of force and flow rate 

signals to ensure performance. Last but not least, the complete instrumented inhaler 
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training system, as seen in Figure 3.31, was designed in compliance with patient safety 

standards. 

Figure 3.30 A representative inhaler technique profile.

Figure 3.31 Complete instrumented inhaler training system. 
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CHAPTER 4 

USING THE INSTRUMENTED INHALER AS A TRAINING TOOL 

TO IMPROVE INHALER TECHNIQUE AMONG PEDIATRIC 

PATIENTS IN VOLUNTEER CLINICAL STUDIES 

 

4.1 Introduction 

 

Asthma is a chronic respiratory disease characterized by sudden recurring attacks of 

airway obstruction resulting in chest tightness, shortness of breath, coughing and 

wheezing. Often times, it occurs in response to an allergen, exercise activity, or cold air. 

It is a reversible condition involving a number of inflammatory proteins, immune cells, 

and mediators in a complex biochemical cascade process [139]. 

Therapy typically involves the administration of inhaled drugs via MDI, dry powder 

inhaler, and nebulizer devices. Common classes of inhaled drugs indicated to treat asthma 

symptoms via MDI include β2-adrenergic agonists, corticosteroids, anti-cholinergics, and 

anti-inflammatories. 
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Approximately 235 million people suffer from asthma worldwide [140]. In the United 

States, it is estimated that 25 million people (or, 1 in 12) currently have asthma [141]. 

According to CDC, there were 1.75 million emergency department visits and 456,000 

hospitalizations due to asthma in 2007. During that year, asthma was associated with 

3,447 deaths (or, about 9 per day). Rather alarmingly, it also noted that the rates of 

asthma-related emergency department visits and hospitalizations were higher in females 

compared to males, blacks compared to whites, and children compared to adults [142].  

In terms of pediatric chronic diseases, asthma leads the way as the most common one in 

nearly every developed country, including the United States [143, 144]. Regarding 

childhood asthma management, research has that found racial and income disparities 

exist. Specifically, data show that black children are three times as likely to be 

hospitalized due to asthma than white children, and four times as likely to die from it as a 

result [145]. Poor children are also at a higher risk for asthma related complications than 

non-poor children [146]. Although there is no definitive cause for the increased risk from 

these subgroups, a number of factors are thought to contribute. They include lower indoor 

air quality due to household smoking and other asthma-inducing allergens, limited access 

to quality healthcare options, inadequate literacy, and decreased effectiveness of therapy 

due to underprescription, underutilization, or misuse/non-adherence of asthma 

medications [147-157].  

Since most asthma medications are administered by oral inhalation via MDIs, misuse of 

asthma medications include poor inhaler techniques. Effects of non-optimal or misuse of 

inhalers can lead not only to unnecessary decreased efficacy and increased side effects 

but also therapeutic failures resulting in serious health complications including death [57, 
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123, 124, 158, 159]. Particularly at high risk for these outcomes, therefore, are inner city, 

minority children [145, 146, 160].  

Efforts to curtail improper inhaler technique typically involve a show-and-tell approach 

in which a healthcare provider will show and explain the proper inhaler technique, then 

have the patient demonstrate his/her inhaler technique until a perceived level of 

competence is observed. Despite the best intentions, these observations are nothing more 

than subjective judgments which can be riddled with errors in perception and doomed 

with the outright inability to gauge inhaler competence in quantitative, accurate terms. To 

reconcile this discrepancy, a MDI was instrumented with sensors capable of recording 

information pertinent to inhaler technique such as the detection of shaking, and 

measurement of actuation forces and inhaled flow rates. Using this as an objective way to 

assess inhaler technique, the aim of this chapter was to see whether the instrumented 

inhaler could be used as a specialized training tool to coach patient volunteers, from a 

predefined high risk population, to learn to achieve improved inhaler techniques. This 

aim included the following sub-aims: 

1. Recruitment of pediatric patient volunteers from a predefined high risk population 

for pilot and final study enrollment 

2. Collection of inhaler techniques from the volunteers 

3. Analysis of collected inhaler technique data 

Please note that this aim was part of a greater study entitled “Collaborative Initiative to 

Ensure Optimal Inhaler Design and Use” that was funded by the University of Maryland 

School of Pharmacy. The research team consisted of Mona Tsoukleris, Pharm.D., Jill 
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Morgan, Pharm.D. Francoise Pradel, Ph.D., Richard Dalby, Ph.D., from the University of 

Maryland School of Pharmacy, and Mary Bollinger, D.O., from the University of 

Maryland School of Medicine. In addition to the aims specified above, the collaborative 

study also looked at comparing the inhaler techniques recorded by the instrumented 

inhaler versus those assessed by visually-observing pharmacists, as well as to attempting 

to gain a clearer understanding of any barriers which may affect inhaler adherence among 

pediatric patients from a predefined high risk population (see inclusion criteria below) 

through a series of questionnaire-based interviews.   

4.2 Materials and methods

Volunteer recruitment 

This study was approved by the Institutional Review Board of the University of 

Maryland, Baltimore (protocol number HP-00040300). Recruitment sites for the study 

included the University of Maryland Hospital for Children Asthma Clinic and 

Breathmobile
TM

. These sites typically served inner city children at high risk for asthma-

related morbidity and mortality. The inclusion criteria were assenting high risk children 

with a diagnosis of persistent asthma who had parental consent, were between the ages of 

six and eighteen, and had at least one factor constituting high risk—defined as Baltimore 

City residence, being an African American or Hispanic minority, previous intubation, >1 

asthma-related hospitalization, or >2 emergency department visits within the past year. 

The exclusion criteria included children whose parents did not speak or understand 

English, children with a co-morbid pulmonary condition (e.g., chronic lung disease, lung 

cancer, tracheostomy, cystic fibrosis), developmental disability resulting in a functional 

age of less than six years-old, living situations without access to a working phone or 
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alternate phone contact, or in foster care or in situations where consent cannot be 

obtained from a parent or legal guardian. Informed, written assent were obtained from all 

pediatric patient volunteers, and informed, written consent were obtained from their 

parent/guardian.  

In the pilot phase of this study, a total of 10 patient volunteers were recruited and 

enrolled. In the final study, the goal was to recruit and enroll 50 patient volunteers but 

due to a number of limiting factors, only seven patient volunteers were recruited and 

enrolled prior to the completion of this thesis.  

Instrumentation 

As described in Chapter 3, Ventolin HFA
®

 MDIs (108 µg albuterol sulfate/actuation; 

GlaxoSmithKline, Research Triangle Park, NC) were instrumented with an 

accelerometer, load cell, and differential pressure transducer to facilitate simultaneous 

capture of shaking, applied finger-force on canister, and inhaled flow rate. Sensor 

placements and cable connections were strategically positioned to minimize interference 

with normal inhaler use. All three signals were transmitted to a laptop via a data 

acquisition card and interpreted using LabVIEW software programmed to plot all signals 

simultaneously in real-time, rolling displays to volunteers. The program also included a 

biofeedback functionality to help the volunteers train to inhale at 30 L/min. This 

biofeedback function consisted of a specially designed visual alert indicator which 

included a solid red line at 30 L/min in addition to flashes of the color gray on the black 

background of the flow plot whenever the flow rate exceeds 40 L/min. An aerosol filter 

housed inside a filter holder was secured to the actuator mouthpiece to guard against 



 

 

unnecessary dosing of the drug while allowing use of

instrumented inhaler with all labeled parts.

Figure 4.1 Instrumented inhaler with all labeled parts.

Inhaler training and analysis

The pilot study consisted of ten patient volunteers. 

inhaler, a blinded pre-training profile was collected from each volunteer. The volunteers 

then trained with the instrumented inhaler and after they rep

inhaler technique, a blinded post

During analysis, the pre-training profiles were used as baselines for comparison to their 

corresponding post-training profiles to determine whethe

to improve their inhaler techniques through training with the instrumented inhaler.
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unnecessary dosing of the drug while allowing use of a real inhaler. Figure 4.1

with all labeled parts. 

Instrumented inhaler with all labeled parts. 

nalysis 

The pilot study consisted of ten patient volunteers. Prior to training with the instrumented 

training profile was collected from each volunteer. The volunteers 

then trained with the instrumented inhaler and after they reported mastery of proper 

inhaler technique, a blinded post-training profile was collected from each volunteer. 

training profiles were used as baselines for comparison to their 

training profiles to determine whether the volunteers did indeed learn 

to improve their inhaler techniques through training with the instrumented inhaler.

a real inhaler. Figure 4.1 shows the 

Prior to training with the instrumented 

training profile was collected from each volunteer. The volunteers 

orted mastery of proper 

collected from each volunteer. 

training profiles were used as baselines for comparison to their 

r the volunteers did indeed learn 

to improve their inhaler techniques through training with the instrumented inhaler. For 
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patient volunteers who inhaled more than six times (e.g., when inhaling from the 

instrumented inhaler attached to a patient’s own valved holding chamber), only the first 

six inhalations were analyzed. For those who inhaled prior to actuation, the inhalation 

was not analyzed due uncertainty regarding whether it was part of a patient’s overall 

technique or just a volunteer getting ready to use the instrumented inhaler.  

The final study protocol consisted of seven patient volunteers. Its protocol mirrored those 

of the pilot study, except instead of collecting one pre-training and one post-training 

profile for each volunteer, the final study collected three pre-training and three post-

training profiles for each volunteers to increase data confidence and allow for statistical 

testing. 

4.3 Results and discussion 

 

The goal of the training process was to coach volunteers to achieve improved inhaler 

technique. Improvement was regarded as any action reflecting progress made toward 

fulfilling the basic steps necessary to use a MDI. In the context of the instrumented 

inhaler, this involved three types of correctable action: shaking the inhaler, actuating the 

inhaler, and inhaling. Since shaking and actuating the inhaler were pretty straightforward 

actions, almost all effort was directed towards training volunteers to inhale at a flow rate 

closer to the target 30 L/min for a sustained period. Therefore, for volunteers who inhaled 

too slowly or not enough, the goal was to get them to inhale deeper, and vice versa for 

those who inhaled too fast; while at the same time, coaching them to draw out their 

inhalation longer without compromising their steady flow. For clarity, all training was 

done with the LabVIEW program so that volunteers could instantaneously see their 

performance in graphic and quantitative terms and adjust accordingly, based on self-
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correction and verbal encouragements from onsite pharmacists (Mona Tsoukleris, 

Pharm.D., or Jill Morgan, Pharm.D.) who were  co-researchers in this study.  

Pilot study 

For each collected inhaler technique profile, stacked shaking, actuation force, and flow 

rate signals were plotted simultaneously on the same time scale on the x-axis. As an 

example of the inhaler technique data collected in the pilot study, Figures 4.2 and Figure 

4.3 show the blinded pre-training profile and blinded post-training profile, respectively, 

achieved by Patient ID 013 (an 11-year-old female). The pre-training profile indicated 

that the patient shook and fired the inhaler but her inhalation was too low to be 

detectable. After training, the post-training profile showed improvement, as evidenced by 

a maximum flow rate of ~32 L/min with a 1.4 sec inhaled duration. This gave rise to an 

inhaled volume of 414 mL, greatly improved from her pre-training profile of no 

detectable inhalation. Therefore, based on measurable increases in flow rate, inhaled 

duration, and inhaled volume, it can be concluded that Patient 013’s inhaler technique 

was improved following training with the instrumented inhaler. Due to its size and 

volume, the complete set of profiles from each volunteer is included in the pilot study 

section of the Appendix. 
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Figure 4.2 Pre-training profile of Patient ID 013 in pilot study (top: shaking, center: 

      actuation force, bottom: inhaled flow rate). 

 

Figure 4.3 Post-training profile of Patient ID 013 in pilot study (top: shaking, center: 

      actuation force, bottom: inhaled flow rate). 

 

 Table 4.1 shows information relating to each volunteer (i.e., age and gender, and the 

valved holding chamber and facemask used, if any) in the pilot study. It also summarizes 

each volunteer’s pre-training and post-training flow values which include inhaled 

duration, maximum inhaled flow rate, mean inhaled flow rate, and inhaled volume. These 
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flow values were derived from another LabVIEW program specifically created to analyze 

flow rate profile data. 

 

Table 4.1 Pilot study summary of patient volunteer information and flow data (expressed 

as mean(SD, if applicable)). 

