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AN APPARATUS AND METHOD FOR DELIVERY OF AN AEROSOL

FIELD OF THE INVENTION

[0001] This invention relates to an apparatus and method for the delivery of an aerosol.
The apparatus and method is used to identify an aerosol inhalation volume at which lung

dysfunction occurs, by measuring lung ventilation at specific volumes of inhalation.

BACKGROUND OF THE INVENTION

[0002] The lungs may be characterized as a mass exchanger in which oxygen is delivered

through the alveoli to blood and carbon dioxide is removed from the blood for exhalation. The

efficiency of the lurigs, in térms of the exchange of gaséous miaterials at the blood/gas interface,
is dependent Iin-part on the ventilation of each lung. The term “ventilation” refers to the
movement of or the exchange of oxygen-rich air from outside the body into the lung where the
air is mixed with relatively oxygen deficient air through the course of breathing. The ventilation

function of a patient’s lungs can be determined and monitored by measuring the resistance and

compliance of the airways of the lung.

[0003] The resistance and compliance within different regions of the lungs affect the
distribution of pulmonary ventilation. The term “resistance” refers to the flow resistance due to
an obstruction or a restriction within a respiratory passageway to the passage or flow of a gas to
and from the lungs. The measured unit of resistance is HyO/(liters/sec). The term “compliance”
refers to the flexibility or elasticity of the lungs as they expand and contract during a respiratory
cycle. The measured unit of compliance is liters/(cm-H,0O). If one multiplies resistance and
compliance, the unit of time (e.g., seconds) that remains is referred to as a “time constant.”
Therefore, the ventilation function of a patient’s lungs can be represented by a single value, that

is, the time constant.

[0004] Spirometry is one technique used to diagnose and monttor respiratory disease. In
spirometry, the patient inhales as deeply as possible, and then exhales until all air is completely
expelled from the lungs. As one can imagine, this requires a great deal of concentration and

effort by the patient, and thus, spirometry readings largely depend on how well the patient is
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feeling and breathing on a given day. Spirometry measures only the flow volume of air that is
inhaled and/or exhaled by the patient. Spirometry does not measure resistance or compliance,
and does not rely on the calculation of time constants to determine lung function or lung
ventilation. Also, spirometry is relatively insensitive for measurements of small airways and
thus has limited use for diagnosis of respiratory diseases in these areas of the lung such as
asthma and emphysema. Consequently, spirometry is a relatively insensitive technique for

monitoring and diagnosing the most prevalent of respiratory diseases.

[0005] U.S. Patent No. 6,135,105 by Lampotang et al. describes a method of classifying
each lung by measuring variations in pressure or flow rates using an invasive endotrachael tube
equipped with a pressure sensor. Time constants are computed as the product of measured
resistance and compliance. However; it is known-that this-precedure does-net-aceurately-account
for convective transport in the small airways of the lung, and thus, can result in significant errors
in measurement. Consequently, the accuracy of the resistance and compliance values, and thus,
the calculated time constants measured using this procedure are questionable. Also, one cannot

ignore the need for the endotrachael tube and the resulting discomfort of the patient due to this

invasive procedure.

[0006] As a result, there is a need for an apparatus and method for correctly diagnosing
and accurately monitoring respiratory disease in a patient without relying on the patient’s ability

to breath on a particular day or without having to insert an invasive device (e.g., endotrachael

tube) into the patient.
SUMMARY OF THE INVENTION

[0007] One aspect of the present invention is directed to an apparatus for measuring lung
ventilation, comprising a pressure device to measure volume of air flow; an aerosol-generating
device that provides aerosol particles to be released at a determined point in a breathing cycle; a
mouthpiece with a detector that measures the concentration of aerosol particles for a given
volume during the breathing cycle; a computing device configured to provide lung ventilation
data as a function of time constants; and a multi-port coupling device configured to couple the

computing device, mouthpiece, aerosol-generating device and pressure device.
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[0008] Another aspect of the present invention is directed to a method for measuring lung
ventilation. The method comprises: measuring pressure data and calculating volumes of airflow
of a plurality of respiratory cycles, providing a volume of penetration, providing an aerosol bolus
at a determined point of the breathing cycle, measuring concentration values of aerosol particles,
and calculating time constants from the volume of penetration and the measured aerosol

concentration values.

