
A New System for Understanding Nebulizer Performance

Robert L Chatburn RRT-NPS FAARC and Michael McPeck RRT FAARC

Introduction
The Problem
A Conceptual Model of Nebulizer Performance

Primary Variables
Performance Efficiency
Simple Efficiencies
Compound Efficiencies
Indices of Optimum Performance

Discussion

We have developed a conceptual and mathematical model for nebulizer performance that attempts
to provide a unifying theoretical framework for subsequent in vitro studies. Specifically, we have
created a lexicon and a way to describe the effects of a standardized breathing pattern for evalu-
ating small-volume jet nebulizers. This model should help researchers communicate more clearly
and study planners to design experiments whose data may be more comparable and thus amenable
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Introduction

Aerosol bronchodilator therapy is one of the most com-
mon respiratory treatments in the United States, ranking
among the top 2 or 3 generators of respiratory care work

load. For example, the respiratory care department at Uni-
versity Hospitals of Cleveland performed about 60,000
aerosol treatments in 2005. This represented about 30% of
the billable procedure volume and 15% of the work load,
second only to mechanical ventilation. Many departments
have similar statistics. For this reason, there has been great
interest in substituting metered-dose inhalers (MDIs) for
the more common pneumatically powered jet nebulizer (or
small-volume nebulizer [SVN]) because of the MDI’s
shorter treatment time and, hence, labor savings.

SEE THE RELATED EDITORIAL ON PAGE 984

The American Association for Respiratory Care Uni-
form Reporting Manual suggests an average adult treatment
time (including equipment setup and patient evaluation) of
about 9 min for MDI versus about 15 min for SVN. Yet,
despite sufficient scientific evidence of equivalent outcomes,
conversion from SVN to MDI has been slow. At least some
of this resistance to change may be due to the difficulty in
changing physician ordering practice. Another reason may be
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the training required to deliver an effective MDI treatment.1,2

Further, when multiple-MDI-actuation “dose to effect” pro-
tocols are implemented, MDIs may not save any time.

An alternative approach to decreasing work load while
avoiding the resistance to MDIs would be to simply de-
crease the time required for SVN treatment. The time re-
quired to nebulize a nominal dose (ie, the dose ordered) of
a common bronchodilator (such as albuterol) depends on
the design of the specific brand of nebulizer used and the
flow from the pneumatic gas supply. A good nebulizer can
deliver a treatment in about 6 min.3 But why not make a
better nebulizer and/or delivery system that could deliver
an adequate dose in, say, 1 min? What factors would affect
drug delivery? What are the design constraints?

The purpose of this paper is to define the factors that
affect SVN performance and to develop a model that will
allow characterization of performance in terms of effi-
ciency. The model and associated terminology also pro-
vide a standardized theoretical framework for comparing
performance among different SVN designs and for com-
paring or combining data from different studies. And fi-
nally, for new students of aerosol science and the tech-
niques of clinical aerosol delivery for therapeutic purposes,
we also believe this model will demonstrate that a host of
factors other than particle size are also at play with respect
to determining aerosol delivery efficiency. This model ap-
plies not only for purposes of identifying cost-saving per-
formance, but also important clinical performance factors
related to fugitive emissions (ie, wasted aerosol, conserver
properties, breathing pattern effects) and lung deposition.

The Problem

Unlike intravenous or oral drug delivery, inhalation of
an aerosolized drug from an SVN results in a dose entering
the patient that bears little resemblance to the dose ordered
by the clinician. Indeed, as little as 1% of the prescribed
drug placed in the nebulizer may be deposited in the pa-
tient’s respiratory tract,4 although deposition in the range
of 10–20% may be more common. The basic problem is
that when using an SVN powered by a continuous flow of
gas, the aerosolized medication may not take a direct route
to the patient. Figure 1 is a schematic of an SVN delivery
system, composed of the nebulizer plus other components.
One of the underlying reasons for the failure of these
devices to deliver the entire dose is that the gas source that
generates the aerosol is unidirectional and constant, whereas
the flow generated by the patient is bidirectional and vari-
able. Thus, a reservoir is necessary to reconcile the mo-
ment-to-moment difference between output aerosol flow
and patient inspiratory and expiratory flow. The other ma-
jor reason for failure to deliver the entire drug is the re-
sidual drug left in the device after nebulization has ceased.
This may account for more than 60% of the drug loss.

In this paper we will refer to the physical reservoir as a
“conserving device” or “conserver.” The reservoir may be
simply the atmosphere, as in the case of a nebulizer con-
nected to a mouthpiece only. Though this satisfies the need
to accommodate the patient’s flow demand, it wastes aero-
sol both during inspiration (if inspiratory flow is less than
output aerosol flow) and during expiration (output aerosol
is simply exhausted to the atmosphere along with the ex-
haled breath). A variety of strategies can be used to im-
prove the drug delivery performance of the reservoir. The
most common approach is to simply affix a small piece of
flexible tubing to the nebulizer T piece, thereby lengthen-
ing and enlarging the reservoir, so as to retain a greater
amount of the exhaled aerosol and make it available for
the following inspiration (Fig. 2). The limitation of this
approach is that the reservoir tubing contributes to the
ventilatory dead space, so the volume and efficiency of
reservoir tubing as a conserving device are limited by the
patient’s ability to exhale carbon dioxide.

A slightly more sophisticated approach is to use valves
to separate inspiratory from expiratory flow. This arrange-
ment effectively separates the reservoir into 2 compart-
ments, the flow reservoir and the aerosol reservoir (see
Fig. 1). One example of this “vented” or “breath enhanced”
design is the Pari LC Plus nebulizer, which has valves but
no reservoir other than the nebulizer itself. With this type
of device, the atmosphere is the flow reservoir and the
enlarged volume of the nebulizer is the aerosol reservoir.
Another example is the Healthline Medicator, which has a
valve and an elastic reservoir bag. With this device the
physical reservoir (bag) is both the aerosol and flow res-
ervoir. Finally, it is possible to eliminate the need for a