*Note: --=“none”; N.D.=“not detectable”;  N/A=“not applicable” (volunteer only inhaled once)  

Pre-training and post-training inhaled duration comparisons are shown in Figure 4.4 as a 

bar graph and in Figure 4.5 as a quick glimpse plot. The quick glimpse plot offers an easy 

way to glance changes across all volunteers at once. The results showed that seven out of 

10 volunteers substantially increased their inhaled durations.  

Patient Age/ Valved Holding Chamber Facemask Training Inhaled Duration Max. Flow Rate Mean Flow Rate Inhaled Volume

ID Gender Used Used Profile (sec) (L/min) (L/min) (mL)

InspireHealth -- Pre 2.20 (N/A) 12.2 (N/A) 5.10 (N/A) 188 (N/A)

Pocket Anti-Static Spacer -- Post 4.18 (N/A) 40.8 (N/A) 19.9 (N/A) 1385 (N/A)

Monaghan -- Pre 0.99 (.27) 16.1 (3.4) 8.06 (2.2) 139 (64.4)

Aerochamber Plus Z Stat -- Post 1.97 (0.40) 25.0 (8.9) 11.3 (4.4) 351 (81.7)

PARI PARI Pre N.D. N.D. N.D. N.D.

Vortex Spacer Spinner Duck Post 1.37 (0.25) 23.4 (6.5) 11.9 (3.7) 270 (83.9)

-- -- Pre 2.69 (N/A) 49.8 (N/A) 22.8 (N/A) 1023 (N/A)

-- -- Post 4.24 (N/A) 31.4 (N/A) 15.9 (N/A) 1127 (N/A)

-- -- Pre N.D. N.D. N.D. N.D.

-- -- Post N.D. N.D. N.D. N.D.

-- -- Pre 1.00 (N/A) 84.2 (N/A) 31.5 (N/A) 526 (N/A)

-- -- Post 1.66 (0.02) 32.4 (13) 19.3 (9.0) 552 (321)

Philips Respironics -- Pre 1.10 (N/A) 66.6 (N/A) 32.3 (N/A) 594 (N/A)

Optichamber Advantage -- Post 1.60 (N/A) 47.7 (N/A) 25.6 (N/A) 684 (N/A)

InspireHealth -- Pre 2.50 (N/A) 54.5 (N/A) 28.2 (N/A) 1174 (N/A)

Pocket Anti-Static Spacer -- Post 2.40 (N/A) 40.0 (N/A) 20.2 (N/A) 807 (N/A)

Monaghan -- Pre 0.89 (0.13) 46.9 (23) 25.3 (11) 388 (212)

Aerochamber Plus Z Stat -- Post 0.92 (0.18) 47.0 (16) 27.5 (5.4) 435 (183)

Philips Respironics -- Pre N.D. N.D. N.D. N.D.

Optichamber Advantage -- Post 1.43 (N/A) 31.7 (N/A) 17.3 (N/A) 414 (N/A)

001 11/m

004 6/m

005 6/f

006 14/m

007 10/m

009 11/m

013 11/f

010 8/f

011 16/m

012 14/f
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Figure 4.4 Pilot study bar graph comparison of pre-training and post-training inhaled 

      duration (bars indicate mean±SD, if applicable). 

 

 
Figure 4.5 Pilot study quick glimpse comparison of pre-training and post-training mean 

      inhaled duration. 

 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

001 004 005 006 007 009 010 011 012 013

In
h

a
le

d
 D

u
ra

ti
o
n

 (
se

c)

Patient ID

Pre-training Post-training

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

Pre-training Post-training

In
h

a
le

d
 D

u
r
a

ti
o

n
 (

se
c
)

Profile

001

004

005

006

007

009

010

011

012

013



 

64 

 

Pre-training and post-training maximum flow rate comparisons are shown in Figure 4.6 

as a bar graph and in Figure 4.7 as a quick glimpse plot. Eight out of 10 volunteers 

substantially adjusted their flow rate closer to the 30 L/min target. An area of 

convergence about the 30 L/min mark can easily be seen in the quick glimpse plot. 

Figure 4.6 Pilot study bar graph comparison of pre-training and post-training maximum 

      flow rate (bars indicate mean±SD, if applicable). 

  
Figure 4.7 Pilot study quick glimpse comparison of pre-training and post-training mean 

       maximum flow rate.
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Pre-training and post-training inhaled volume comparison is shown in a bar graph in 

Figure 4.8. After training, most of the volunteers also achieved a marked change in their 

inhaled volumes, which can either be lower or higher than the pre-training volume, 

depending on which direction the volunteers needed to adjust their inhaled flow rate.   

Figure 4.8 Pilot study bar graph comparison of pre-training and post-training inhaled 

      volume (bars indicate mean±SD, if applicable). 

 

 Final study 

As an example of the inhaler technique data collected in the final study, Figures 4.9-4.11 

show the three pre-training profiles and Figures 4.12-4.14 show the three post-training 

profiles obtained from Patient ID 015 (a 9-year-old male). The multiple inhalation 

breaths following each actuation showed that the patient was demonstrating a re-

breathing technique using a valved holding chamber with attached facemask. The pre-

training profiles indicated that the patient failed to shake the inhaler, fired the inhaler and 

inhaled very short breaths with a maximum flow rate of ~15 L/min. After training, the 

volunteer showed improvement. Specifically, he fired the inhaler, achieved a mean 
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maximum flow rate of ~31 L/min, and drew his breaths out longer for a mean inhaled 

duration of 1.5 seconds, up from a mean duration of about 0.86 seconds during pre-

training. The increases in flow rate and inhaled duration resulted in an increase in the 

mean inhaled volume from about 90 mL during pre-training to 470 mL during post-

training. In terms of statistical analysis, the patient significantly improved his flow rate, 

inhaled duration, and inhaled volume after training with the instrumented inhaler (p<0.05, 

t-test assuming equal variance). Improving these metrics serve to practically influence 

drug deposition in the lung for potentially greater bioavailability. Due to its size and 

volume, the complete set of the profiles from each volunteer is included in the final study 

section of the Appendix. 

Figure 4.9 Pre-training profile 1 of Patient ID 015 in final study (top: shaking, center: 

                  actuation force, bottom: inhaled flow rate). 
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Figure 4.10 Pre-training profile 2 of Patient ID 015 in final study. 

 

Figure 4.11 Pre-training profile 3 of Patient ID 015 in final study. 
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Figure 4.12 Post-training profile 1 of Patient ID 015 in final study (top: shaking, center: 

        actuation force, bottom: inhaled flow rate). 

 

Figure 4.13 Post-training profile 2 of Patient ID 015 in final study. 
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Figure 4.14 Post-training profile 3 of Patient ID 015 in final study. 

 Information relating to each volunteer in the final study is provided in Table 4.2. It also 

summarizes each volunteer’s pre-training and post-training flow values. 

Table 4.2 Final study summary of patient volunteer information and flow data (expressed 

as mean(SD)) 

*Note: --=“none”; N.D.=“not detectable” 

Pre-training and post-training inhaled duration comparisons are shown in Figure 4.15 as a 

bar graph and in Figure 4.16 as a quick glimpse plot. These figures showed that all seven 

Patient Age/ Valved Holding Chamber Facemask Training Inhaled Duration Max. Flow Rate Mean Flow Rate Inhaled Volume

ID Gender Used Used Profile (sec) (L/min) (L/min) (mL)

Monaghan Monaghan Pre 0.86 (0.21) 16.5 (4.0) 6.10 (2.2) 88.2 (38)

AeroChamber Plus Flow-Vu ComfortSeal Post 1.50 (0.18) 31.1 (7.4) 18.7 (4.2) 468 (121)

-- -- Pre 1.08 (0.07) 81.5 (8.9) 42.5 (4.2) 768 (103)

-- -- Post 3.12 (0.62) 57.8 (8.2) 28.7 (6.0) 1465 (210)

Monaghan -- Pre 0.83 (0.39) 18.7 (9.6) 10.2 (6.0) 128 (53)

AeroChamber Plus Z Stat -- Post 1.73 (0.61) 34.4 (8.9) 19.7 (4.5) 557 (172)

Philips Respironics -- Pre 1.16 (0.09) 72.4 (18) 39.4 (8.2) 767 (195)

OptiChamber Advantage -- Post 1.48 (0.17) 35.7 (3.7) 23.4 (2.9) 574 (33)

InspireHealth -- Pre 0.20 (0.34) 6.20 (11) 3.70 (6.4) 36.3 (63)

Pocket  -- Post 1.52 (0.54) 25.2 (13) 12.1 (7.1) 265 (112)

InspireHealth -- Pre 0.96 (0.54) 25.5 (2.9) 17.2 (2.4) 285 (173)

Pocket  -- Post 1.88 (0.27) 34.8 (3.9) 20.4 (3.3) 648 (200)

Monaghan -- Pre N.D. N.D. N.D. N.D.

AeroChamber Plus Z Stat -- Post 0.56 (0.45) 19.5 (17) 16.3 (10) 166 (177)

026 8/f

027 8/f

024 11/f

025 9/f

015 9/m

016 15/m

020 7/f
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of the volunteers increased their inhaled durations, and among these, five volunteers 

significantly increased their inhaled durations (p<0.05, t-test assuming equal variance). 

Figure 4.15 Final study bar graph comparison of pre-training and post-training inhaled 

                    duration (bars indicate mean±SD, asterisk indicates statistical significance). 

 
Figure 4.16 Final study quick glimpse comparison of pre-training and post-training mean 

                    inhaled duration. 
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Pre-training and post-training maximum flow rate comparisons are given in Figure 4.17 

as a bar graph and in Figure 4.18 as a quick glimpse plot. Like the inhaled duration data, 

all seven of the volunteers adjusted their flow rate closer to the 30 L/min target and 

among these, five volunteers significantly improved their flow rate (p<0.05, t-testing 

assuming equal variance). When looking at the quick glimpse plot, an area of 

convergence about the 30 L/min mark can again be easily seen. 

Figure 4.17 Final study bar graph comparison of pre-training and post-training maximum 

        flow rate (bars indicate mean±SD, asterisk indicates statistical significance). 
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Figure 4.18 Final study quick glimpse comparison of pre-training and post-training mean 

        maximum flow rate.

Pre-training and post-training inhaled volume comparison is shown in a bar graph in 

Figure 4.19. Since the majority of the volunteers significantly improved their inhaled 

duration and flow rate, it stood to reason therefore that almost all the volunteers also 

achieved a marked change in their inhaled volumes, which again can either be lower or 

higher than the pre-training volume, depending on which direction they needed to adjust 

their flow rate. 
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Figure 4.19 Final study bar graph comparison of pre-training and post-training inhaled 

        volume (bars indicate mean±SD). 

 

 4.4 Conclusions 

 

This study showed that the instrumented inhaler could be used as a training aid to 

successfully improve inhaler technique among pediatric patient volunteers. Specifically, 

in the final study, five out of the seven volunteers were able to significantly improve their 

inhaled duration and flow rate, and as a result, they were able to achieve significantly 

improved inhaler techniques. It is important to note that those who did not show marked 

improvement also did not show marked decline, which meant that their inhaler 

techniques remained, at worst, the same as before training. 
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CHAPTER 5 

EFFECT OF FLOW RATE ON THE IN VITRO PERFORMANCE OF 

THE MDI PRODUCTS USED IN THE FINAL VOLUNTEER 

CLINICAL STUDY 

 

5.1 Introduction 

 

The performance of inhaled products, like other dosage forms, can be evaluated using in 

vivo or in vitro methods. Regarding in vivo studies, pharmacokinetics, 

pharmacodynamics, and gamma scintigraphy are the most commonly used techniques. 