[0009] Yet another aspect of the present invention is directed to determining the position
of an obstruction in the upper region of the lungs associated with specific volumes of air inhaled
into the lung which, in turn, are associated with air traveling through certain branches in the lung
which may be restricted or obstructed due to disease or injury. The method comprises: a.)
measuring pressure-data and-calculating-volume of airflow of a-breathing cycle;b.) providing-a
volume of penetration; c.) providing an aerosol bolus at a determined point of the breathing
cycle; d.) measuring a concentration values of aerosol particles and calculating time constants
from the volume of penetration and the measured aerosol concentration values; f.) repeating
steps b to d using a different volume of penetration; and g.) comparing the calculated time

constants from at least two provided volumes of penetration.

[00010] Yet again, another aspect of the present invention is a method for determining
aerosol particle concentrations, comprising: measuring inhaled and exhaled aerosol
concentrations at discrete values of at least one of time, volume and dimensionless volume;
estimating initial values for intrinsic mixing on inhalation, intrinsic mixing on exhalation,
effective volume of lung on inhalation, and effective volume of lung on exhalation; minimizing
the estimated initial values; determining a volume of penetration; estimating inhaled aerosol
concentration as a function of the measured inhaled aerosol concentration and at least one of
K(V) and K(t); and estimating exhaled particle concentration as a function of the estimated

inhaled aerosol concentration and a probability that a particle exits the lung in a provided

volume.

[00011] Another aspect of the invention comprises measuring breath holding time and the

effect of that breath holding time on the particle concentration that is exhaled, the particle
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concentration being described as a percentage of the inhaled particle concentration as a function

of the volume of penetration of the aerosol.

[00012] Yet, another aspect of the invention comprises determining a total amount or a
percentage of a total amount of inhaled particulate material that is exhaled in the time of a given
breath or in subsequent breaths after the breath in which an aerosol is inhaled. In addition,

another, another aspect of the invention comprises recognizing materials that are used to generate

an aerosol.

[00013] Further, another aspect of the invention comprises determining the retention of
aerosol inhaled in a single breath and exhaled over the course of subsequent breaths as a

diagnostic indicator of asthma.

[00014] Furthermore another aspect of the invention comprises means for determining a
total amount or a percentage of a total amount of inhaled particulate material that is exhaled in
the time of a given breath or in subsequent breaths after the breath in which an aerosol is inhaled.
Moreover, another aspect of the invention comprises means for recognizing materials that are

used to generate an aerosol.

BRIEF DESCRIPTIONS OF DRAWINGS

[00015] The invention will be better understood by reference to the Detailed Description

of the Invention when taken together with the accompanying drawings, wherein:

[00016] Fig. 1 depicts an exemplary embodiment of the invention;
[00017] Fig. 2 depicts an exemplary representation of volume and concentration data;
[00018] Fig. 3a shows a cut-away view of an exemplary mouthpiece in the non-active

position for controlling volume drift;

[00019] Fig. 3b shows a cut-away view of the mouthpiece of Fig. 3a in the active position

for controlling volume drift;
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[00020] Fig. 3c shows a cut-away view of the mouthpiece of Fig. 3a for controlling

volume drift in used by a patient;

[00021] Fig. 4ais a top view of the two sections of an exemplary 3-way valve;

[00022] Fig. 4b is a front view of the two sections of an exemplary 3-way valve;

[00023] Fig. 4c shows an exemplary 3-way valve in the “Filling Mode”;

[00024] Fig. 4d shows an exemplary 3-way valve in the “Delivery Mode”;