Fig. 1. Schematic of a typical nebulizer system. The gas source
powers the nebulizer. The nebulizer is attached to some type of
delivery system, if only a mouthpiece. The nebulizer and delivery
system act as the reservoir for the generated aerosol, and there
may be additional volume devoted especially to aerosol storage
(eg, a reservoir bag or piece of reservoir tubing). The delivery
system is also in communication with a reservoir for flow to ac-
commodate the patient’s inspiratory flow when it exceeds the
source gas flow. The flow reservoir may be a part of the delivery
system (eg, a reservoir bag) or may simply be a communication to
the atmosphere, which functions as a virtually infinite flow reser-
voir.
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separate aerosol reservoir with a breath-actuated, or “do-
simetric” nebulizer that generates aerosol only during the
patient’s inspiration (eg, the Monaghan AeroEclipse). In
this case the nebulization chamber itself acts as the aerosol
reservoir, storing a small amount of aerosol during exha-
lation. These design principles have been extensively de-
scribed by Rau.5 It is important to remember that, no mat-
ter what design approach is used, drug delivery can still be
affected by the patient’s breathing pattern. Even a perfect
conserving device will deliver only as much aerosol as the
patient can inhale with a given breathing pattern. And even
if the patient inhales all the available aerosol, the deposi-
tion and distribution within the lungs is still subject to
various factors (which are beyond the scope of this arti-
cle).

A Conceptual Model of Nebulizer Performance

With the common SVN, failure of drug delivery can
occur at several stages. These stages of drug delivery form
the basis of the conceptual and mathematical models of
nebulizer performance presented here. They also provide a
convenient rationale for defining various terms used to
describe nebulizer performance (Fig. 3). Thus, an added
benefit of the model developed in this paper is a practical,
defined, and systematic lexicon that can be the basis of
further discussion, refinement, and, hopefully, consensus.

Note that in the following definitions, the units of mea-
surement may be static quantities (eg, volume or mass),
rates (eg, mass or volume per unit of time), or percentages,
as appropriate. Generally, the mass of drug nebulized is of
more interest when talking about delivered dose, whereas
the gaseous volume and flow of aerosol is of more interest
when examining the effects of breathing pattern on dose
delivery and nebulization time. The liquid volume of drug
solution nebulized is of interest in assessing the retained
volume. It is important to maintain consistent units when
using these quantities in equations.

Primary Variables

Input Flow (IF). The input flow is the flow of gas (usu-
ally air or oxygen) used to power the jet nebulizer (ie, to
create the aerosol). The input flow may or may not equal
the output flow (see below), depending on whether there is
deliberate air entrainment (such as with a breath-enhanced
device). The input flow is basically an operational setting
and does not enter into the mathematical model as a vari-
able. However, it does influence other aspects of jet neb-
ulizer performance. Aerosol droplet size and nebulization
time are inversely proportional to gas flow through the jet.
The higher the flow, the smaller the particle size and the
shorter the nebulization time.4 Also, the density of the
input gas affects aerosol generation and lung deposition.
For example, for a given jet nebulizer, use of helium-
oxygen mixture (heliox) requires a 300% increase in input
flow to produce a mass of aerosol per minute comparable
to that produced if air or oxygen is used to create the
aerosol, although heliox increases the amount of aerosol
deposited in the lungs.6

Output Flow (OF). The output flow is the flow of gas
leaving the jet nebulizer. The output flow is also the carrier
gas for transporting the aerosol out of the device. For a
given nebulizer design, the output flow is the primary
determinant of aerosol output by the nebulizer.7 If the

Fig. 2. Schematic of a small-volume jet nebulizer, with T-piece and
reservoir tubing.

Fig. 3. Basic terms that describe nebulizer performance based on
the various stages of drug delivery.
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output flow is more than the patient’s inspiratory flow,
excess aerosol will be vented to the atmosphere and/or
sent to the reservoir apparatus. If the output flow is less
than the patient’s inspiratory flow, additional flow will be
entrained from the atmosphere and/or the reservoir appa-
ratus. Thus, output flow is a major factor in the determi-
nation of the breathing pattern efficiency (ie, the inhaled
aerosol as a percentage of output aerosol).

Initial Charge (IC). The amount of drug initially placed
in the nebulizer is called the initial charge. It may be
expressed as either a drug mass, a total volume (ie, drug
plus diluent), or a drug concentration, depending on the
purpose. The initial drug mass has also been referred to as
the “nominal dose,” which is the amount of drug that
defines one of the necessary components of a legal drug
prescription by an ordering physician (ie, drug, drug
amount (mass), frequency, and route).

Retained Charge (RC). After operating for a period of
time, the typical nebulizer ceases to produce aerosol, even
though some solution remains on the nebulizer’s inner
walls, baffles, and at the bottom of the solution cup. The
total amount of liquid remaining in the nebulizer has been
called the “dead volume”5 or “residual volume.”8 How-
ever, nebulizer performance is affected by the breathing
pattern (which we will discuss below), so, to avoid con-
fusion with the terms “dead space volume” and “residual
volume” associated with the respiratory system, the liquid
left in the nebulizer after nebulization has ceased will be
referred to as the retained charge, expressed as either
volume or mass, depending on the context. Retained vol-
ume is difficult to measure directly, because it cannot all
be collected in a measuring device. Retained mass can,
however, be closely estimated with drug assay techniques3

or radioactive tracers.9,10 The retained volume of SVNs is
reported to be 0.5–2.2 mL (41–66%).11 The greater the
retained charge, the less efficient the nebulizer. It also
follows that the greater the initial charge volume, the more
efficient the nebulizer, other factors being equal, because
the retained volume, as a fraction of the initial charge
volume, decreases proportionally.

The point at which nebulization ceases is debatable.
“Sputtering” is when aerosolization becomes visually and
audibly erratic.5 Complete cessation of aerosol generation
typically follows sputtering within a few seconds to a few
minutes, depending on the nebulizer brand. Hess has sug-
gested that, based on the literature, aerosolization past the
point of initial sputtering is ineffective and should indicate
the end of treatment.4

Output Aerosol (OA). The output aerosol is the differ-
ence between the initial charge and the retained charge.
Output can be measured directly with the “standing cloud”
technique,12 or by calculating the difference between start-
ing and ending mass. Note that the latter method may
overestimate nebulized drug mass if there is substantial

reconcentration of drug with the nebulizer during the neb-
ulization time.13–17 Reconcentration may occur if nebuli-
zation time is long enough and the carrier gas is dry enough
for a substantial amount of the liquid solvent to evaporate
from the SVN chamber. Thus, some of the total mass loss
during nebulization is water in the vapor phase, rather than
drug, and does not contribute to inhaled drug mass.