Pharmacokinetic studies rely on the measurement of drug in bodily fluids, either through 

blood or urine sample analysis, to yield drug concentration versus time profiles. For 

drugs with negligible oral bioavailability, pulmonary bioavailability can then be inferred 

from these profiles in the form of pharmacokinetic metrics such as area under the curve, 

maximum drug concentration, time at maximum drug concentration, and information 

regarding absorption and elimination rates. However, if the inhaled drug also has some 
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oral bioavailability, then drug absorption can be expected to occur not just in the lungs, 

but also in the GI tract due to incidental drug swallowing. Therefore, in this instance, 

activated charcoal may be administered before and after an inhaled dose to minimize GI 

absorption of swallowed drug to negligible levels [161]. While pharmacokinetics 

measures the effect of the body on a drug, pharmacodynamics measures the effect of a 

drug on the body. Pharmacodynamic studies therefore observe the relation between drug 

dose and a clinically observable response—for example, an improvement in spirometric 

performance such as forced expiratory volume in one second (FEV1) after inhaling a puff 

of bronchodilator drug. Another common method, gamma scintigraphy, involves labeling 

the drug formulation with a suitable radionuclide (often times, it is 
99m

Tc) [162]. Once 

inhaled, the gamma rays emitted from the radiolabeled formulation can be captured by a 

gamma camera to provide a two-dimensional snapshot of the deposition pattern in 

various physiological areas such as upper airways, lung regions, and GI tract. 

Compared to in vivo studies, in vitro testing of inhaled products provides relatively useful 

but limited information, due to its obvious simpler format. The main objective of in vitro 

testing is to compare data, under precisely controlled setups and conditions, to aid 

research and development, and for already developed products, these bench tests serve as 

quality-control and product-release measures to ensure that each delivered dose is 

reproducible and consistent with the labeled dose, and that the drug remains stable over 

the lifetime of the product [163]. An array of specialized aerosol test equipments such as 

cascade impactors, laser diffraction instruments, unit dose collection tubes, and spray 

analyzers are used to evaluate the delivered dose, aerodynamic particle size distribution, 

spray pattern and plume geometry from inhaled products.  
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For MDIs, the main in vitro test is to determine the aerodynamic particle size distribution 

of the emitted aerosol plume, as measured by a cascade impactor—an instrument that 

fractionates aerosol using the same mechanism that deposits inhaled particles in the upper 

airway. While there are many types of cascade impactors, the Next Generation Impactor 

(NGI) was specifically designed for pharmaceutical aerosol testing [164-166]. The NGI 

begins with the mouthpiece adaptor, which serves as the port of entry for the incoming 

aerosols, followed by the induction port, which is often termed “the throat.” The body of 

the NGI consists of seven stages followed by a filter stage, thus allowing the NGI the 

ability to fractionate the incoming aerosol into eight size ranges. A vacuum pump is 

attached at the base of the NGI via the connection port. Depending on the flow rate from 

the vacuum, each stage is designed to achieve a certain effective cutoff diameter. The 

NGI works based on the theory of inertial impaction—aerosols larger than the effective 

cutoff diameter of the stage have a certain probability to impact on that stage while the 

smaller aerosols will follow the air stream and not be collected. Once aerosol sampling is 

completed, the impacted aerosol (i.e., drug/analyte of interest) collected on each stage is 

assayed for concentration to determine the amount recovered on each stage.  

The five major metrics of cascade impactor-based particle sizing include the following: 

delivered dose, fine particle dose, fine particle fraction, mass median aerodynamic 

diameter, and geometric standard deviation. The delivered dose constitutes the total 

amount of drug recovered in the NGI, including throat and all stages, and can presumably 

be interpreted as the dose available to patients. The fine particle dose (FPD) is the total 

amount of drug recovered below a “fine” effective cutoff diameter stage, which gives 

some indication of the likeliness that these particles will exhibit the aerodynamic 
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properties necessary to penetrate into the lungs. For a NGI operated under the standard 30 

L/min flow rate for compendial testing, the cutoff diameter for fine particle dose is 

generally accepted as 6.4 µm. The fine particle fraction (FPF) is simply the fine particle 

dose as a percent of the delivered dose. Additionally, the quantitative recovery of drug on 

each stage allows for calculation of mass median aerodynamic (MMAD) and its 

corresponding geometric standard deviation (GSD). These are measures of the mean drug 

mass-based particle size and its spread in the aerosol plume emitted from a MDI. 

The aim of this chapter was to evaluate the effect of flow rate on the in vitro performance 

of the MDI products used in the volunteer clinical studies.  

5.2 Materials and methods

MDI products 

The MDI and valved holding chambers (VHCs) used by volunteers in the final clinical 

studies were investigated. They included Ventolin
®

 HFA MDIs (“Ventolin,” 108 µg 

albuterol sulfate/actuation; GlaxoSmithKline, Triangle Research Park, NC) used alone or 

in combination with the following VHCs: 1) AeroChamber
®

 Plus Z STAT
® 

(Monaghan, 

Plattsburg, NY), 2) OptiChamber
®

 Advantage (Philips Respironics, Parsippany, NJ), and 

3) Pocket Chamber
® 

(InSpire Health, Inc., Longmont, CO). All three VHCs were 

marketed as anti-static. All products were used according to the manufacturer’s 

instructions for use. 

Particle sizing by NGI 

Particle size distributions were determined using a NGI (Copley Scientific Limited, 

Nottingham, UK) connected to a vacuum pump (Copley Scientific Limited, Nottingham, 
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UK). To prevent particle bounce effects, the NGI was coated with 1% silicone oil [167]. 

Airflow through the impactor was measured by a calibrated mass flowmeter (TSI Inc., 

Shoreview, MN). The NGI was operated under two, constant flow rates: 30 L/min 

(representing the standard, “low” flow rate targeted during volunteer training) and 80 

L/min (representing a “high” flow rate discouraged during volunteer training). Table 5.1 

shows the effective cutoff diameters for the NGI when operated under these two flow 

rates. 

Table 5.1 Nominal NGI cutoff size diameter for each stage 

 

The MDI with or without a VHC was attached to the induction port of the NGI with the 

vacuum pump set to the appropriate flow rate. Prior to each manual actuation, the MDI 

canister was removed from the actuator, shaken, immediately replaced and fired. A pause 

of 15 seconds was implemented after each actuation. Eight total actuations were 

discharged per experiment to ensure a quantifiable amount of albuterol sulfate was 

collected on all drug-contact surface locations: MDI actuator, VHC, and NGI (throat and 

seven stages). The amount of albuterol sulfate recovered from each location was sampled 

and analyzed by HPLC (L-7100, 7250, 7300, 7400, Hitachi High Technologies America, 

Inc., Pleasanton, CA) with a reverse phase column (C18, 5 µm, 250 x 4.6 mm; 

Stage 30 L/min 80 L/min

1 11.7 6.90

2 6.40 3.84

3 3.99 2.44

4 2.30 1.45

5 1.36 0.81

6 0.83 0.46

7 0.54 0.28

filter 0.36 0.09

Effective cutoff diameter (µm)
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Phenomenex, Torrance, CA). For each tested product or product combination, the 

experiments were performed in triplicate. All particle size testing was conducted under 

ambient, indoor conditions. 

The total recovered dose was the mean sum of the drug recovered on all drug-contact 

locations. It is also expressed as a percentage of the labeled dose. The MMAD and GSD 

were calculated based on the least-squares linear regression equation of the impactor drug 

distribution data plotted on a log-probit graph. For the NGI operated under 30 L/min, the 

fine particle dose was the sum of drug collected under the 6.4 µm cutoff diameter stage. 

When the NGI was operated under the 80 L/min flow rate, a cutoff diameter stage of 6.4 

µm did not exist (closest cut-off size stage was 6.9 µm, refer to Table 5.1 above). For 

sake of comparison to the 30 L/min condition, the same cutoff size was therefore 

estimated by using the regression equation of the impactor drug size distribution data to 

interpolate the amount of fine particle dose (<6.4 µm) collected for the 80 L/min 

condition. The fine particle fraction was the fine particle dose expressed as a percentage 

of the delivered dose.  

5.3 Results and discussion

Impactor data 

The impactor summary results are shown in Table 5.2. The total recovered dose was 

consistent and within specifications of the labeled dose for all products tested. When 

comparing the Ventolin
 
without VHC test (i.e., MDI alone) to the Ventolin

 
with VHC 

tests, the delivered dose was much higher while the fine particle fraction was 

considerably lower. This trend was expected since VHCs serve to reduce oropharyngeal 

impaction by promoting large particle deposition and aerosol evaporation in the device, 
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resulting in a lowered output of delivered dose that will be disproportionately made up of 

a higher concentration of fine particles. Also, the MMAD and GSD for the Ventolin
 

without VHC test appear slightly higher than the values achieved with the VHC products. 

This effect was likely due to the increased opportunity for aerosol evaporation in the 

VHCs. 

Table 5.2 Impactor data of Ventolin MDI without or with valved holding chambers 

(shown as mean±SD, n=3) 

 

The size distribution for all tested products is shown in Figure 5.1. The drug recovered 

locations include the following: MDI actuator (A), valved holding chamber (VHC), 

impactor throat (T), and impactor stages (1-7, filter (F)). Due to different flow rate 

conditions, recall that the stage cutoff diameters are not the same (see Table 5.1), and 

thus an easy direct comparison of drug distribution recovered in the impactor is cautioned 

against. However, what is clearly evident from these distributions is that for the Ventolin
 

without VHC test, this was a substantial decrease in throat deposition when the flow rate 

was increased from 30 (“low”) to 80 L/min (“high”), and for the Ventolin
 
with VHC 

tests, only minimal increases in throat deposition were observed. These trends were quite 

counterintuitive, since a considerably higher flow rate should hypothetically result in 

much greater throat deposition.  

30 L/min 80 L/min 30 L/min 80 L/min 30 L/min 80 L/min 30 L/min 80 L/min

Total recovered dose  (µg) 123 (2) 115 (6) 125 (1) 106 (4) 124 (3) 118 (4) 117 (9) 110 (3)

Total recovered dose  (%) 114 (2) 107 (5) 116 (1) 99 (3) 115 (3) 110 (4) 108 (8) 101 (3)

Delivered dose  (µg) 100 (1) 93 (5) 43 (1) 57 (1) 32 (5) 37 (4) 34 (1) 41 (3)

FPD (<6.4 µm) per run (µg) 34 (3) 45 (1) 34 (0) 42 (1) 26 (4) 30 (3) 28 (1) 30 (3)

FPF (<6.4 µm) per run (%) 34 (3) 48 (2) 80 (2) 75 (2) 83 (0) 81 (2) 83 (1) 75 (1)

MMAD (µg) 2.49 2.49 2.32 2.07 2.15 1.85 2.14 2.03

GSD 2.70 3.32 2.31 2.67 2.66 2.84 2.59 2.97

None AeroChamber Z Stat O ptiChamber Advantage Pocket Chamber

Summary

Cascade Impactor
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Figure 5.1 Effect of flow rate on size distribution from Ventolin MDI without or with 

valved holding chambers (bars represent mean±SD, n=3). Clockwise from top 

left: without VHC, with AeroChamber Plus Z Stat, with OptiChamber 

Advantage, with Pocket Chamber. 

 

Fine particle dose and fraction 

Increased penetration past the throat would undoubtedly result in a higher fine particle 

dose. The effect of flow rate on fine particle dose and fraction is shown in Figures 5.2 

and 5.3, respectively. As the impactor flow rate increased, the fine particle dose increased 

slightly while the fine particle fraction decreased slightly for all products tested. The only 

exception is for the Ventolin without VHC test, in which the fine particle fraction 

increased slightly as the impactor flow rate increased. 
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Figure 5.2 Effect of flow rate on fine particle dose from Ventolin MDI without or with 

      valved holding chambers (bars represent mean±SD, n=3). 

 
Figure 5.3 Effect of flow rate on fine particle fraction from Ventolin MDI without or 

      with valved holding chambers (bars represent mean±SD, n=3). 

 

When the impactor is operated under a high flow rate, conventional wisdom dictates that 

the impactor throat would serve as an area of increased impaction, resulting in reduced 

amount of drug penetrating into the body of the impactor. It is somewhat surprising then 
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that a finding of higher fine particle dose was observed across all products when the flow 

rate through the impactor increased from 30 to 80 L/min. It would therefore appear that 

these results stand in contradiction to the inhaler technique training given to volunteers, 

in which a flow rate of 30 L/min was advocated over a higher flow rate such as 80 L/min. 

Despite the fine particle dose as being a primitive and rough indicator of the dose that can 

theoretically be available to the lungs, it is by no means a be-all, end-all type of metric. 

To fully interpret its utility in this particular study, it is necessary to understand the test 

conditions and examine any limitations under which these results were obtained. 