[00025] Fig. 5 shows an exemplary flow diagram for a method for predicting lung
ventilation;

[00026] Fig. 6 shows an exemplary flow diagram for a method for measuring lung
ventilation;

[00027] Fig. 7 shows an exemplary flow diagram for a method for providing a volume of
penetration;

[00028] Fig. 8 shows another exemplary flow diagram for a method for providing a

volume of penetration;

[00029] Fig. 9 depicts another exemplary representation of volume and concentration data.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[00030] The invention is directed to an apparatus for delivering an aerosol into the lungs
of a patient. The apparatus measures lung ventilation associated with specific volumes of air
inhaled into the lung which delivering an aerosol into the lungs of a patient. The inhaled air
passes through certain branches in the lung, some of which may be restricted or obstructed due to
disease or injury. The apparatus includes a pressure device, a detector, an aerosol-generating
device, a multi-port coupling device and a computing device. The aerosol-generating device
provides a bolus of aerosol particles to be released at a determined point in a breathing cycle.
The computing device provides information on lung ventilation as a function of time constants.

The aerosol particles are used to measure the time constants as the aerosol particles move in and



WO 2005/020787 PCT/US2004/024240

out of the lung over a plurality of respiratory cycles. The term “breathing cycle” is defined as
the time the patient begins to breathe through a mouthpiece of the invention to the time the
patient completes the test. A “respiratory cycle” is defined as one inhalation-exhalation cycle.

As aresult, a breathing cycle includes a plurality of respiratory cycles for a patient.

[00031] The apparatus and method of the invention provides the physician as well as the
patient with the ability to effectively monitor or treat chronic respiratory diseases irrespective of
the health of the patient or how well the patient is able to breath on a given day. Unlike
spirometry, a common technique used to diagnose and monitor respiratory disease in patients,
the patient is not required to inhale and exhale deeply to obtain ventilation test data. Instead, the
patient simply breathes into a mouthpiece of the apparatus using normal respiratory cycles.
Also, the method of the invention can be. performed by the patient, and -without the need-for-a

trained technician.

[00032] One significant advantage provided by the apparatus and methods of the invention
is that the position of an obstruction or restriction in the upper regions of the lungs (e.g., the
bronchial branches) can be identified and monitored. The apparatus and methods of the
invention provide detailed information on the point(s) of obstruction or inflammation for a
patient. The physician can monitor the progress of these point(s) of obstruction, and even
determine if secondary points of obstruction develop. As a result, the apparatus and methods of

the invention provide the physician with specific information on the respiratory condition for a

patient.

[00033] Another significant advantage provided by the apparatus and methods of the
invention is the localized delivery of an aerosol bolus containing an active pharmaceutical (e.g.,
a bronchial dilating agent) to the point of obstruction or inflammation. Once the point(s) of
obstruction are identified in a particular patient by the invention, the active pharmaceutical is
released into the air flow at the optimal point in a respiratory cycle. In this manner, the

aerosolized agent is concentrated in a selected volume of air flow that will contact the point of

obstruction.

[00034] The measurement of time constants can be an important diagnostic tool. A

relatively large time constant suggests the presence of an obstruction or restriction in the lung
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and indicates some form of respiratory disease or impairment of lung function. As used in the
medical sense, the term “obstruction” refers to impairment such as that found in bronchitis or
emphysema whereas the term “restriction” refers to impairment such as that found in asthma.
The existence of nearly equivalent time constants for each of the pathways to the small airways
of the lung is referred to as “homogeneous ventilation” and is well recognized as a characteristic
of healthy individuals. In contrast, unbalanced and longer time constants can be indicative of

obstructions and restrictions and is referred to as “non-homogeneous ventilation.”

[00035] Observed differences in regional time constants is suggestive of regional
differences in convective ventilation rates. Also, information on the severity of the
obstruction(s) can be obtained from the time constant data. For example, patients with airway
obstructions may-have-a relatively-slow emptying of aerosol particles from-bronchi compared to
healthy patients. The more time it takes for the aerosol particles to leave the lung can be an

indication of the severity of the diseased regions of the lung.