Nebulization Time (NT). The period from the start of
nebulization to the time nebulization terminates (eg, after
sputtering causes a � 1-s break in aerosol output).

Output Rate (OR). The output aerosol divided by the
nebulization time.

Inhaled Aerosol Rate (IAR). The inhaled aerosol divided
by the nebulization time.

Wasted Aerosol (WA). The portion of the initial charge
that is aerosolized but lost to the atmosphere or deposited
on the device walls is called wasted aerosol. It is unlikely
that any commercially available nebulizer can conserve
perfectly, so there will probably always be some wasted
portion. Wasted aerosol is difficult to measure directly
because the measurement apparatus affects the measured
value. For example, output aerosol is usually measured by
collecting it on a filter. However, placing a filter in the
path from the nebulizer to the atmosphere introduces a
resistance that may decrease the (passive) flow in that
direction and hence lead to underestimation of wasted aero-
sol during normal use (ie, with no filter present). Con-
versely, imposing expiratory resistance by placing a filter
in the expiratory path of a T piece nebulizer system may
increase the output aerosol measurement, as measured by
filter collection. Wasted aerosol has been reported to de-
pend on the brand of nebulizer. In a study with 9 different
brands of SVN, wasted aerosol ranged from 21.7% to
36.0% (mean � SD 27.3 � 4.9%) with a T piece setup
with the same simulated breathing pattern.18 In addition,
wasted aerosol is also affected by the breathing pattern
(see Appendix).

Inhaled Aerosol (IA). Inhaled aerosol is defined as any
aerosol that enters (or would enter) the patient’s airway
opening. It is usually determined in vivo by measuring the
drug or radioactive tracer deposited on an absolute filter
placed at the airway opening. It can also be determined by
having the patient inhale aerosol that contains a radioac-
tive tracer, then the deposition is quantified via nuclear
lung scanning and compared to the nebulizer charge. It
may also be determined in an in vitro lung model or sim-
ulated patient, using filter capture techniques. Smaldone
coined the term “inhaled mass” to represent that portion of
the nebulizer charge that enters the airway or is inhaled.19

Inhaled mass and inhaled aerosol are essentially synony-
mous, with the latter being a more general term that does
not imply any particular unit of measurement. Inhaled aero-
sol can be expressed as either a percent of initial charge or
as actual mass (eg, mg or �g of drug).
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Lung Deposition (LD). Lung deposition, also called dep-
osition fraction, is the amount of aerosol that is retained in
the lungs due to breathing. It can be measured in vivo via
lung scanning with a gamma camera after the subject in-
hales a radiolabeled aerosol. A cascade impactor can mea-
sure the aerodynamic size distribution of the incoming
aerosol, from which the “respirable mass fraction” less
than a stated size is obtained. This is typically, but not
always, � 5–6 �m.20 The respirable mass is normally
calculated from the product of the total mass (usually de-
termined with the nebulizer attached to some form of breath-
ing simulator) and respirable mass fraction. This is the
practice recommended in the Comité Européen de Nor-
malisation (CEN) standard for nebulizers: EN 13544:
2001.21 The clinical relevance of its use in mathematical
and in vitro models has been extensively detailed by
Laube.22 However, as Smaldone et al20 pointed out, the
concept of respirable mass is not useful for certain groups
of patients, in whom the effects of age and other factors
(such as disease state) that change airway geometry can
have a major influence on deposition.

Exhaled Aerosol (EA). Aerosol particles between 0.1 �m
and 1.0 �m are so small that a substantial portion of them
that enter the lungs in vivo are exhaled.4 Exhaled aerosol
is calculated as the difference between lung deposition and
inhaled aerosol. Exhaled aerosol can be measured in vivo
by placing a filter in the exhalation path,23 but these mea-
surements may be confounded by the presence of wasted
aerosol. Accurate in vitro measurements are generally im-
possible, because a lung model on the test bench captures
all the inhaled aerosol on a filter, and thus does not exhale
any aerosol.

Performance Efficiency

Having specified the various quantities associated with
nebulizer operation, we can now calculate the efficiency of

aerosol delivery at various stages (Fig. 4 and Table 1). The
general definition of efficiency is output divided by input.
The efficiency of any particular device design may be
defined by what portion of the drug solution is deliv-
ered.7,24 Thus, efficiency at each stage of aerosol delivery,
or at each part of the delivery system (eg, nebulizer or
reservoir) can be expressed (in percent) as a ratio of 2
quantities.

Simple Efficiencies

In the following definitions, efficiency is mathemati-
cally defined as a fraction, but may also be expressed as a
percent.

Nebulizer Efficiency (NE). Nebulizer efficiency is rela-
tively easy to calculate, because the initial charge is known
and the output aerosol is readily calculated once retained
charge is measured:

(1) NE �
OA

IC

where NE is nebulizer efficiency, OA is output aerosol,
and IC is initial charge in the nebulizer.

Conserver Efficiency (CE). In theory, conserver effi-
ciency is the ratio of the incremental change in inhaled
aerosol due to the conserving properties of the nebulizer to
the inhaled aerosol without the conserver, using a stan-
dardized breathing pattern:

(2)

CE � �IAwith conserver

OA
�

IAwithout conserver

OA � �
�IA

OA

where CE is conserver efficiency, OA is output aerosol,
and IA is inhaled aerosol. In practice, CE may be evalu-

Fig. 4. Schematic of nebulizer performance efficiencies. See Table 1 for the mathematical relationships among the variables. Treatment
efficiency depends on system efficiency and retention efficiency (TE � RE � SE). System efficiency depends on delivery efficiency and
nebulizer efficiency (SE � DE � NE). Delivery efficiency depends on conserver efficiency and breathing efficiency (DE � CE � BE). Nebulizer
efficiency is the ratio of output aerosol to initial charge (NE � OA/IC). Retention efficiency is the ratio of lung deposition to inhaled aerosol
(RE � LD/IA).
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ated by first calculating breathing efficiency and delivery
efficiency and then calculating CE as the difference be-
tween the two (see Fig. 4, Table 1, and Appendix). For a
breath-actuated device that can be operated in continuous-
flow mode, CE can be calculated as the increase in inhaled
aerosol using the triggered mode (ie, with conserver), com-
pared to the inhaled aerosol in continuous-flow mode with-
out conserver, as a fraction of output aerosol. A breath-
actuated nebulizer is just a demand valve designed to
conserve aerosol, analogous to the demand valve in an
oxygen-conserving device.25 The CE of an ideal breath-
actuated nebulizer evaluated with a sinusoidal-flow breath-
ing waveform would approach 50% (see Appendix). How-
ever, the efficiency of an actual device is degraded by the

aerosol lost in the dead space between the mouth and the
exhalation valve. If the breath-actuated nebulizer cannot
be operated in the continuous-flow mode, then conserver
efficiency and breathing efficiency are undefined, and we
must be content with an evaluation of delivery efficiency
(ie, inhaled aerosol divided by output aerosol [see below]).