Impactor limitations 

Cascade impactors have some inherent limitations. To maintain the effective cutoff 

diameters for each stage, a constant flow rate through the impactor is required. This 

vacuum pump type of “laboratory breathing” is obviously different than “real breathing,” 

which is comprised of flow rates that vary continuously per respiratory cycle [168]. In 

addition to this, another major source of deviation is the USP impactor throat. Designed 

with simplicity in mind, the 90-degree, smooth cylindrical impactor throat lacks the 

anatomical intricacies and features of a real throat, which of course has far greater 

“filtering” capabilities for trapping aerosol particles than its USP counterpart [169]. The 

lack of wet mucosa, among other factors, also plays a role in the underperformance of an 

impactor throat. While efforts have been made to simulate the properties of wet mucosa 

[170, 171], there is really no real substitute for it. Moreover, studies also found that throat 

design and dimensions can affect aerosol deposition characteristics [170], and that when 

an anatomically correct throat replica was used in place of a simple throat, the fine 

particle dose can decrease significantly [172].  



 

84 

 

Additionally, the majority of pharmaceutical aerosols are physically unstable (Phipps 

1994). Depending on its physical properties and the surrounding environmental 

conditions, aerosol particles can drastically grow due to hygroscopic growth or shrink 

due to evaporation until they achieve water vapor equilibrium with the surrounding air. 

Given that in vivo relative humidity is generally accepted to approach 99.5% in the lungs 

[173, 174], most pharmaceutical aerosols will therefore grow in the warm and moist 

environment of the respiratory tract. This growth may consequently affect deposition if 

the size and density, factors that affect aerodynamic properties, are significantly altered 

as a result. In fact, many studies have demonstrated and have shown the effect of 

hygroscopic growth on aerosol size in high humidity environments including in the 

airways [175-185]. In contrast, cascade impactors are operated under indoor, ambient 

conditions, a far cry from the environmental conditions of the respiratory tract. In fact, 

the conditions encountered during in vitro impactor testing may sometimes actually result 

in evaporation of the aerosol sample, which can lead to an underestimation of the particle 

size distribution [186, 187].  

These limitations therefore indicate the need for caution when interpreting results 

measured by an impactor, especially when operated outside of the recommended 30 

L/min compendial flow rate for MDI evaluations. The unexpected high fine particle dose 

results obtained under high flow rate may very well be attributed to some of the 

aforementioned inadequacies of impactor testing. It is plausible that under a high flow 

rate, more drug is drawn out of the VHC but due to underperformance of the impactor 

throat and perhaps increased evaporation effects, more drug is carried into the impactor 

than otherwise expected. Therefore, while impactor testing can shed worthwhile light on 
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the size characteristics from MDIs, the results may not always be compatible with 

established knowledge regarding aerosol particle dynamics and deposition. In this case, 

the basis of training volunteers to inhale at a slow flow rate is deferred to other studies, 

mostly in vivo ones, as seen in Table 5.3. In a comprehensive attempt, the table shows a 

tabulation of inhaled flow rate recommendations or findings from relevant studies to date. 

The majority of these studies are in vivo-based, while a few are based on computational 

modeling and theoretical reasoning (in vitro studies are omitted). As shown in the table, 

all these studies recommend slow inhalation over fast inhalation for facilitating aerosol 

delivery to the lungs, often measured by the achievement of a clinically observable effect 

or by evidence of a more peripheral to widespread deposition pattern in the lungs. Since 

in vivo studies are unquestionably the most effective way to understand the effect and fate 

of inhaled products, these findings on the effect of flow rate are more practical and 

realistic than the in vitro-based impactor results obtained in this specific study. 

Table 5.3 Tabulation of inhaled flow rate recommendations from various studies 

(arranged chronologically) 

Author(s)   Article Title Year Recommendation/Finding:

Slow or Fast inhalation 

Basis 

(Study type) 

Ref. 

Lourenço Distribution and clearance of aerosols 1969 Slow 

(30 vs. 80 L/min) 

in vivo [188] 

Pavia et al Effect of lung function and mode of 

inhalation on penetration of aerosol 

into the human lung 

1977 Slow 

(“slow” vs. “high” flow rate) 

in vivo [39] 

Newhouse 

and Ruffin 

Deposition and fate of aerosolized 

drugs 

1978 Slow 

(30 vs. 120 L/min) 

in vivo [189] 

Stover and 

Shim 

The affect of the mode of inhalation of 

isoproterenol aerosol on system effects 

of normal patients 

1978 Slow 

(<150 L/min vs.  

>325 L/min) 

in vivo [190] 

Gerrity 

et al 

Calculated deposition of inhaled 

particles in the airway generations of 

normal subjects 

1979 Slow 

(30 vs. 60 L/min) 

modeling [191] 
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Newman 

et al 

Simple instructions for using 

pressurized aerosol bronchodilators 

1980 Slow 

(25 vs. 80 L/min) 

in vivo [192] 

Newman 

et al 

How should a pressurized β-adrenergic 

bronchodilator be inhaled? 

1981 Slow 

(25 vs. 80 L/min) 

in vivo [193] 

Strohl 

et al 

Inhalation patterns and predominant 

site of bronchoconstriction in healthy 

subjects 

1981 Slow 

(“deep, slow” vs. “shallow, 

quick” breathing) 

in vivo [194] 

Newman 

et al 

Effects of various inhalation modes on 

the deposition of radioactive 

pressurized aerosols 

1982 Slow 

(30 vs. 90 L/min) 

in vivo [43] 

Lawford 

and 

McKenzie 

Pressurized aerosol inhaler technique: 

how important are inhalation from 

residual volume, inspiratory flow rate 

and the time interval between puffs? 

1983 Slow 

(64 vs. 192 L/min) 

in vivo [195] 

Yu and 

Diu 

Total and regional deposition of 

inhaled aerosols in humans 

1983 Slow 

(30 vs. 60 L/min) 

modeling [196] 

Newman Aerosol deposition considerations in 

inhalation therapy 

1985 Slow  

(“slow” vs. “rapid” 

inhalation) 

theory [197] 

Byron Prediction of drug residence times in 

regions of the human respiratory tract 

following aerosol inhalation 

1986 Slow 

(23 vs. 65 L/min) 

modeling [198] 

Heyder  

et al 

Deposition of particles in the human 

respiratory tract in the size range 

0.005–15 µm 

1986 Slow 

(15 vs. 45 L/min) 

in vivo [199] 

Ferron 

et al 

Estimation of the deposition of 

aerosolized drugs in the human 

respiratory tract due to hygroscopic 

growth 

1989 Slow 

(15 vs. 45 L/min) 

modeling [177] 

Newman 

et al 

Pressurised aerosol deposition in the 

human lung with and without an 

“open” spacer device 

1989 Slow 

(25 vs. 100 L/min) 

in vivo [200] 

Stahlhofen

et al 

Intercomparison of experimental 

regional aerosol deposition data 

1989 Slow 

(15 vs. 45 L/min) 

modeling [201] 

Hindle  

et al 

Investigations of an optimal inhaler 

technique with the use of urinary 

salbutamol excretion as a measure of 

relative bioavailability to the lung 

1993 Slow 

(10 vs. 50 L/min) 

in vivo [202] 

Martonen 

and Katz 

Deposition patterns of aerosolized 

drugs within human lungs: effects of 

ventilatory parameters 

1993 Slow 

(15 vs. 45 L/min) 

modeling [36] 

Laube  

et al 

Optimizing the effect of inhaled 

medications by altering inspiratory 

flow rate 

1994 Slow 

(12 vs. 60 L/min) 

in vivo [203] 

Farr et al Aerosol distribution in the human lung 

following administration from a 

microprocessor controlled pressurised 

1995 Slow to Medium 

(30, 90 vs. 270 L/min) 

in vivo [204] 
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metered dose inhaler 

Newman 

et al 

Comparison of gamma scintigraphy 

and a pharmacokinetic technique for 

assessing pulmonary deposition of 

terbutaline sulphate delivered by 

pressurized metered dose inhaler 

1995 Slow 

(30 vs. 180 L/min) 

in vivo [205] 

Kim and 

Hu 

Regional deposition of inhaled 

particles in human lungs: comparison 

between men and women 

1998 Slow 

(9 vs. 30 L/min) 

in vivo [206] 

Laube 

et al 

The efficacy of slow versus faster 

inhalation of cromolyn sodium in 

protecting against allergen challenge in 

patients with asthma 

1997 Slow 

(30 vs. 70 L/min) 

in vivo [207] 

Dolovich Influence of inspiratory flow rate, 

particle size, and airway caliber on 

aerosolized drug delivery to the lung 

2000 Slow 

(15 vs. 60 L/min) 

review [208] 

Newman 

et al 

Human lung deposition data: the 

bridge between in vitro and clinical 

evaluations for inhaled drug products? 

2000 Slow 

(“slow” vs. “fast” inhalation) 

theory, 

review 

[209] 

Heyder Deposition of inhaled particles in the 

human respiratory tract and 

consequences for regional targeting in 

respiratory drug delivery 

2004 Slow 

(6 vs. 36 L/min) 

modeling [210] 

Kim and 

Hu 

Total respiratory tract deposition of 

fine micrometer-sized particles in 

healthy adults: empirical equations for 

sex and breathing pattern 

2006 Slow 

(15 vs. 60 L/min) 

in vivo [211] 

 

5.4 Conclusions 

 

The NGI was used to determine the particle size distributions from Ventolin
®

 HFA MDI 

used alone or in association with the VHCs the volunteers used during the final clinical 

study. The impactor was operated under two constant flow rates, 30 and 80 L/min, to 

evaluate its effect on particle size characteristics. The main and most surprising result 

showed that a slightly higher fine particle dose was achieved when the MDI products 

were tested using an impactor operated under a high flow rate compared to the standard, 

lower flow rate. Since this was somewhat counterintuitive, other studies, mostly in vivo 

ones, investigating the effect of inhaled flow rate on performance from aerosol products 
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were consulted, and they all found, as expected, that a slow inhalation was more 

conducive than a fast inhalation for delivering aerosol particles effectively to the lungs. 

Therefore, a high flow rate through an impactor, as demonstrated in this specific study, 

does not necessarily have the same effect as a high flow rate through a live person, based 

on cited studies. While it is obviously desirable for impactor testing to have reliable 

predictive powers for some sort of in vitro/in vivo correlation, they are, by design and by 

aerosol complexity, mostly a means of comparing data, and anything more than this 

should be viewed with caution. As such, due to actual clinical testing, in vivo methods 

remain the gold standard for evaluating the effect of various device and human factors on 

the performance of inhaled products. Therefore, in this case, while the impactor testing 

provides relative insight into the size makeup and delivery characteristics of aerosol 

particles, the basis of training volunteers to inhale at a slow flow rate is deferred to the 

numerous in vivo studies citing the value and importance of slow inhalation in optimizing 

aerosol drug delivery. 
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CHAPTER 6 

ACCURACY OF VENTOLIN
®
 HFA DOSE COUNTERS UNDER 

SIMULATED USE CONDITIONS 

 

6.1 Introduction 

 

MDIs have been in existence since the 1950s. A significant drawback of early designs is 

the lack of a built-in dose indicator or counter that can communicate to patients the 

number of doses remaining, if any, in the canister. MDIs used beyond the labeled number 

of actuations may deceptively appear to produce “functional” sprays (due to remaining 

propellant or excipients) when in actuality, these sprays do not contain therapeutic doses.  

Patients who are not in the habit of fastidiously recording the number of actuations 

remaining following each use may, therefore, prematurely dispose of their MDIs or 

worse, unknowingly extend the use of their MDIs beyond the specified number of 

actuations. The latter results in non-guaranteed doses leading to increased risk of health 
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complications including those of a life-threatening nature, such as in the case of patients 

who rely on their MDIs for rescue therapy.   

When using MDIs without a dose counter, patients unsurprisingly experience difficulties 

in assessing the number of doses remaining. The majority of patients do not even know 

how many labeled doses exist in their canisters [212, 213]. Also when surveyed in 

studies, most patients did not use the objective method of manually recording the number 

of doses remaining to determine inhaler fullness, but used a range of proven faulty 

methods such as shaking the inhaler, float testing the inhaler in water, and test firing the 

inhaler for visual or audio confirmation [212-218]. 