[00036] The apparatus and method of the invention provide an accurate and direct
measurement of time constants relating to the small airways. This information is not available
from spirometry, and allow the physician to more accurately diagnose and monitor respiratory

diseases or impairments to lung function.

[00037] The apparatus of the invention measures the concentration of aerosol particles
from an aerosol bolus with respect to time or volume during a breathing cycle. For any given
flow measuring time or measuring volume can be considered an equivalent measurement of the
penetration of particles into the lung. The aerosol particles move with the air that is inhaled and
exhaled from the lung and the apparatus records the concentration and transit time or volume
required for the particles to move into the lung and back out. In essence, the aerosol particles
function as microscopic markers, which by measuring their concentration with respect to time or
volume provide the necessary ventilation data for a patient. The release of a “pulse” or "bolus"
of aerosol particles at some determined time during the breathing cycle, particularly the
inhalation step, is one method of providing such markers. The time constants during exhalation
are plotted as a mathematical function which can be used to diagnose and monitor respiratory

disease. The particle concentration with respect to time (i.e., the time constants) during
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exhalation from the lung is measured to provide a specific distribution function of the aerosol
particles for each individual patient on a given day. The time constant data can then be stored or

transmitted for comparison with data taken on a previous or future test.

[00038] Applicants envision that following an initial diagnosis by a physician with the
apparatus of the invention, an asthmatic patient, for example, will be provided with the apparatus
or variation of the apparatus to have in the home. The patient can then on a daily, weekly or
monthly basis monitor their asthma through a self-test. The data collected from such tests can

then be stored and/or transmitted to the physician (e.g., over the Internet).

[00039] One exemplary embodiment of the invention is shown in the schematic of Fig. 1.
The arrows in Fig. 1 indicate the directions air can flow in each component of the apparatus. The
dashed lines of Fig. 1 indicate static pressure lines, and the thin lines indicate an electronic
attachment. The apparatus includes a multi-port coupling device 105a that couples with a
detector 103a, a pressure device 107, an aerosol generator 106 and a computing device 109. A
patient breathes through a mouthpiece (not shown) that is coupled to the detector 103a. It is to
be understood that the configuration or position of each component in relation to the others, as

shown in Fig. 1, is only one of a handful of possible configurations that can be used to practice

the invention.

[00040] The multi-port coupling device 105a can be used to release an aerosol bolus
produced by aerosol generator 106 into the air flow that is delivered to the patient. Alternatively,

the aerosol bolus can be released into the air flow by the aerosol generator 106.

[00041] The aerosol generator 106 provides an aerosol bolus to be released at a
determined point in a breathing cycle. Preferably, the aerosol bolus is mixed with the air flow
during inhalation of air by the patient. The aerosol generator 106 can be any aerosol generation
system known to those of ordinary skill that generates an aerosol with a particle size of from 0.05
microns to 1 micron, preferably from 0.1 microns to 0.8 microns, more preferably from 0.1
microns to 0.6 microns. For example, the aerosol generator can include a pressurized chamber

which contains one or more substances that is to be aerosolized, and a nozzle with a select orifice

diameter and shape.
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[00042] The aerosol particles can include any relatively inert material that do not tend to
aggregate within the patient, such that the particle size remains relatively constant as the particles
are inhaled and exhaled from the patient’s lungs. In one embodiment, the aerosol particles
comprise one or more synthetic or natural oils, or a blend of natural and synthetic oils. The
synthetic oil can include one or more fatty acids or, typically a blend of fatty acids. Most
preferably, the aerosol comprises natural oil. An exemplary list of natural oils includes corn oil,
canola oil, and oils derived from nuts. Neutral oils, for example, MIGLYOL, can also be used.
The material used will also be labeled by any means of labeling known to those of ordinary skill
that can be recognized electronically by the device so that no unauthorized material is
aerosolized by the device. Examples include but are not limited to such identification means as
bar codes, magnetic strips or eproms. Such identification would be encoded so as to be

ih&eciphéréﬁlé by ordinary means.