Published studies have indicated the percent increase in
inhaled aerosol with various conserving devices, but no
standardized breathing pattern was used, so the actual ef-
ficiency ratings of the conserving devices have not been
described.10,26–28 A standardized procedure for determin-
ing conserver efficiency is described in the Appendix.

Breathing Efficiency (BE). Breathing pattern efficiency
is a key concept in describing nebulizer performance. The

Table 1. Variables and Calculated Parameters for Characterizing Nebulizer Performance

Variable Symbol Primary Measured Variable or Equation

Output Flow OF Primary measured variable

Initial Charge IC Primary measured variable

Retained Charge RC Primary measured variable

Nebulization Time NT Primary measured variable

Inhaled Aerosol IA Primary measured variable

Lung Deposition LD Primary measured variable

Output Aerosol OA OA � IC � RC

Output Rate OR OR �
OA

NT

Inhaled Aerosol Rate IAR IAR �
IA

NT

Wasted Aerosol WA WA � OA � IA � IC � RC � IA

Exhaled Aerosol EA EA � IA � LD

Nebulizer Efficiency NE NE �
OA

IC

Conserver Efficiency CE CE �
SE

NE
� BE �

IA

OA
� BE � DE � BE

Breathing Efficiency (assuming sinusoidal
flow and CE � 0, see Appendix)

BE BE �
IA

OA
�

f ����VT cos�sin�1� OF

�fVT
��� � VT � OF �� 1

2f
� �sin�1� OF

�fVT
�

�f
���

OF

Retention Efficiency RE RE �
LD

IA

System Efficiency SE SE � (CE � BE) � NE � DE � NE �
IA

IC

Delivery Efficiency DE DE �
SE

NE
�

IA

IC
�

IC

OA
�

IA

OA
� CE � BE

Treatment Efficiency TE TE �
LD

IC
�

LD

IA
�

IA

IC
� RE � SE
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breathing pattern affects the wasted aerosol and thus the
calculation of conserver efficiency (see Appendix). Con-
ceptually, breathing efficiency may be defined with a stan-
dardized breathing pattern for a nebulizer with no aerosol
conserving properties, to eliminate effects on wasted aero-
sol due to the interaction between breathing pattern and
conserver (see Appendix). Breathing efficiency can be cal-
culated as:

(3) BE �
IAwithout conserver

OA

where BE is breathing efficiency, OA is output aerosol,
and IA is inhaled aerosol.

Retention Efficiency (RE). Lung retention efficiency can
be calculated if the amount of drug deposited in the lungs
can be measured from lung scans:

(4) RE �
LD

IA

where RE is lung retention efficiency, LD is lung deposi-
tion, and IA is inhaled aerosol.

Compound Efficiencies

System Efficiency (SE).

The efficiency of the nebulizer-patient system can be
expressed as:

(5) SE �
IA

IC

where SE is system efficiency, IA is inhaled aerosol, and
IC is initial charge in the nebulizer. Conceptually, inhaled
aerosol must be affected by both breathing pattern effi-
ciency and conserver efficiency (see Fig. 4). Thus, the
equation for SE may be expressed in a form that can be
used to derive conserver efficiency (see Appendix):

(6) SE � (CE � BE) � NE �

��IAwith conserver

OA
�

IAwithout conserver

OA � �
OA

IC
�

IA

IC

where SE is system efficiency, CE is conserver efficiency,
BE is breathing efficiency, �IA is the increase in inhaled
aerosol due to conserver efficiency, OA is output aerosol,
IC is initial charge in the nebulizer, and IA is total inhaled
aerosol with conserver. That is:

IA � �IAwith conserver � IAwithout conserver �
[IAwith conserver – IAwithout conserver] � IAwithout conserver

Delivery Efficiency (DE). If conserver efficiency cannot
be evaluated independently of the breathing efficiency (be-
cause of the design of the system or when the minute
ventilation is less than the nebulizer output flow), then CE
and BE can be combined into a generalized transfer effi-
ciency derived from Equation 6:

(7) DE �
SE

NE
�

IA

IC
�

IC

OA
�

IA

OA

where DE is delivery efficiency, SE is system efficiency,
NE is nebulizer efficiency, IA is inhaled aerosol, IC is
initial charge, and OA is output aerosol.

Treatment Efficiency (TE).
The efficiency of the nebulizer treatment can be calcu-

lated as:

(8) TE �
LD

IC
�

LD

IA
�

IA

IC
� RE � SE

where TE is treatment efficiency, LD is lung deposition,
IC is initial charge, IA is inhaled aerosol, RE is retention
efficiency and SE is system efficiency.

All of the primary measured variables and the calcu-
lated efficiencies are summarized in Table 1.

Indices of Optimum Performance

The performance variables and calculated efficiencies
defined in this paper allow nebulizers to be characterized
in great detail. However, when applied to real-world sys-
tems, it becomes obvious that none of them allow a clear
identification of optimum performance.

Rate Efficiency Index (REI). Suppose our purpose was
to identify which among the systems would be best for a
large-volume purchase. We would need to have an index
of performance that optimized some combination of per-
formance factors. Intuitively, an optimum system would
have the highest output and give it in the shortest time. We
can therefore define a rate efficiency index as:

(9) REI � OR � NE

where REI is rate efficiency index, OR is output rate, and
NE is nebulizer efficiency expressed as a decimal. High
REI values are more favorable than low values.