As an example, in a study assessing the number of doses remaining in known partially 

emptied MDIs (labeled for 200 doses), patients, using the shaking method, overestimated 

the number of doses remaining by an average of nearly 40. Moreover, 100 patients were 

asked to bring in personal MDIs they believed had reached emptiness and were ready to 

be discarded. By weighing the canisters to estimate gravimetrically the number of doses 

delivered, they found that 11% of the MDI analyzed should still have more than 20% 

remaining doses, while a whopping 84% of MDIs were determined to be “more than 

empty” [218]. 

Another study found that out of a total of 51 asthmatic patients surveyed, more than half 

reported having experienced unavailability of inhaler medication at some point and as a 

result, had become wheezy. However, when asked how they determined when to stop 

using their inhalers, 48 out of the 51 answered “when nothing comes out of the inhaler” 

[219]. Furthermore, a similar study conducted telephone interviews of families with 
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asthma across the United States. When it comes to patient instruction, they found that 

only 36% of the 342 respondents were ever told to keep track of the number of inhaler 

doses by healthcare professionals, and that 87% of them have experienced finding their 

inhalers empty during asthma exacerbations. As a result, seven of these patients had to 

call 911 [220]. 

In recognition of this problem, the U.S. Food and Drug Administration issued a Guidance 

for Industry in 2003 entitled Integration of Dose-Counting Mechanisms into MDI Drug 

Products [221]. It recommended the act of incorporating an integrated dose-counting 

mechanism into the development of MDI products. The incorporation of an accurate dose 

counter is intended to improve patient safety by informing patients when the MDI is 

approaching the end of its life, thus allowing patients sufficient time to renew or fill a 

new prescription. To prevent tampering, the Guidance Document stressed the importance 

of using dose counters that are “an integral part of the MDI canister and/or actuator, and 

not simply an add-on that can be removed and used multiple times with various 

products.” 

Depending on its design and patient use factors, the performance of a dose counter can be 

categorized into four types of events: fire-count, fire-not-count, count-not-fire, and 

miscount. Ideally dose counters should be completely accurate and reliable to only record 

fire-count events, since fire-not-count, count-not-fire and miscount events result in 

miscommunication of remaining doses to patients. Especially detrimental is the fire-not-

count events which lead to potentially dangerous undercounting scenarios in which 

patients are falsely led to believe they have more doses than actually present [222].   
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Therefore, the overall aim of this study was to determine the accuracy of commercially 

available MDIs equipped with dose counters by recording the incidences of the events 

stated above. By also using force-instrumented MDIs, it was possible to record the 

actuation forces associated fire-count events as well as the more anomalous and adverse 

fire-not-count, count-not-fire and miscount events, should they occur. Additionally, it 

was not inconceivable for patients to want to “self improve” their prescribed MDIs, 

especially if their insurance did not cover an add-on dose counter, by attempting to take a 

dose counter from another MDI. Therefore, to test how integrated dose counters were 

with its MDI product, the ability of a dose counter to be tampered to be used with a 

separate commercially available MDI not designed with an intact dose counter was 

investigated. Specifically, using force-instrumented MDIs under simulated use 

conditions, this aim included the following sub-aims: 

1. To determine the accuracy of Ventolin
®

 HFA dose counters by measuring 

actuation forces associated with fire-count, fire-not-count, count-not-fire, and 

miscount events. 

2. To determine whether Ventolin
®

 HFA dose counters can be removed and used 

with a QVAR
®

 product and still count accurately. 

6.2 Materials and methods

Force-instrumenting inhaler 

A compression load cell (LCGC-50; Omega Engineering Inc., Stamford, CT) was used to 

measure the actuation forces manually applied to Ventolin
®

 HFA MDIs (108 µg albuterol 

sulfate/actuation; GlaxoSmithKline, Research Triangle Park, NC) equipped with a dose 

counter for 200 metered dose inhalations. The load cell was located on the canister base, 
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so that when actuated the  load cell signal was transmitted from an I/O connector block 

(CB-68LP; National Instruments, Austin, TX) to a laptop (Inspiron 6000; Dell, Round 

Rock, TX) via a shielded cable (SCH68-68-EPM; National Instruments, Austin, TX) with 

an attached data acquisition card (DAQCard-6024E; National Instruments, Austin, TX). 

The signal was interpreted using LabVIEW
TM

 software (version 8.5; National 

Instruments, Austin, TX) programmed to graph the actuation profile and output the peak 

force achieved. In order to quantify the signal, the load cell was calibrated, as described 

in Chapter 3, with a range of calibration weights prior to use. After calibration, the load 

cell was tested using the weights to confirm accurate performance. An example of a 

calibration check is provided in Figure 6.1. A typical actuation profile with its displayed 

peak forces is given in Figure 6.2.

Figure 6.1 Example of force calibration check using standard masses of 1.0 and 3.0 kg. 
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Figure 6.2 A typical actuation profile with an actuation force of 5 kg. 

 According to the manufacturer’s instructions, three Ventolin
®

 HFA MDIs labeled for 

200 metered dose inhalations were manually discharged into a waste container for 205 

actuations (4 for priming, 200 for the 200 metered dose inhalations and 1 extra to confirm 

the dose counter stopped counting).  

Dose counter tampering 

To examine whether Ventolin
®

 HFA dose counters could be manipulated to be used with 

a QVAR
®

 MDI (beclomethasone dipropionate; Teva Respiratory, North Wales, PA), 

Ventolin
®

 HFA dose counters were pried off of its original canisters, attached to QVAR
®

 

canisters, and seated into modified Ventolin
®

 HFA actuators. The original and hybrid 

inhalers were each fired 45 times.  During each discharge attempt the actuation force and 
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spray weight were recorded, and the dose counter was inspected to see if it counted down 

by one, as expected. 

6.3 Results and discussion

Original dose counters 

 

In regards to the three Ventolin
®

 HFA MDIs (each labeled for 200 metered dose 

inhalations), the dose counters functioned accurately with no incidences of fire-not-count, 

count-not-fire or miscount events, as shown in Table 6.1. Therefore, despite actuation 

forces ranging from 1.8 to 6.0 kg with a mean force of 3.7±0.6 kg and an average spray 

weight of 72±2.8 mg, the dose counters functioned 100% accurately by registering all 

these actuations as fire-count events. 

Table 5.4 Ventolin MDI dose counter performance results 

 

To illustrate the real-life “patient” simulated use nature of these actuations, Figure 6.3 

shows the random distribution of actuation forces as a function of actuation number. 

Figure 6.4 summarizes the range of actuation forces recorded in a histogram, which 

approximated an expected normal distribution with the mean force centered at about 3.7 

kg. Therefore, within the range of actuation forces seen in this study, the Ventolin
®

 HFA 

dose counters functioned completely accurately and correctly.   

Ventolin
® 

HFA MDI fire-count fire-not-count count-not-fire miscount

1 200 0 0 0

2 200 0 0 0

3 200 0 0 0

Dose Counter Performance (number of times event occurred)
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Figure 6.3 Plot of actuation forces versus actuation number for three Ventolin MDIs. 

Figure 6.4 Histogram of actuation forces recorded for three Ventolin MDIs. 
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Tampered dose counters 

 

Regarding whether the dose counters from Ventolin
®

 HFA MDIs could be tampered with 

to facilitate use as counters on a QVAR
®

 MDI, the Ventolin
®

 HFA dose counters were 

successfully stripped off the original canisters, attached to QVAR
®

 canisters using 

adhesive tape and seated into Ventolin
®

 HFA actuators. The height of the Ventolin
®

 HFA 

actuators was shortened to allow for enough of the smaller QVAR
®

 canister to be 

exposed for actuation. For the QVAR
®

 and QVAR
®

-Ventolin
®

 hybrid MDI, the mean 

actuation force recorded was 3.4±0.37 and 4.6±0.41 kg, respectively, and the average 

spray weight was 60±0.76 and 58±0.49 mg, respectively. In addition to obtaining 

significant differences in these spray weights, it was also visually observed that the 

QVAR
®

-Ventolin
®

 hybrid MDI did not emit full plumes like those emitted from original 

QVAR
®

 MDIs. Despite these spray differences, the dose counters still counted even 

though it was not clear whether these sprays actually contained the labeled therapeutic 

dose or whether the altered plume shape would not impact efficacy. Tampering with dose 

counters is therefore ill-advised and perhaps more development is needed to make it more 

difficult to remove a dose counter without destroying its functionality so that patients 

who may be tempted to “self-improve” their prescribed MDIs by adding on a dose 

counter taken from another MDI would be thwarted. Figures 6.5, 6.6, and 6.7 include the 

before and after tampering shots of these MDIs. 



 

 

Figure 6.5 (Left to right) 

      QVAR-Ventolin hybrid MDI

 

Figure 6.6 (Left) A disassembled original Vent

       MDI instrumented with load cell.
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(Left to right) An original Ventolin MDI, an original QVAR MDI

Ventolin hybrid MDI.

disassembled original Ventolin MDI, (Right) an original

instrumented with load cell.

iginal QVAR MDI, and a 

olin MDI, (Right) an original Ventolin 
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Figure 6.7 (Left) A ready-to-be-assembled QVAR-Ventolin hybrid MDI, (Right) a 

      functional QVAR-Ventolin hybrid MDI instrumented with load cell.

 

6.4 Conclusions 

 

MDIs were successfully instrumented with a load cell to determine actuation forces 

associated with dose counter performance. Despite a wide range of actuation forces, the 

dose counters on the original Ventolin
®

 HFA MDIs functioned as designed with no fire-

not-count, count-not-fire or miscount events. Despite differences in spray weight and 

plume shape, the Ventolin
®

 HFA dose counters and its cut down actuator used in 

conjunction with a QVAR
®

 canister still counted accurately. Even though it was not clear 

whether these sprays actually contained the labeled therapeutic dose, a patient intent on 

having a dose counter may not be aware of this potential problem. Tampering with dose 

counters is therefore ill-advised and perhaps more development is needed to design MDIs 

that minimize the possibility that patients might try to “self-improve” their prescribed 

MDIs by adding on a dose counter taken from another MDI.  
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CHAPTER 7 

EFFECT OF SEAL CONDITION ON THE PERFORMANCE OF A 

VALVED HOLDING CHAMBER-FACEMASK SET 

 

7.1 Introduction 

 

Patients requiring MDI therapy but cannot physically maneuver or use the mouthpiece 

appropriately, such as in the case of young children, will therefore need to inhale through 

a facemask via a valved holding chamber (VHC) adjoined to the MDI [62, 92]. Largely 

compounded by clinical study drawbacks such as high cost, unguaranteed findings, as 

well as ethical quandaries regarding using young children as subjects and by the lack of a 

straightforward way to connect to conventional aerosol measurement apparatuses for in 

vitro testing [223], facemasks have therefore often been overlooked as a component 

critical of affecting overall inhalation drug therapy. This perception is perpetuated by 

different guidelines, from standards to regulatory guidance, in which facemask testing is 
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either not addressed at all or goes as far as recommending sans-facemask approaches 

when evaluating VHCs with facemasks [224-226]. 

Based on recent studies investigating and outlining factors relating to facemask 

performance, it is however becoming increasingly clear that facemasks do in fact play a 

serious role in drug delivery from VHCs [101, 227-229]. One approach of circumventing 

previously perceived difficulty while maintaining realistic clinical relevance during in 

vitro testing is to use soft anatomical model (SAM) face replicas as surrogates for 

simulating facemask use [230]. Similar to this approach, a novel tool called the facemask 

test rig, shown in Figure 7.1, was developed and tested in collaboration with Philips 

Respironics [231, 232]. At the core of it is an interchangeable SAM face replica to which 

the facemask connects. It features a host of adjustable settings including adjustable face 

replica height, face replica angle, applied force of the facemask on the face replica via an 

attached weight on a pulley system, and flow connection to either constant or simulated 

for sources. All these settings may be manipulated or varied systematically to evaluate its 

effect on overall facemask performance. The test rig can be used to determine facemask 

percent leakage and delivery efficiency of the dose delivered to a filter that is positioned 

inside the mouth of the face replica.  

Using this facemask test rig, the aim of this study was to compare the performance of a 

VHC-facemask system in which the facemask was sealed against the face replica under 

natural means versus when sealed under ideal means. 
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Figure 7.1 Overview of the facemask test rig, shown with labeled parts. 