[00043] In one embodiment, the aerosol generator 106 is coupled to the multi-port
coupling device 105a so that the aerosol bolus is released into a chamber of the multi-port

coupling device 105a.

[00044] In another embodiment, the aerosol generator 106 is connected to a chamber of
the apparatus of the invention. In either case, the apparatus of the present invention is designed

to release an aerosol bolus into the air flow at a determined point of a breathing cycle.

[00045] The detector 103a is used to measure the concentration of aerosol particles of a
given volume in the air flow as the patient inhales and exhales. Any type of detector 103a
known to those of ordinary skill that can measure particulate concentrations in a given volume
can be used. Examples include but are not limited to light measuring devices such as

photometers, photocells, mephelometers or photodiodes.

[00046] In one embodiment, as shown in Fig. 1, the pressure device 107 includes a filter
107a, a pneumotachagraph 107b, and a pressure transducer 107c. The pneumotachagraph 107b
is used in conjunction with other components of the pressure measuring device 107 to determine
the volume of air flow through the apparatus of the invention. The pneumotachagraph 107b
measures a pressure differential across a fine mesh screen as air flows through the screen. The

measured pressure differential is converted to an electronic signal by pressure transducer 107¢
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coupled to pneumotachagraph 107b. The electronic signal can be digitized by an interface 109a
included with computing device 109. The differential pressure data can be integrated with
respect to time with computing device 109 to provide a volume of air flow for a plurality of
respiratory cycles as well as the breathing cycle. The volume of air flow data can be stored for
subsequent analysis. The computing device 109 will have the capability to collect, store,
manipulate and display raw data, that is, data that is directly obtained from each component of

the apparatus, as well as data that is generated by an algorithmic manipulation of the raw data.

[00047] The volume data collected refers to the amount of air a patient inhales and exhales
from his or her lungs for a given respiratory cycle or breathing cycle. The apparatus of the
invention has the capability to average the volume of air flow over any number of respiratory
cycles. As a result, the apparatus .and-method- of the invention can obtain-ventilation data

irrespective of the patient’s respiratory condition at any given time or on any given day.

[00048] For example, the apparatus can obtain important ventilation data from an
asthmatic that is experiencing extreme difficulty in breathing on a particular day, which is not
possible with spirometry. Spirometry, which relies on a single respiratory cycle, can only tell the
physician what he or she already knows, that is, the patient is having difficulty breathing. Also,
the apparatus and method of the invention is more suited to collecting ventilation data from

pediatric patients because a child can breath normally because there is no forced or directed

breathing as required with spirometry.

[00049] The release of an aerosol bolus at a point in a breathing cycle, and the subsequent
measurement of aerosol particle concentration with time, provides the physician with
information on the upper respiratory tract of a patient. The collection of volume data allows the
apparatus and method of the invention to determine at what point the aerosol bolus should be
released into the air flow. In a preferred method of the invention, the aerosol bolus is released
into the air flow at some point of an inhalation step of a respiratory cycle. This allows a greater
dispersion of aerosol particles in the bronchi or upper region airways of the lungs where the
obstruction(s) resulting from asthma or emphysema are typically located. This is an important

feature because respiratory diseases such as asthma and emphysema affect the upper bronchi of

lungs.

10
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[00050] The measurement of time constants of aerosol particles and the amount of aerosol
retained on any given breath as the aerosol moves just pass the obstruction or restriction and out
again provides a very sensitive measurement of lung ventilation. The apparatus of the invention
thus provides the physician with accurate and reliable information about the location of disease
in the respiratory tract, whereas other known techniques such as spirometry are relatively

insensitive in this regard.