Nebulizers differ dramatically in nebulizer efficiency
and delivery efficiency. In fact, it is possible to have a
nebulizer with a relatively high NE but at the same time a
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relatively low DE. Of course, it is the DE that is most
important in terms of treatment effect. Therefore, when-
ever possible, REI should be calculated with DE instead of
NE:

(9A) REI � OR � DE

Size Noise Index (SNI). The rate efficiency index may not
be enough to define an optimum system, because in the
home-care environment, size and noise are factors that
need to be considered. A second index is thus created:

	10
 SNI � volume of compressor case � sound level

where SNI is the size noise index, volume is any conve-
nient unit (eg, cubic inches), and sound level is in decibels.
Low SNI values are more favorable than high values.

Total Performance Index (TPI). Of course, we still have
not identified the best system, because there is no guaran-
tee that a high REI will correlate with a low SNI. We
would like a system that provides the most aerosol in the
least time, with the smallest and quietest compressor. Thus,
we may create a combined index that finally will serve to
identify optimum performance as follows:

(11) TPI � K �
REI

SNI

where TPI is the total performance index, REI is the rate
efficiency index (preferably calculated with DE instead of
NE), SNI is the sound noise index, and K is an arbitrary
scaling factor used to make TPI values a convenient size
(eg, 1.5 vs 0.000015). In practice, we might value the
therapeutic benefits of a system with a high REI over the
benefits of a small quiet system.

These indices are listed in Table 2.

Discussion

Pneumatic jet nebulizers are inherently inefficient de-
vices insomuch as drug delivery is concerned. Their “per-
formance” is subject to many variables and conditions,
which have been the subject of various investigations for
many years. Further confounding the issue is the fact that
different nebulizers perform differently under similar con-
ditions. The disparity in function among the many differ-
ent brands and types of nebulizer, coupled with a large
variety of drugs and a multitude of patient breathing pat-
terns, provides an almost unlimited number of combina-
tions that require us to grapple with 2 even more funda-
mental issues: (1) how should nebulizer performance be
measured, and (2) how should nebulizer operation be de-
scribed or compared?

With respect to the former, many techniques have been
devised for measuring nebulizer performance, including
gravimetric analysis (weigh the nebulizer before and after
a specific period of nebulization), volumetric analysis (de-
rive the amount emitted from the amount remaining after
a period of nebulization), measure particle size distribution
by mass (eg, cascade impaction), capture emitted drug on
an absolute filter, and analyze inhaled drug via in vivo
radionuclide lung scanning or infrared photospectrometry.
All of these methods and their different permutations are
outside the scope of this paper to critique, but they have
their supporters and detractors, as well as merits and short-
falls. Consequently, little uniform agreement on a suitable
performance test method has arisen. However, the Comité
Européen de Normalisation has attempted to comprehen-
sively standardize performance and in vitro testing meth-
ods for nebulizers and nebulizer systems, based on guide-
lines that were proposed in the United Kingdom as early as
1994.29 Through the publication in 2001 by the European
Respiratory Society (an organization roughly equivalent,
in terms of objectives, to the American Thoracic Society)
of what has come to be informally known as the European
Nebulizer Standard (EN 13544:2001),21 a comprehensive
set of guidelines now exists for measuring nebulizer out-
put and droplet size. Though we have only briefly touched
on the existence of the European Nebulizer Standard in the
present paper, we refer interested readers to 2 review pa-
pers for historical details and specifics.30,31

Though the guidelines embodied in EN 13544:2001 are
arguably a step in the right direction, it should be noted
that they do not cover all permutations of aerosol delivery
device testing that can reasonably be expected to be en-
countered clinically, and they are not universally accepted
by experts in the field, so they are still the subject of
considerable controversy. To which we add that the Eu-
ropean Nebulizer Standard does nothing to help us answer
the second question posed above: how should nebulizer
operation be described or compared? To the latter question

Table 2. Indices for Identifying Optimum Nebulizer Performance

Variable Symbol Equation

Rate efficiency index REI REI � OR � NE
or
REI � OR � DE

Sound noise index SNI SNI � volume of compressor case
� sound level

Total performance index TPI TPI � K � (REI/SNI)

OR � output rate (see Table 1)
NE � nebulizer efficiency
DE � delivery efficiency
K is an arbitrary scaling factor used to make TPI values a convenient size
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we wish to propose the model that has been defined in this
paper.

Our purpose in writing this paper was to further the
effort to standardize in vitro evaluation of nebulizer sys-
tems. As Dennis and Pieron pointed out:

Delivery of nebulized drug aerosols is to date still
uncontrolled and poorly understood by the clinical
community . . . This leaves open the choice of which
nebulizer device to use . . . The decision is often left
to . . . a hospital clerk who may choose a device that
will become the hospital’s standard nebulizer . . .
usually decided on price or effective marketing ma-
terial . . . Standardization of in vitro methodology
should greatly help clinicians when they need to
decide on the most appropriate nebulizer . . . If stan-
dardization of the in vitro assessment of aerosol
output were to occur, then a commonly derived data
set between all nebulizers could be more easily in-
terpreted and the best choice made. . . . Standard-
ization of in vitro performance measures can only
serve to improve patient safety and drug efficacy.
Moreover, in the long-term, standardization of
in vitro performance can help provide a more solid
foundation for development of better nebulizer tech-
nologies, as manufacturers can be assured that the
marketplace is better prepared to recognize and ap-
preciate the real benefits of any new technology. At
the present time, if a manufacturer produced a bet-
ter nebulizer, how would the clinician know? It
would just get absorbed into the marketplace with
yet another “best performance” nebulizer claim, with
perhaps a few supporting papers written by individ-
uals with personal bias and affiliation. It is for these
reasons that standardization is required.32

Many studies in the literature mention “nebulizer effi-
ciency” and the effects of breathing pattern during in vitro
evaluation of nebulizer performance. Unfortunately, many
of the definitions and results in those studies bear little
resemblance to each other because of the variety of meth-
ods used. To our knowledge, the present paper is the first
to systematically define and quantify both concepts. Quan-
tification of the breathing pattern effects and conserver
efficiency is of particular importance when evaluating con-
stant-output and breath-enhanced (vented) nebulizer sys-
tems. It may be possible to distinguish breathing pattern
effects from conserver effects for some breath-actuated
nebulizers if, for example, they can be operated in the
continuous-flow mode.