 

7.2 Materials and methods

Evaluation of facemask seal condition on albuterol delivery efficiency 

 

An OptiChamber Advantage II® VHC  with a preproduction medium LiteTouchTM 

facemask (both from Philips Respironics, Parsippany, NJ) was connected to the facemask 

test rig designed to facilitate in vitro emitted dose testing of MDIs with VHCs (Figure 

7.1). The facemask test rig was constructed to allow the collection of emitted doses from 

a MDI and VHC in combination with facemask while applying a load to a facemask 

positioned onto a SAM face replica of a 4-year-old child (PA Consulting Group, 

Melborne, UK). A replaceable polypropylene aerosol filter (G200, 3M, St. Paul, MN) 

was contained inside the face replica in the “mouth” such that it could be connected to a 

breathing simulator. In order to perform testing, the VHC with facemask was loaded into 

Adjustable Settings

• Face height

• Face angle

• Facemask applied force

• Flow connection
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a custom holding fixture which was designed to allow the MDI to be freely inserted and 

removed from the VHC. The fixture was secured to a sliding shuttle that was connected 

to an individual weight and via gravity added a load onto the facemask forcing it against 

the face replica. All tests were conducted using Ventolin® HFA MDIs (108 µg albuterol 

sulfate/actuation; GlaxoSmithKline, Triangle Research Park, NC) which were primed and 

used according to the manufacturer’s instructions.  

 

Five MDI actuations into the VHC were made for each experiment. This ensured that a 

quantifiable amount of albuterol sulfate was collected on the filter under all experimental 

conditions. Prior to each actuation, the MDI canister was removed from the actuator, 

shaken, replaced, and depressed for 2-3 seconds, with approximately 20 seconds between 

actuations. Each experimental condition was evaluated to determine the drug collected on 

a filter placed inside the mouth of the face replica (Filter Dose), as well as the dose 

deposited in the VHC/facemask/actuator (Undelivered Dose). Albuterol sulfate recovered 

from both locations was quantified using HPLC (L-7100, 7250, 7300, 7400, Hitachi High 

Technologies America, Inc., Pleasanton, CA) with a reverse phase column (C18, 5 µm, 

250 x 4.6 mm; Phenomenex, Torrance, CA), and used to calculate albuterol sulfate 

(albuterol) delivery efficiency defined as: 

 

Albuterol Delivery Efficiency (%) = � ����� ���
����� ������������ ��� ! 100 
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The simulated breathing profile used was selected to represent a pediatric breathing 

pattern using a Harvard Pump (Harvard Apparatus, Holliston, MA) validated to output 

the following breathing parameters: tidal volume = 155 mL,  breathing rate = 25 breaths 

per minute, inhalation to exhalation ratio = 40:60. The quality of the facemask seal was 

represented by natural placement of facemask against the face replica (due only to the 

specific applied force), as shown in Figures 7.2 and 7.3, compared with an ideal seal 

simulated by using parafilm to enhance the connection of the facemask to the face 

replica, as shown in Figures 7.4 and 7.5. For both conditions, the facemask was attached 

to the face replica oriented at 0° tilt, with respect to the vertical plane, under applied 

forces exerted by an attached 0.45 or 1.9 kg mass [102].  

 

Figure 7.2 Facemask test rig shown with facemask applied under natural seal condition. 
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Figure 7.3 Close up shot of facemask applied under natural seal condition. 

 

Figure 7.4 Facemask test rig shown with facemask applied under ideal seal condition. 
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Figure 7.5 Close up shot of facemask applied under ideal seal condition. 

 

7.3 Results and discussion

Effect of facemask seal condition on albuterol delivery efficiency 

The mean albuterol delivery efficiency for natural and ideal sealed conditions under both 

applied forces is shown in Figure 7.6.   
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Figure 7.6 Effect of facemask seal condition on albuterol delivery efficiency from a 

      VHC-facemask system (bars indicate mean±SD, n=3). 

 

When comparing the delivery efficiency between the two conditions, the ideal sealed 

conditions, on average, was 5.8% and 5.3% more efficient than the delivered dose from 

the natural sealed conditions at 0.45 and 1.9 kg applied forces, respectively. Though the 

differences in delivery efficiency did not necessarily equate to significant difference, (p > 

0.05 for 0.45 kg applied force condition, p < 0.05 for 1.9 kg applied force condition, 

using t-test assuming equal variance), they served to show that one cannot facemasks will 

seal completely against a face. Regarding the influence of applied force on delivery 

efficiency, there was no significant difference (p > 0.05 for both Natural and Ideal 

conditions). Thus, in this case, the results supported that a 0.45 kg applied force facemask 

seal performs comparably to a 1.9 kg applied force under the same conditions. These 

results, in general, demonstrated that the facemask test rig could be a useful tool when 

designing and evaluating the performance characteristics of facemasks.  
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7.4 Conclusions 

 

The facemask test rig provided the opportunity to conduct a wide variety of tests under 

reproducible conditions in order to assess the likely variability in emitted dose from 

complete VHC with facemask systems. This is a potentially valuable tool when 

developing VHC with facemask systems because it allows selection of subsystem 

components that may ensure that the natural sealing condition is as close as possible to 

the ideal sealing condition. 
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CHAPTER 8 

REALISTIC EVALUATION OF THREE VALVED HOLDING 

CHAMBER-FACEMASK SETS TESTED UNDER SIMULATED USE 

CONDITIONS 

 

8.1 Introduction 

 

As mentioned earlier, valved holding chambers (VHCs) in conjunction with a facemask 

are often used by patients who are unable to use MDIs effectively [62, 227]. Facemasks 

therefore serve as a patient-device interface to facilitate the delivery of inhalation drugs 

in a select subgroup of patients, such as young children for example [62]. Once 

overlooked, facemasks are now gaining increasing attention as an important component 

capable of significantly affecting overall inhalation drug therapy [96, 227, 229, 233, 234].  

Building upon the previous chapter’s work of using a facemask test rig to evaluate the 

effect of sealing condition on facemask performance, the aim of this chapter was to use 

the facemask test rig to compare the performance of VHC-facemask sets from three 
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manufacturers [235, 236]. Specifically for each VHC-facemask set, the following sub-

aims were investigated: 

1. To determine the facemask percent leakage 

2. To determine the dose deposition included delivered dose to filter 

a. Under different facemask applied forces (using attached 0.45, 1.9 kg 

masses) 

b. Under different breathing conditions (1, 2, 4, 8 breaths) 

8.2 Materials and methods

Flow validation 

First, the flow through the filter-containing compartment in the four-year-old SAM face 

replica (PA Consulting, Melbourne, UK) on the facemask test rig was validated. This was 

done by positioning two calibrated mass flowmeters (TSI Inc., Shoreview, MN) on each 

side of the face replica, as shown in Figure 8.1, and connected to a vacuum pump 

(Copley Scientific Limited, Nottingham, UK). Constant flow rates of 15 and30 L/min 

(Q2) were performed in triplicate during which the flow rate displayed on flowmeter one 

(Q1) was recorded. Percent leakage across the face replica and filter was defined as: 

Percent Leakage (%) = � #�� $%
%� �����& ! 100 
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Figure 8.1 Schematic for determining internal face replica and filter leakage. 

Evaluation of albuterol delivery efficiency 

VHC-facemask systems from three manufacturers were evaluated: 1) prototype 

OptiChamber Diamond VHCs with preproduction medium LiteTouch facemasks (Philips 

Respironics, Parsippany, NJ), 2) AeroChamber
®

 Plus Z STAT
®

 VHCs with 

ComfortSeal
®

 facemasks (Monaghan, Plattsburg, NY), and 3) Vortex
®

 VHCs with 

Spinner
®

 Duck facemasks (PARI, Midlothian, VA). Each VHC was tested with its 

marketed facemask of recommended size based on product labeling. All VHCs were of 

similar volume and dimensions, and claimed to exhibit anti-static properties. All tests 

were conducted using ProAir
®

 HFA pMDIs (108 µg albuterol sulfate/actuation; Teva 

Respiratory LLC, Horsham, PA) which were primed and used according to 

manufacturer’s instructions for use. 

Prior to each manual actuation, the MDI canister was removed from the actuator, shaken 

and immediately replaced before dose release at the onset of a simulated inhalation. Five 

(Q1) (Q2)
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MDI actuations were discharged into the VHC during each experiment to ensure a 

quantifiable amount of albuterol sulfate was collected on the filter within the face replica. 

Albuterol sulfate recovered from the filter (Filter Dose) and VHC/facemask/actuator 

(Undelivered Dose) was determined by HPLC (L-7100, 7250, 7300, 7400, Hitachi High 

Technologies America, Inc., Pleasanton, CA) with a reverse phase column (C18, 5 µm, 

250 x 4.6 mm; Phenomenex, Torrance, CA), and used to calculate to albuterol sulfate 

(albuterol) delivery efficiency defined as: 

Albuterol Delivery Efficiency (%) = � ����� ���
����� ������������ ��� ! 100 

 

Evaluation of facemask percent leakage 

Prior to facemask testing, the optimal facemask position on the face (based on lowest 

observed leakage using the same percent leakage equation given above) for each VHC-

facemask system was determined as follows: VHC-facemask systems were sealed to 

prevent leaks unrelated to face seal. Flowmeters were placed upstream of the MDI inlet 

and downstream of the filter in the face replica, as shown in Figure 8.2. A force applied 

by an attached 1.9 kg mass held the facemask to the face replica. Constant inhalation 

conditions of 15 and 30 L/min were simulated. The optimal face sealing condition for 0° 

vertical head tilt, with the facemask laterally centered on the face, was obtained by 

adjusting the height of the face replica in relation to the facemask until leakage was 

minimized for each VHC-facemask system. This setting was defined as the optimal 

natural seal condition (optimal setting) for each VHC-facemask system. This optimal 

setting in essence represented the best natural seal condition for each VHC-facemask 
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system, and was therefore the setting used when determining the albuterol delivery 

efficiency for each VHC-facemask system. 

Figure 8.2 Schematic for determining optimal positional setting of VHC-facemask 

      system on face replica using lowest leakage rate approach. 

 

Evaluation of facemask applied force on albuterol delivery efficiency 

To prevent facemask seal distortion during MDI actuation, the shuttle supporting the 

VHC was locked into position after the facemask contacted the face replica under the 

influence of a slowly applied weight, as shown in Figure 8.3. The downstream side of the 

face replica/filter was connected to a digitally controlled breathing simulator with real-

time display and breath-by-breath control capability (ASL 5000; IngMar Medical, 

Pittsburgh, PA). The breathing simulator was programmed and validated to output a 

pediatric breathing pattern: tidal volume = 155 ml, breathing rate = 25 breath/min, 

inhalation to exhalation ratio = 40:60. Each VHC-facemask system was positioned at its 

previously-determined optimal setting and attached to the face replica oriented at an 

application angle of 0° tilt, with respect to the vertical plane, at forces applied by an 

attached 0.45 or 1.9 kg mass. 
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Figure 8.3 Schematic for determining delivery efficiency from VHC-facemask systems. 

 

Evaluation of breathing condition on albuterol delivery efficiency 

Each VHC-facemask system was loaded onto a fitted shuttle that was positioned on a 

lockable horizontal sliding shuttle track to enable the facemask to seal to the face replica 

with an applied force supplied by an attached weight. Via this mechanism, each VHC-

facemask system was positioned at its previously-determined optimal setting and attached 

to the face replica oriented at an application angle of 0° tilt, with respect to the vertical 

plane, at a force applied by an attached 1.9 kg mass. Figure 8.4 and 8.5 show this test 

setup.   

For the condition of one breath, the VHC-facemask system shuttle was retracted at the 

end of one inhalation/exhalation cycle (as visually indicated by the breathing simulator) 

to prevent any additional drug from reaching the aerosol filter. This sequence was 

repeated so that five total MDI actuations into the VHC were made for each experiment. 

For each VHC-facemask system, the above procedures for the condition of one breath 

were repeated for conditions of two, four and eight total breaths. In other word, for the 

two, four and eight total breath conditions, the VHC-facemask shuttle was retracted at the 
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end of each respective two, four, and eight inhalation/exhalation cycles following MDI 

actuation. Each breath condition was performed in triplicate. 

Figure 8.4 Experimental setup of each VHC-facemask system tested under 0° deg face 

replica tilt, 1.9 kg applied force for 1 simulated pediatric breath: (Left) 

OptiChamber Diamond-LiteTouch, (Middle) AeroChamber Z Stat-

ComfortSeal, (Right) Vortex-Spinner Duck.