[00051] A graphical representation of volume and aerosol particle concentration data
shown in Fig. 2 describes an exemplary way in which the apparatus and method of the invention
collects and analyzes data. Fig. 2 shows the aerosol particle concentration and volume data for a
given inhalation and exhalation, i.e., a respiratory cycle in which an aerosol bolus is released into
the air flow. The-aerosol-particle concentration-is-plotted-as a-function-of time-and-is-depicted-as-
a dashed line. The time T1 corresponds to the time in the respiratory cycle that the aerosol bolus
is released into the air flow. The peak volume 408 of the aerosol bolus occurs at time T2. The
volume of air inhaled and exhaled by the patient is shown as the solid line. The rising portion of
the volume data 402 with positive slope designates the inhalation step of the respiratory cycle.
Likewise, the falling portion of the volume data 405 with a negative slope designates the
exhalation step of the respiratory cycle. Fig. 2 uses arbitrary units of volume, time, and

concentration to describe the coordinate axes.

[00052] The apparatus and method of the invention can be used to measure a particular
volume of penetration V,. The volume of penetration is defined as the volume of air inhaled
following the release of an aerosol bolus into the airflow. To determine V), the apparatus
requires that certain volume reference points be established. These reference points are volume
of inhalation V| and total volume of inhalation V1. Since the aerosol bolus has a measurable
volume there are several equally valid reference points that can be used to determine the volume
of inhalation. The volume of inhalation is the volume at which the aerosol bolus is released and
may be defined in at least one of three ways: (1) the volume at which a signal is given or
received to open a valve and let the aerosol enter the inhalation air stream; (2) the volume at
which the concentration of particles rises above the background level by a given amount; or (3)

the volume at which the concentration of particles rises for some specified rate for some

specified period of time.

11
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[00053] As shown in Fig. 2, V; is the midpoint of the aerosol bolus 408. V; is defined in
one of three ways: (1) the centroid of the mass of the inhaled particle concentration; (2) the
midpoint volume between the start and end volumes of the aerosol bolus ([V|+V3]/2); or (3) the
volume at which the peak concentration of particles occurs. V3 is defined as: (1) the volume at
which a signal is given or received to close a valve and stop the flow of aerosol from entering the
air flow; or (2) the volume at which the aerosol concentration drops to or below the background
level. The preferred definition of V; is the midpoint volume. Further, the volume of penetration
Vp can be expressed as the difference between the average total volume of inhalation V1 and the

bolus inhalation volume V| (i.e.,Vp=V1-V)).

[00054] As an example, in an adult asthma patient, typically it is only the last 50 cm’ to
400-cm’ of inhaled volume, more typically; 50 em>-to-200-em’ of inhaled volume; that provides
the physician with important ventilation data. In a child, typically it is the last 25 cm” to 200 cm’,
more typically 25 cm’ to 150 cm?, of inhaled volume. In an infant, typically it is only the last 10
cm’ to 100 cm®, more typically 10 cm® to 50 cm® of inhaled volume. The term “adult” is defined
as a person having reached the age of twelve. The term “child” is defined as a person between

the ages of two and twelve. The term “infant” is defined as a newborn to the age of two.

[00055] The average total volume of inhalation can be determined prior to release of the
aerosol bolus as the patient inhales and exhales through a mouthpiece of the apparatus. The
digitized voltage of the pressure transducer is integrated to yield the volume of inhalation and
exhalation irrespective of the total volume airflow. The method includes calculating an average
volume of inhalation for any number of respiratory cycles before the aerosol bolus is released
into the air flow. The average volume of inhalation can be stored in data storage 109. As the
standard deviation of the running average of previous recorded volumes falls within a select
value, the average inhalation volume is determined. Once the average inhalation volume is
determined, the computing device 109 signals the multi-port coupling device 105 to release the

aerosol into the air flow. Alternatively, the aerosol generator can release the aerosol directly into

the air flow.

[00056] The pressure data is integrated with respect to time by the computing device 109.