Use of a true sinusoidal breathing pattern for in vitro
nebulizer testing has several advantages. First, a sinusoidal
inspiratory phase is highly similar to the customary human
inspiratory flow waveform. Second, it allows quantifica-
tion of predicted inhaled aerosol, based on conventional
mathematical derivations. Third, it is easily reproduced in

the laboratory, with sophisticated commercially available
computerized lung simulators (eg, the IngMar Medical
ASL5000), or even custom-built equipment. Fourth, most
published reports of actual patient breathing duty cycles
are in the range of 10–50%.19,33,34 A sine wave (duty cycle
50%) represents a best-case scenario for predicting inhaled
aerosol, because the larger the duty cycle, the more aerosol
is inhaled whenever conserver efficiency is less than 100%.
That is, for patient safety, it may be better to overestimate
the drug delivered than to underestimate it, particularly
with drugs that can be toxic at a high dose. However, we
emphasize that the use of a sine wave to simulate patient
breathing is primarily intended to standardize nebulizer
performance comparisons, not to predict drug delivery to
actual patients.

REFERENCES

1. Molimard M, Raherison C, Lignot S, Depont F, Abouelfath A, Moore
N. Assessment of handling of inhaler devices in real life: an obser-
vational study in 3811 patients in primary care. J Aerosol Med
2003;16(3):249–254.

2. Rau JL. Practical problems with aerosol therapy in COPD. Respir
Care 2006;51(2):158–172.

3. Hess D, Fisher D, Williams P, Pooler S, Kacmarek RM. Medication
nebulizer performance: effects of diluent volume, nebulizer flow,
and nebulizer brand. Chest 1996;110(2):498–505.

4. Hess DR, MacIntyre NR, Mishoe SC, Galvin WF, Adams AB, Sa-
posnick AB. Respiratory care: principles & practice. Philadelphia:
WB Saunders; 2002: 643–649.

5. Rau JL. Design principles of liquid nebulization devices currently in
use. Respir Care 2002;47(11):1257–1275.

6. Fink J. Aerosol drug therapy. In: Wilkins RL, Stoller JK, Scanlan
CL, editors. Egan’s fundamentals of respiratory care, 8th ed. St.
Louis: Mosby; 2003: 761–800.

7. Dennis JH, Hendrick DJ. Design characteristics for drug nebulizers.
Med Eng Technol 1992;16(2):63–68.

8. Kendrick AH, Smith EC, Denyer J. Nebulizers: fill volume, residual
volume and matching of nebulizer to compressor. Respir Med 1995;
89(3):157–159.

9. Tandon R, McPeck M, Smaldone GC. Measuring output aerosol.
Aerosol production vs gravimetric analysis. Chest 1997;111(5):1361–
1365.

10. Corcoran TE, Dauber JH, Chigier N, Iacono AT. Improving drug
delivery from medical nebulizers: the effects of increased nebulizer
flow rates and reservoirs. J Aerosol Med 2002;15(3):271–282.

11. Kradjan WA, Lakshminarayan S. Efficiency of air compressor-driven
nebulizers. Chest 1985;87(4):512–516.

12. Smaldone GC. Drug delivery by nebulization: “reality testing.” J
Aerosol Med 1994;7(3):213–216.

13. Dennis JH, Stenton SC, Beach JR, Avery AJ, Walters EH, Hendrick
DJ. Jet and ultrasonic nebulizers output: use of a new method for
direct measurement of aerosol output. Thorax 1990;45(10):728–732.

14. O’Callaghan C, Clarke AR, Milner AD. Inaccurate calculation of
drug output from nebulizers. Eur J Pediatrics 1989;148:473–474.

15. Cockroft DW, Hurst TS, Gore BP. Importance of evaporative water
losses during standardized nebulized inhalation provocation tests.
Chest 1989;96(3):505–508.

16. Diedrick H, Le Brun PPH, Frijlink HW, Vitányi PM, Weda M,
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Appendix

Conserver Efficiency

Wasted aerosol is an important concept in determining
nebulizer performance. If the goal is a 1-minute nebuliza-
tion time, designers would be unreasonable to simply boost
output aerosol without regard to conserving expensive drug
and protecting health care workers from potentially harm-
ful exposure. Thus, conserver efficiency is a crucial per-
formance characteristic of a nebulizer system. The follow-
ing discussion applies to constant-output and breath-
enhanced (vented) nebulizer systems wherein aerosol is
generated continuously throughout the breathing cycle.
With these systems, aerosol is vented to the atmosphere
(wasted) and/or stored in a reservoir during exhalation.

Wasted aerosol is affected by the efficiency of the neb-
ulizer’s aerosol-conserving features (if present) and the
breathing pattern. If the conserving device is open (eg, a
reservoir tube open to the atmosphere) the duty cycle (ie,
the ratio of inspiratory time to the sum of inspiratory time
plus expiratory time, usually expressed as a percent) may
influence inhaled aerosol by 7-fold.1 This makes sense
because most of the aerosol wastage occurs when the pa-
tient exhales. Therefore, as the duty cycle decreases, wast-
age increases and conserver efficiency decreases. If the
conserving device is closed to the atmosphere (eg, reser-
voir closed to the atmosphere, with a valve separating
inspiratory from expiratory flow) then the wasted volume
per breath is only the small volume of delivery tubing

filled with aerosol between the valve and the airway open-
ing (Appendix Fig. 1).

The total wasted aerosol will depend on this volume and
the number of breaths taken (assuming that breathing lasts
as long as the nebulization time). Aerosol may also be
wasted during inspiration. When the inspiratory flow is
less than the nebulizer output flow, the excess aerosol goes
into the conserving device (if present). If peak inspiratory
flow never goes above the output flow (eg, with infants),
the patient may never inspire aerosol from the conserver.
Even if inspiratory flow rises above output flow, it must be
sustained long enough to inspire the volume of aerosol
stored in the conserving device, or waste may occur. Thus,
to avoid any wasted aerosol, the tidal volume (VT) must be
equal to or greater than the aerosol inhaled plus the aerosol
potentially stored in the conserver during both inspiration
and expiration. By extension, if the breathing pattern pro-
duces a minute ventilation (V̇E) equal to or greater than the
nebulizer output flow, we can be assured that all the aero-
sol potentially stored in the conserver will be inhaled.