 

Figure 8.5 Close up shot of each facemask attached to the face replica at its optimal 

position: (Left) OptiChamber Diamond-LiteTouch, (Middle) AeroChamber Z 

Stat-ComfortSeal, (Right) Vortex-Spinner Duck. 

 

8.3 Results and discussion

Face replica internal leakage 

The mean internal percent leakages through the filter-containing compartment in the face 

replica are shown in Table 8.1. Taking into account all areas where flow loss can 
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inevitably take place, a 1.5% leak is considered quite negligible and thus judged to be 

acceptable. 

Table 8.1 Face replica internal leakage (expressed as mean(SD), n=3) 

 

Facemask percent leakage 

Figure 8.6 shows the percent leakage between the facemask and face replica for each 

VHC-facemask system using the previously-determined optimal settings at 0° tilt with a 

facemask force applied by an attached 1.9 kg mass. The LiteTouch facemask showed the 

lowest leakage (approximately 7 and 10% at 15 and 30 L/min, respectively), while the 

Spinner
®

 Duck facemask exhibited the highest leakage (approximately 94 and 91% at 15 

and 30 L/min, respectively). The improved seal of the LiteTouch facemask compared to 

the ComfortSeal
®

 and Spinner
®

 Duck facemasks was attributed to its more flexible 

silicone interface and its contour design. 

Q2 setting ∆Q Leakage

(L/min) (L/min) (%)

15 0.12 (0.01) 0.8 (0.04)

30 0.44 (0.01) 1.5 (0.02)
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Figure 8.6 Percent leakage via facemask for three VHC-facemask systems tested under 

      optimal setting (bars indicate mean±SD, n=3). 

 

Effect of facemask applied force on albuterol delivery efficiency  

The albuterol delivery efficiency for each VHC-facemask system under forces applied by 

an attached 0.45 or 1.9 kg mass is shown in Figure 8.7. The delivery efficiency of the 

OptiChamber Diamond-LiteTouch system was significantly higher than both the 

AeroChamber
®

 Z Stat
®

-ComfortSeal
®

 and Vortex
®

-Spinner Duck
®

 systems under the 

same applied force (p<0.05, t-testing assuming equal variance). This was attributed to the 

more efficient face seal in the LiteTouch, which allowed more airflow, and subsequently 

more complete drug entrainment and emptying from its OptiChamber Diamond VHC and 

onto the filter during each simulated inhalation. Better facemask sealing also allowed the 

generation of a greater pressure differential across the VHC, which facilitated faster and 

wider opening, and subsequently less drug impaction, on the exhalation prevention one-

way valve.   

0

20

40

60

80

100

OptiChamber Diamond-
LiteTouch

AeroChamber Z Stat-
ComfortSeal

Vortex-Spinner Duck

F
a

c
e
m

a
sk

 S
e
a

l 
L

e
a

k
a

g
e
 (

%
)

VHC-Facemask System

15 L/min

30 L/min



 

118 

 

 
Figure 8.7 Effect of facemask applied force on albuterol delivery efficiency for three 

      VHC-facemask systems (bars indicate mean±SD, n=3). 

 

Percent dose deposition 

The dose deposition for each VHC-facemask system is shown in Table 8.2. When 

comparing the dose deposition between the three brands of VHC-facemask systems 

across all breath conditions, the delivered dose (i.e., albuterol recovered from filter), 

showed the following rank order: OptiChamber Diamond-LiteTouch delivered dose > 

AeroChamber
®

 Z Stat
®

-ComfortSeal
®

 delivered dose > Vortex
®

-Spinner Duck
®

 

delivered dose. Since the delivered dose is the opposite of undelivered dose (i.e., 

albuterol recovered from actuator, VHC, facemask), the undelivered dose rank order is 

simply the reverse of the delivered rank order: Vortex
®

-Spinner Duck
®

 undelivered dose 

> AeroChamber
®

 Z Stat
®

-ComfortSeal
®

 undelivered dose > OptiChamber Diamond-

LiteTouch undelivered dose. Therefore according to these results, the OptiChamber 

Diamond-LiteTouch systems achieved the highest delivered dose and conversely, lowest 

undelivered dose, compared to the AeroChamber
®

 Z Stat
®

-ComfortSeal
®

 and Vortex
®
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Spinner Duck
®

 systems. Additionally the results also clearly showed that the delivered 

dose achieved by the OptiChamber Diamond-LiteTouch systems analyzed after just one 

breath is significantly higher than the delivered doses achieved by both AeroChamber
®

 Z 

Stat
®

-ComfortSeal
®

 and Vortex
®

-Spinner Duck
®

 systems analyzed after eight total 

breaths (p<0.01, t-test assuming equal variance). These results were not unexpected due 

to the above leakage data which showed that the ComfortSeal
®

 and Spinner Duck
®

 

facemasks exhibited exceptionally high seal leakage of about 85 and 91%, respectively, 

under 30 L/min flow, when tested using the facemask test rig operated under the optimal 

setting for each system, while the LiteTouch facemasks, in contrast, achieved 

significantly lower seal leakage of about 10%.   

Table 8.2 Percent dose deposition of albuterol sulfate recovered for each VHC-facemask 

system (expressed as mean (SD), n=3) 

 

Effect of breathing condition on albuterol delivery efficiency 

The albuterol delivery efficiency, in terms of percent dose deposition recovered on filter, 

for each VHC-facemask system under all breath conditions is shown in Figure 8.8. As 

noted earlier, the albuterol delivery efficiency of OptiChamber-LiteTouch systems was 

higher than both the AeroChamber
®

 Z Stat
®

-ComfortSeal
®

 and Vortex
®

-Spinner Duck
®

 

systems across all the breath conditions studied. Moreover, a general pattern could be 

gleaned regarding approximately how many numbers of total breaths were necessary for 

each VHC-facemask system to reach a consistent delivery efficiency, which can also be 

interpreted as the number of breaths needed to clear the drug from VHC. For example, in 

Number

of Breaths

(Total) Actuator VHC Facemask Filter Actuator VHC Facemask Filter Actuator VHC Facemask Filter

1 12.4 (2.2) 30.3 (2.2) 8.0 (1.0) 49.3 (4.2) 19.1 (1.8) 51.2 (2.2) 10.7 (5.6) 19.0 (5.2) 21.2 (1.5) 73.9 (4.0) 0 (0) 4.9 (4.2)

2 8.8 (0.2) 21.6 (2.8) 5.0 (1.1) 64.6 (3.8) 21.9 (1.2) 47.3 (1.9) 5.3 (0.1) 25.5 (2.8) 24.9 (2.3) 73.7 (4.0) 0 (0) 1.4 (2.5)

4 10.3 (1.4) 20.4 (1.7) 4.2 (1.2) 65.1 (1.1) 16.5 (2.2) 41.7 (5.1) 9.4 (3.8) 32.5 (4.8) 25.3 (4.3) 68.8 (7.7) 0 (0) 5.8 (10.1)

8 10.2 (2.7) 21.9 (2.1) 4.5 (0.4) 63.4 (3.0) 16.7 (0.7) 35.3 (5.0) 14.6 (0.9) 33.5 (3.5) 24.7 (3.1) 71.5 (2.3) 0 (0) 9.3 (8.7)

Dose Deposition (% albuterol recovered)

OptiChamber Diamond-LiteTouch System AeroChamber Z Stat-ComfortSeal System Vortex-Spinner Duck  System
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the case of OptiChamber Diamond-LiteTouch systems, it would take approximately two 

simulated pediatric breaths to achieve consistent delivery efficiency, whereas it would 

take at least four breaths for both AeroChamber
®

 Z Stat
®

-ComfortSeal
®

 and Vortex
®

-

Spinner Duck
®

 systems to achieve their own, albeit lower, consistent delivery efficiency. 

 
Figure 8.8 Breath-by-breath analysis of albuterol delivery efficiency from three VHC- 

      facemask systems (bars indicate mean±SD, n=3). 

8.4 Conclusions 

 

An enhanced facemask test rig was validated and used to assess the performance of three 

brands of valved holding chamber (VHC)-facemask systems with respect to facemask 

seal leakage and dose delivery efficiency. Facemask designs that minimized leaks 

between the facemask sealing system and the face replica model increased albuterol 

delivery efficiency. The facemask test rig was also used to compare the performance 

characteristics via a breath-by-breath approach from the VHC-facemask systems. The 

results showed that the OptiChamber Diamond-LiteTouch systems achieved the highest 

delivered dose overall and in the least number of total breaths when compared to the 
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AeroChamber
®

 Z Stat
®

-ComfortSeal
®

 and Vortex
®

-Spinner Duck
®

 systems evaluated 

under the same conditions. Overall, the facemask test rig allowed the ability to conduct 

VHC-facemask evaluation in an in vitro manner while maintaining clinical relevance.  
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CHAPTER 9 

OVERAL SUMMARY AND CONCLUSIONS 

 

As widely documented in both clinicians and patients alike, metered dose inhalers 

(MDIs) are a challenging type of device to use properly. Effects of non-optimal or 

improper use may result in a multitude of health problems including those of a life-

threatening nature arising from therapeutic deficiencies or failures. As a result, undue 

financial burdens are also placed on society due to related medical costs and decreased 

productivity from missed days at school or work.  

Therefore to help improve therapeutic outcome, the first half of this thesis concerned the 

development of an instrumented pressurized metered dose inhaler to evaluate if it could 

be used as a training aid to improve inhaler technique among pediatric patient volunteers 

recruited from a predefined high risk population for asthma-related morbidity or 

mortality. To this end, Ventolin
®

 HFA inhalers were instrumented with a differential 

pressure transducer, load cell and accelerometer to facilitate simultaneous capture of 
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inhaled flow rate, applied finger-force on canister, and shaking. Sensor placements and 

cable connections were strategically positioned to minimize interference with normal 

inhaler use. All three signals were transmitted to a laptop and processed using a 

LabVIEW program to show volunteers rolling plots of each parameter simultaneously in 

real-time. The program also included a biofeedback for inhaled flow rate training. 

Prior to training with the instrumented inhaler, blinded pre-training profiles were 

collected from volunteers. The volunteers then trained with the instrumented inhaler and 

after they felt to have confidently mastered the proper inhaler technique, blinded post-

training profiles were collected. During analysis, the pre-training profiles were used as 

baselines and compared to its corresponding post-training profiles to determine whether 

the volunteers improved their inhaler techniques. In the pilot study, one pre-training and 

one post-training profile were collected from each volunteer. In the final study, three pre-

training and three post-training profiles were collected to allow for statistical testing to 

determine whether changes were significant. The results showed that the majority of 

volunteers improved their inhaler techniques substantially (for the pilot study) and 

significantly (for the final study) after training with the instrumented inhaler. 

Specifically, the volunteers notably increased their inhaled duration and adjusted their 

inhaled flow rates closer to the target 30 L/min flow rate. This study showed that the 

instrumented inhaler could be successfully developed and used as a training aid in a 

clinical setting to achieve significant improvement in inhaler technique among 

volunteers.  

In addition to training alone, another way to facilitate correct MDI use is to deploy add-

on devices such as dose counters, valved holding chambers, and facemasks. However, 
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there is no generally acceptable or agreed upon methodology for evaluating these 

products. Therefore the second half of this thesis was about developing effective and 

realistic ways of evaluating the performance of these add-on devices. 

For evaluating dose counter performance, force-instrumented inhalers were used to 

determine dose counter accuracy and to determine whether dose counters could be 

outfitted with another inhaler product and still count accurately. This was done by using a 

compression load cell to measure the actuation forces manually applied to Ventolin
®

 

HFA inhalers equipped with a dose counter for 200 metered inhalations. The load cell 

was located on the canister base, so that when actuated, the load cell signal was relayed to 

a laptop and interpreted using a different LabVIEW program designed to graph the 

actuation profile and output the peak force achieved. After priming, metered doses were 

manually discharged into a waste container according to the manufacturer’s instructions 

for use. The accuracy of Ventolin
®

 HFA dose counters were evaluated by measuring 

actuation forces associated with fire-count, fire-not-count, count-not-fire, and miscount 

events. To test whether Ventolin
®

 HFA dose counters can be used with a QVAR
®

 

product, Ventolin
®

 HFA dose counters were pried off their original canisters, attached to 

QVAR
®

 canisters, and seated into modified Ventolin
®

 HFA actuators. The original and 

hybrid inhalers were each fired 45 times. During each discharge attempt the actuation 

force and spray weight were recorded, and the dose counter was inspected to see if it 

counted down by one as expected. 