Consequently, any electronic noise or voltage offset that occurs during this time results in an

12
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error that should be corrected. This error is commonly referred to as "zero signal drift" or
"volume drift", and accounts for differences in recorded volume/time data, which can be negative
or positive differences, even if there is no air flow passing through the system. If this error
component is significant and not accounted for the apparatus could interpret the volume drift as
air flow that occurs during a breathing cycle. This volume drift could then cause errors in the

measurement of volumes, and result in incorrect timing for the release of the aerosol bolus into

the air flow.

[00057] In one embodiment, the apparatus includes a means for compensating for volume
drift. For example, the apparatus can have the capability of digitally adding or subtracting values
to and from the pressure flow signal from the pneumotachagraph 107b to nullify any error due to

noise;-thus maintaining a.net volume-drift of zero.

[00058] Fig. 3a and Fig. 3b show a cut-away view of an exemplary means for controlling
volume drift in the form of a volume drift control switch 201a, 201b. A cut-away view of a
volume drift control switch that is not activated and a volume drift control switch 201b that is

activated is shown in Fig. 3a and Fig. 3b, respectively.

[00059] The apparatus of the present invention can also include a sensor switch 203. The
sensor switch 203 is coupled to the computing device 109, and communicates with computing
device 109 as to initiation of a test or when data collection should begin. In one embodiment, a
sensor switch 203a, 203b can be 1installed in the volume drift control switch 201a, 201b. For
example, if the sensor switch 203a is not activated or in the open position, the signal from the
pressure transducer 107c¢ is not integrated and the volume drift remains uncorrected. However, if
the sensor switch 203b is activated or in the closed position, the signal from the pressure
transducer 107c is integrated to calculate volume data and the volume drift is corrected. In one
embodiment, the sensor switch can include a toggle or button switch that remains closed as long

as the switch is held in the closed position.

[{00060] In another exemplary embodiment, the sensor switch 201 is a retractable covering
205 for a mouthpiece 202, as shown in Figs. 3a and 3b. In Figs. 3a and 3b, the retractable
covering 205 is a hollow tube open at both ends that can be retracted exposing the mouthpiece

202 by pushing against the retractable covering 205. The patient’s lips push against the
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retractable covering 205 while inserting the mouthpiece 202 into their mouth. Fig. 3¢ shows an
example of the volume drift control switch 200 with the subject 101 inserting the mouthpiece
202 into their mouth while pushing against the retractable covering 205 and activating the sensor
switch 203. Activation of the sensor switch 203 occurs when the retractable covering 205
completes a circuit 204 by closing the sensor switch 203. An audible or visual sensor indicator
signal can then be enabled by the circuit 204 to give an audible or visual sign that the sensor
switch 203 has been activated and the test can begin. Upon removal of the mouthpiece from the

mouth, a coil or spring 206 allows the retractable covering 205 to return to its original position.

[00061] In yet another exemplary embodiment, the sensor switch further comprises a
proximity sensor that is used to determine when to stop signal averaging of a zero flow signal.
The proximity sensor comprised-of at least an-electromagnetic wave source-or transmitter-of any
wavelength with a matched receiver and shall be used to determine the proximity of a user to the
aerosol dispersion device. The electromagnetic wave source is associated with the mouthpiece
and shall transmit electromagnetic waves that shall be reflected from the body of the user back to
the receiver that is also associated to the mouthpiece. The receiver shall be positioned at an
angle of less than 90 degrees relative to the angle of the emitter. When the signal is received at
the receiver, the computing device 109 shall cease averaging the pressure signal used to
determine flow. In a preferred embodiment, the average pressure value is determined for the
previous five seconds, but does not count the last second before the signal is received by the
receiver, as the average zero pressure value. In addition, longer or shorter durations may be used
for averaging times since the value is programmable. Changes in pressures encountered as long
as the receptor is receiving emissions of electromagnetic waves shall be considered as due to
flow and shall be integrated to determine the volume inhaled or exhaled by the user of the
aerosol dispersion device. In a preferred embodiment the receiver and the transmitter shall be
positioned in close proximity to one another and shall be in close proximity to the face of the

user when the aerosol dispersion device is being used as intended.