Equation 6 and Figure 4 (in the main text) show that
system efficiency depends on both conserver efficiency
and breathing efficiency. The practical problem is finding
a way to evaluate these 2 components separately. The
definition of conserver efficiency suggests that one could
simply measure inhaled aerosol with and without the con-
server (eg, a reservoir tube or bag) and plug the difference
into Equation 2 (in the main text). However, from the
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discussion in the previous paragraph it is clear that the only
way to assure that the breathing pattern does not affect con-
server function is to guarantee that V̇E is at least as large as
the nebulizer output flow. Thus, if we set the minute venti-
lation of the simulated breathing pattern equal to or greater
than the nebulizer output flow, and we know the breathing
efficiency, then conserver efficiency can be easily found by
rearranging Equation 6 (from the main text):

(1) CE �
SE

NE
� BE �

IA

OA
� BE � DE � BE

where SE (system efficiency) and NE (nebulizer efficiency)
are relatively easy to determine from the measurements of
inhaled aerosol (IA), initial charge (IC), and output aerosol
(OA). Therefore, a key step in characterizing nebulizer
performance is determining a way to describe a standard-
ized breathing pattern and determine its efficiency relative
to a particular nebulizer system.

Breathing Pattern Efficiency

To date, studies of nebulizer performance with simu-
lated breathing have often maintained a consistent breath-
ing pattern for all nebulizers within the study, but there has
been little consistency of experimental breathing patterns
between studies, despite published standards. Nikander et
al2 pointed out that the 500-mL VT sine-wave breathing
pattern proposed by the European Standard EN13544-13

may not be sufficient to distinguish output aerosol differ-
ences between nebulizers. Lack of a standard makes com-
parison of nebulizer performance between studies difficult
or impossible, because we cannot tell how much of the
inhaled aerosol was due to the breathing pattern versus the
conserver.

The breathing pattern model can be greatly simplified by
constraining it to a sinusoidal waveform, because sinusoidal
waveforms are relatively easy to describe mathematically and
are easily reproduced physically in the laboratory (eg, using

the Ingmar Medical ASL 5000 lung simulator). Modeling
human breathing with sinusoidal waveforms has been a stan-
dard practice in pulmonary physiology for over 50 years.4

Given the variability of human breathing patterns, it would be
prudent to conduct in vitro nebulizer evaluation with a simple
sinusoidal-flow breathing pattern and a representative V̇E.5

The validity of this approach was demonstrated by Roth et al,
who concluded that a sine wave breathing pattern is prefer-
able to a square wave or an actual human waveform for
simulating breathing when bench testing drug delivery from
vented jet nebulizers.6 Another advantage of sine waves for
nebulizer testing is that the inspiratory-expiratory ratio is al-
ways 1:1 (duty cycle of 50%), by definition of a sine wave,
which removes a major variable in the creation of wasted
aerosol. Note that we are specifying the entire respiratory
cycle (ie, inspiration and expiration) as sinusoidal. This is not
to be confused with other authors (eg, Nikander et al2) who
describe a “sinusoidal” pattern with various duty cycles; that
is, they specified just the inspiratory phase to be sinusoidal
(using a Harvard pump) and presumably the passive expira-
tory phase was a decaying exponential flow waveform.

The derivation of breathing pattern efficiency (assum-
ing conserver efficiency is zero) is as follows:

A. Set the breath parameters. Select an appropriate
breathing frequency (f) and VT such that the V̇E is equal to
or greater than the nebulizer output flow. Suitable values
can be obtained from Appendix Figure 2.

B. Determine the times when inspiratory flow equals
nebulizer output flow. Determining the breathing efficiency
requires calculating the inhaled aerosol, which in turn re-
quires calculating certain areas under the inspiratory flow/
time curve (Appendix Fig. 3).

In Appendix Figure 3 the inspired aerosol volume is
equal to area AFGJ. This area is equal to twice the area
AFE plus the area EFGH. Both of these areas can be easily
calculated if we know times t1, t2, and t3 relative to time t0.

Appendix Fig. 1. Schematic of the Healthline Medicator, which is
an example of a conserving device that uses a valve and a reser-
voir to separate inspiration from expiration. Note the small dead
space (rebreathed volume) between the mouthpiece and the vent
to atmosphere.

Appendix Fig. 2. Isopleths showing combinations of tidal volume
and frequency for the same minute ventilation.
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Because the duty cycle with a sine wave is 50%, t3 (the
inspiratory time) is simply half of t4 (the period of the sine
wave). The period of a sine wave is the reciprocal of f.
Therefore,

(2) t3 �
1

2f
� inspiratory time

where f is in cycles/s, and inspiratory time is in seconds.
Time t1 is when inspired flow (V̇I) equals nebulizer

output flow (OF). We know the general expression for a
sine wave (ie, A sin �t, in which A is the amplitude of the
sine wave, � is the angular frequency in radians per sec-
ond and t is time in seconds) and we know the nebulizer
output. Thus,

(3) V̇I(t1) � V̇Imax sin 2�ft1 � OF

where V̇I is inspiratory flow (in mL/s) as a function of time
(t, in seconds), V̇Imax is the peak inspiratory flow (in mL/s),
sin represents the sine function (evaluated in radians rather
than degrees), � is approximately 3.14, f is in cycles/s, and
OF is nebulizer output flow (in mL/s).

It can be shown, using calculus, that for the first half of
a sine wave, the peak value (P in Appendix Fig. 3) is (�/2)
times the average value. The average value of the first half
of the sine wave in Appendix Figure 3 (ie, inspiration) is
the average inspiratory flow. The average inspiratory flow
is equal to the VT divided by the inspiratory time. Thus,

(4) V̇Imax �
�

2
�

VT

t3
�

�

2
� VT�2f � �fVT

where V̇Imax is the peak inspiratory flow (in mL/s), � is
approximately 3.14, VT is in mL, and f is in cycles/s. Note
that, because of the initial constraint that V̇E � (f � VT)
be equal to or greater than OF, Appendix Equation 4 shows
that peak inspiratory flow will always be greater than OF
by a factor of at least �.