The results showed that for the Ventolin
®

 HFA inhalers, its intact dose counters 

functioned as designed with no fire-not-count, count-not-fire or miscount events. These 

dose counters thus performed 100 percent accurately. In regards to dose counter 
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tampering, although the QVAR
®

 canisters were outfitted with Ventolin
®

 HFA dose 

counters and actuators, the dose counters still counted even though changes in spray 

weight and plume shape were observed. It was not clear whether these sprays actually 

contained the labeled therapeutic dose, but a patient intent on having a dose counter may 

be unaware of this. Tampering with dose counters was therefore ill-advised and perhaps 

more attention was needed to design MDIs that minimized the possibility that patients 

might try to “self-improve” their prescribed MDIs by adding on dose counter taken from 

another MDI.   

Lastly, in collaboration with Philips Respironics, a novel test rig was developed to 

evaluate valved holding chambers with facemasks under realistically simulated use 

conditions. At the core of the test rig was an interchangeable soft anatomical face replica 

to which a valved holding chamber with facemask connected to. The test rig featured a 

range of adjustable settings including face height, face angle, applied force of facemask 

on face via an attached weight on a pulley system, in addition to flow connection to either 

constant or simulated flow sources. This facemask test rig could be used to quantitatively 

determine the percent facemask leakage and the delivery efficiency of the drug from an 

MDI to an aerosol filter placed inside the mouth of the face replica. The facemask test rig 

was used to assess the performance of various valved holding chamber-facemask sets 

under different sealing and breathing conditions. In general, the results showed that 

facemask design play a critical role in its performance. Specifically those which utilized a 

flexible, contour design allowed for better sealing against the curvature and geometry of 

the face replica, and in turn, resulted in higher delivered dose than facemasks which 

featured a simpler, less flexible design. 
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APPENDIX 

Pilot Study Volunteer Data 

Patient ID 001                  (1 of 10) 

Age (years old): 11 

Gender: male 

Valved holding chamber: InspireHealth Pocket Chamber
®

 

Facemask: none 

 

Figure 7.1 Pre-training profile of Patient ID 001. 

Inhalations analyzed: 1 

Figure 7.2 Post-training profile of Patient ID 001. 

Inhalations analyzed: 1 
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Patient ID 004                   (2 of 10) 

Age (years old): 6 

Gender: male 

Valved holding chamber: Monaghan AeroChamber
®

 Plus Z STAT
®

 

Facemask: none 

 

Figure 7.3 Pre-training profile of Patient ID 004. 

Inhalations analyzed: first 6 

 

Figure 7.4 Post-training profile of Patient ID 004. 

Inhalations analyzed: first 1 occurred before actuation, so analyzed the following 6 
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Patient ID 005                   (3 of 10) 

Age (years old): 6 

Gender: female 

Valved holding chamber: PARI Vortex
®

 

Facemask: PARI Spinner
®

 Duck 

 

Figure 7.5 Pre-training profile of Patient ID 005. 

Inhalations analyzed: none detected 

 

Figure 7.6 Post-training profile of Patient ID 005. 

Inhalations analyzed: all 6 
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Patient ID 006                   (4 of 10) 

Age (years old): 14 

Gender: male 

Valved holding chamber: none 

Facemask: none 

 

Figure 7.7 Pre-training profile of Patient ID 006. 

Inhalations analyzed: 1 

 

Figure 7.8 Post-training profile of Patient ID 006. 

Inhalations analyzed: 1 
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Patient ID 007                   (5 of 10) 

Age (years old): 10 

Gender: male 

Valved holding chamber: none 

Facemask: none 

 

Figure 7.9 Pre-training profile of Patient ID 007. 

Inhalations analyzed: none detected 

 

Figure 7.10 Post-training profile of Patient ID 007. 

Inhalations analyzed: none detected 
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Patient ID 009                   (6 of 10) 

Age (years old): 11  

Gender: male 

Valved holding chamber: none 

Facemask: none 

 

Figure 7.11 Pre-training profile of Patient ID 009. 

Inhalations analyzed: 1 

Figure 7.12 Post-training profile of Patient ID 009. 

Inhalations analyzed: first 2 (the 3
rd

 inhalation was not analyzed because patient was 

confused due to unclear instructions that asked the subject to do “what you do at home” 

before the post-training profile was collected) 
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Patient ID 010                   (7 of 10) 

Age (years old): 8 

Gender: female 

Valved holding chamber: Philips Respironics OptiChamber
®

 Advantage 

Facemask: none 

 

Figure 7.13 Pre-training profile of Patient ID 010. 

Inhalations analyzed: 1 

 

Figure 7.14 Post-training profile of Patient ID 010. 

Inhalations analyzed: 1 
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Patient ID 011                   (8 of 10) 

Age (years old): 16 

Gender: male 

Valved holding chamber: InspireHealth Pocket Chamber
®

 

Facemask: none 

 

Figure 7.15 Pre-training profile of Patient ID 011. 

Inhalations analyzed: first 1 occurred before actuation so analyzed the remaining 1 

 

Figure 7.16 Post-training profile of Patient ID 011. 

Inhalations analyzed: 1 
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Patient ID 012                   (9 of 10) 

Age (years old): 14 

Gender: female 

Valved holding chamber: Monaghan AeroChamber
®

 Plus Z STAT
®

 

Facemask: none 

 

Figure 7.17 Pre-training profile of Patient ID 012. 

Inhalations analyzed: first 6 

Figure 7.18 Post-training profile of Patient ID 012. 

Inhalations analyzed: first fire-inhalation neglected due to patient misperception. The 

following 6 were analyzed. 
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Patient ID 013                 (10 of 10)  

Age (years old): 11 

Gender: female 

Valved holding chamber: Philips Respironics OptiChamber
®

 Advantage 

Facemask: none 

 

Figure 7.19 Pre-training profile of Patient ID 013. 

Inhalations analyzed: none detected 

 

Figure 7.20 Post-training profile of Patient ID 013. 

Inhalations analyzed: 1 
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Final Study Volunteer Data 

Patient ID 015          (1 of 7) 

Age (years old): 9 

Gender: male 

Valved holding chamber: Monaghan AeroChamber Plus
®

 Flow-Vu
®

 

Facemask: Monaghan ComfortSeal
®

 (medium) 

 

Figure 7.21 Pre-training profile 1 of Patient ID 015. 

Inhalations analyzed: first 1 occurred before actuation so analyzed the remaining 4 

 

Figure 7.22 Pre-training profile 2 of Patient ID 015. 

Inhalations analyzed: first 1 occurred before actuation so analyzed the remaining 3
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Figure 7.23 Pre-training profile 3 of Patient ID 015. 

Inhalations analyzed: first 1 occurred before actuation so analyzed the remaining 5 

 

 

Figure 7.24 Post-training profile 1 of Patient ID 015. 

Inhalations analyzed: first 1 occurred before actuation so analyzed the remaining 5 
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Figure 7.25 Post-training profile 2 of Patient ID 015. 

Inhalations analyzed: all 5 

 

Figure 7.26 Post-training profile 3 of Patient ID 015. 

Inhalations analyzed: all 5 
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Patient ID 016          (2 of 7) 

Age (years old): 15 

Gender: male 

Valved holding chamber: none 

Facemask: none 

 

Figure 7.27 Pre-training profile 1 of Patient ID 016. 

Inhalations analyzed: 1 

 

Figure 7.28 Pre-training profile 2 of Patient ID 016. 

Inhalations analyzed: 1 
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Figure 7.29 Pre-training profile 3 of Patient ID 016. 

Inhalations analyzed: first one occurred before actuation so analyzed the remaining 1 

 

Figure 7.30 Post-training profile 1 of Patient ID 016. 

Inhalations analyzed: 1
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Figure 7.31 Post-training profile 2 of Patient ID 016. 

Inhalations analyzed: 1 

 

Figure 7.32 Post-training profile 3 of Patient ID 016. 

Inhalations analyzed: 1 
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Patient ID 020         (3 of 7) 

Age (years old): 7 

Gender: female 

Valved holding chamber: Monaghan AeroChamber
®

 Plus Z STAT
®

 

Facemask: none 

 

Figure 7.33 Pre-training profile 1 of Patient ID 020. 

Inhalations analyzed: 1 

 

Figure 7.34 Pre-training profile 2 of Patient ID 020. 

Inhalations analyzed: both 
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Figure 7.35 Pre-training profile 3 of Patient ID 020. 

Inhalations analyzed: all 3 

 

Figure 7.36 Post-training profile 1 of Patient ID 020. 

Inhalations analyzed: all 5 
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Figure 7.37 Post-training profile 2 of Patient ID 020. 

Inhalations analyzed: all 4 

 

Figure 7.38 Post-training profile 3 of Patient ID 020. 

Inhalations analyzed: all 3  
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Patient ID 024          (4 of 7) 

Age (years old): 11 

Gender: female 

Valved holding chamber: Philips Respironics OptiChamber
®

 Advantage 

Facemask: none 

 

Figure 7.39 Pre-training profile 1 of Patient ID 024. 

Inhalations analyzed: 1 

 

Figure 7.40 Pre-training profile 2 of Patient ID 024. 

Inhalations analyzed: 1 
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Figure 7.41 Pre-training profile 3 of Patient ID 024. 

Inhalations analyzed: 1 

 

Figure 7.42 Post-training profile 1 of Patient ID 024. 

Inhalations analyzed: 1 
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Figure 7.43 Post-training profile 2 of Patient ID 024. 

Inhalations analyzed: 1 

 

Figure 7.44 Post-training profile 3 of Patient ID 024. 

Inhalations analyzed: 1 
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Patient ID 025         (5 of 7) 

Age (years old): 9 

Gender: female 

Valved holding chamber: InspireHealth Pocket Chamber
®

 

Facemask: none 

 

Figure 7.45 Pre-training profile 1 of Patient ID 025. 

Inhalations analyzed: none detected 

 

Figure 7.46 Pre-training profile 2 of Patient ID 025. 

Inhalations analyzed: 1 
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Figure 7.47 Pre-training profile 3 of Patient ID 025. 

Inhalations analyzed: none detected 

 

Figure 7.48 Post-training profile 1 of Patient ID 025. 

Inhalations analyzed: 1 
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Figure 7.49 Post-training profile 2 of Patient ID 025. 

Inhalations analyzed: 1 

 

Figure 7.50 Post-training profile 3 of Patient ID 025. 

Inhalations analyzed: 1 
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Patient ID 026           (6 of 7) 

Age (years old): 8 

Gender: female 

Valved holding chamber: InspireHealth Pocket Chamber
®

 

Facemask: none 

 

Figure 7.51 Pre-training profile 1 of Patient ID 026. 

Inhalations analyzed: 1 

 

Figure 7.52 Pre-training profile 2 of Patient ID 026. 

Inhalations analyzed: 1 
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Figure 7.53 Pre-training profile 3 of Patient ID 026. 

Inhalations analyzed: first 2 occurred before actuation so analyzed the remaining 1 

 

Figure 7.54 Post-training profile 1 of Patient ID 026. 

Inhalations analyzed: 1 
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Figure 7.55 Post-training profile 2 of Patient ID 026. 

Inhalations analyzed: first 1 occurred before actuation so analyzed the remaining 1 

 

Figure 7.56 Post-training profile 3 of Patient ID 026. 

Inhalations analyzed: 1 
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Patient ID 027         (7 of 7) 

Age (years old): 8 

Gender: female 

Valved holding chamber: Monaghan AeroChamber
®

 Plus Z STAT
®

 

Facemask: none 

 

Figure 7.57 Pre-training profile 1 of Patient ID 027. 

Inhalations analyzed: none detected 

 

Figure 7.58 Pre-training profile 2 of Patient ID 027. 

Inhalations analyzed: none detected 
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Figure 7.59 Pre-training profile 3 of Patient ID 027. 

Inhalations analyzed: none detected 

 

Figure 7.60 Post-training profile 1 of Patient ID 027. 

Inhalations analyzed: 1 
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Figure 7.61 Post-training profile 2 of Patient ID 027. 

Inhalations analyzed: none detected 

 

Figure 7.62 Post-training profile 3 of Patient ID 027. 

Inhalations analyzed: both 
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