Substituting Appendix Equation 4 into Appendix Equa-
tion 3 yields

(5) V̇I	t1) � �fVT sin 2�ft1 � OF

Solving Appendix Equation 5 for t1 yields

(6) t1 �

sin�1� OF

�fVT
�

2�f

where sin�1 is the arcsine of a number, in radians, of a
number in the range of ��/2 to �/2, t1 is the time (in
seconds) when inspiratory flow equals nebulizer output
flow, OF is nebulizer output flow (in mL/s), � is approx-
imately 3.14, VT is in mL, and f is in cycles/s.

Because the sine wave is symmetrical, t2 can easily be
found by subtracting t1 from t3:

(7) t2 � t3 � t1

Substituting Equation 3 (from the main text) and Appen-
dix Equation 6 we get

(8) t2 �
1

2f
� �sin�1� OF

�fVT
�

2�f
�

C. Calculate the inhaled aerosol. When inhaled flow is
less than nebulizer output flow, inhaled aerosol volume is
represented by areas AFE and HGJ in Appendix Figure 3:

(9) area AFE � area HGJ � �
t0

t1

�fVT sin 2�ft

Appendix Equation 9 has the general form

(10) �A sin Bdt � A�sin Bdt

which, by U substitution (a calculus procedure), has the
general solution

Appendix Fig. 3. Comparison of theoretical sine wave breathing
pattern with the constant-flow output of a small-volume nebulizer.
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(11) �
A

B
cos Bt �

A

B

so that the solution of Appendix Equation 9 is

(12)

area AFE � area HGJ � � �
VT

2
cos 2�ft1� �

VT

2

Substituting Appendix Equation 6 for t1 yields:

(13)

area AFE � area HGJ � � �VT cos�sin�1� OF

�fVT
��� � VT

When inhaled flow is greater than the nebulizer output
flow, inhaled aerosol volume is represented by area EFGH
in Appendix Figure 3:

(14) area EFGH � OF � 	t2 � t1


Substituting Appendix Equations 6 and 8 for t1 and t2
yields:

(15) area EFGH � OF � � 1

2f
� �sin�1� OF

�fVT
�

�f
��

This equation can be modified to calculate the aerosol
inhaled with a breath-actuated nebulizer rather than a
constant-flow or breath-enhanced (vented) nebulizer, as
assumed in the analyses above. For a breath-actuated
nebulizer, nebulization begins when the inspiratory flow
reaches the nebulizer’s trigger threshold and then pro-
ceeds at the nebulizer output flow rate. Thus, substitut-
ing trigger flow for OF in Appendix Equation 3 and
carrying forward the derivations to Appendix Equation
15 we get:

(16) inhaled aerosol with breath-actuated nebulizer

� OF � � 1

2f
� �sin�1� TF

�fVT
�

�f
��

where sin�1 is the arcsine of a number, in radians, of a
number in the range of ��/2 to �/2, OF is nebulizer
output flow (mL/s), TF is breath-actuated trigger flow
(mL/s), � is approximately 3.14, VT is in mL, and f is
in cycles/s. This equation gives the gaseous volume of
aerosol inhaled per breath for a breath-actuated nebu-
lizer only.

Total inhaled aerosol volume per breath is derived by
adding Appendix Equations 13 and 15:

(17) (See equation below)

where inhaled aerosol (in mL) is the gaseous volume of
aerosol inhaled during the one inspiration, VT is in mL,
cos is the cosine function (evaluated in radians rather than
degrees), OF is nebulizer output flow (in mL/s), � is ap-
proximately 3.14, and f is in cycles/s.

D. Calculate the final breathing pattern efficiency.
Breathing pattern efficiency is calculated as the proportion
of aerosol volume output by the nebulizer that is inhaled.
We have calculated the inhaled aerosol volume for one
ventilatory cycle (ie, one inspiration and expiration). Thus,
we need to know the output aerosol for the same period.
The gaseous output aerosol volume is simply the product
of the nebulizer output flow and the ventilatory period:

(18) OA �
OF

f

where OA is output aerosol (in mL), OF is output flow (in
mL/s) and f is in cycles/s.

The breathing pattern efficiency is:

(19) (See equation below)

(17) inhaled aerosol � � � VT cos�sin�1� OF

�fVT
��� � VT � OF � � 1

2f
� �sin�1� OF

�fVT
�

�f
��

(19) BE �
IA

OA
�

f � �� � VT cos�sin�1� OF

�fVT
��� � VT � OF � � 1

2f
� �sin�1� OF

�fVT
�

�f
���

OF
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where BE is breathing pattern efficiency, IA is inhaled
aerosol, OA is aerosol output by the nebulizer, VT is in
mL, cos is the cosine function (evaluated in radians rather
than degrees), OF is nebulizer output flow (in mL/s), � is
approximately 3.14, and f is in cycles/s. Note that this
equation is only valid if the peak inspiratory flow is greater
than the nebulizer output flow.

It is interesting to note that the breathing pattern effi-
ciency is dependent on only 3 variables: nebulizer output
flow, VT, and f. This can be appreciated intuitively by
examining Appendix Figure 3. Recall that breathing pat-
tern efficiency is represented by the ratio of 2 areas:
area AFGJ (aerosol volume inhaled) divided by area
ABCD (aerosol volume output by nebulizer). We need
only consider one breath cycle, because the breathing
pattern is represented by a sine wave, where every cycle
is identical in shape.

Appendix Equation 19 shows that for a given breathing
pattern (ie, VT and f), the breathing pattern efficiency de-
creases as the nebulizer output flow increases. This makes
sense because, as output flow increases (ie, line BC rises),
the wasted aerosol (area ABF plus area JGCD) grows
faster than the inhaled aerosol (area AFGJ). That is, areas
ABF and JGCD increase in size while the potential inhaled
volume (area FPG) decreases in size.

Appendix Equation 19 also shows that for a given neb-
ulizer output flow, breathing pattern efficiency decreases
as VT decreases or f increases. If VT decreases while f is

held constant, peak flow (point P) decreases (see Appen-
dix Equation 4), and the inhaled volume decreases (ie, line
FG shortens and, thus, area AFGJ decreases). If VT is held
constant and f decreases, again peak inspiratory flow (point
P) decreases with the same result: a decrease in both in-
haled volume and breathing pattern efficiency. Conversely,
as either VT or f increase, peak inspiratory flow increases
and efficiency increases toward the limit of 50% (ie, area
AFGH approaches rectangular shape as areas AFE and
HGJ approach zero while area EFGH increases toward the
limit of half of area ABCD).
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