[00062] In yet another exemplary embodiment, the multi-port coupling device 105 is a 3-
way valve, as shown in Fig. 4a. The 3-way valve 105a is coupled to the mouthpiece with
detector 103, pressure device 107, and computing device 109. The 3-way valve is comprised of

at least two sections as shown in. Fig. 4b.
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[00063] When it is determined that an aerosol bolus needs to be injected into the breathing
stream of the patient the valve system goes into the Delivery Mode, as shown in Fig. 4c. In this
mode, the 3-way valve 3 is actuated to stop the flow of the gas into the piston chamber 4 and the
valve 3 is opened to the atmosphere so that the pressure inside the piston chamber 4 is released.
With the pressure released, the piston 5 is pushed back by the action of the spring 8 against the
slider section 9 which slides freely against the piston. The spring 8 and the two chambers (A and
B) in the slider are sized, so that the holding chamber A, filled with aerosol is positioned in the
breathing stream of the patient. While the patient continues breathing a pulse or bolus of aerosol

is delivered to the patient’s lungs.

[00064] In the “Delivery Mode,” as shown in Fig. 4c, the valve 9 acts to safeguard the
subject from an- accidental exposure to large volumes of high pressure gas which, . if not
controlled, could damage the subject’s lungs. There is a double protection mechanism in this
configuration because the holding chamber A can not be moved into the breathing stream until
the valve 3 from the high pressure gas is closed. In addition, even if the valve 3 would fail or the
pressure regulator 2 would fail the holding chamber is not connected to the pressurized portion

of the system when the patient is breathing from it.

[00065] When in a “Filling Mode,” the 3-way valve, as shown in Fig. 4d, consists of a gas
source 1, e.g. carbon dioxide that is regulated, by a pressure regulator 2 through which the gas
passes to a three-way valve 3 that can be actuated electronically to allow the gas to flow to a
piston chamber 4. As gas flows into the piston chamber 4, movement of piston 5 provides
passage of the gas into an aerosol nebulizer 6. As the gas flows into the nebulizer 6 an aerosol is
generated. The generated aerosol flows into a holding chamber A in the slider section 9 of the 3-
way valve, with any overflow being collected by a filter 7 which is open to the air. The filter
may be located either, as shown in Fig. 4c, on the upstream side of the holding chamber A or on
the downstream side of the holding chamber A (not shown), so that the generated aerosol passes
through the holding chamber A on the way to the filter 7. In the filling mode, the slider section
of the valve has been pushed against a spring 8 by the action of the piston 5. This allows aerosol
to flow into the holding chamber A while a subject is able to breathe through an auxiliary
chamber B that has been positioned in such a way as to be open to the air when the filling

chamber A is being filled.
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[00066] Methods described below can be used in association with the apparatus of the
invention to determine the ventilating ability of a patient’s lungs. Hereafter, these methods will

be referred to as "Aerosol Bolus Dispersion” tests.

[00067] Fig. 5 shows an exemplary flow diagram for measuring the lung ventilation of a
patient. The volume drift control switch 201 is activated (step 501). Pressure data is measured
during respiratory cycles (step 502). The pressure data is converted to volume data following
placement of the mouthpiece in the mouth (step 503) and saved in data storage 109b of
computing device 109. A volume of inhalation is selected in step 504 to provide a known
volume of penetration (V;) given the total inhalation volume. Based on the V,, a point in the
breathing cycle, preferably during inhalation, is determined for the release of an aerosol bolus
during (step 505). A detector 105 such as a photocell 105a is used to measure aerosol
concentration during a plurality of respiratory cycles (step 507). The particle concentration
during the respiratory cycle is used to calculate time constants (step 508). The particle
concentration is then stored and available for display by the computing device 109 as a lung

ventilation function (step 509).

[00068] Fig. 6 is a representative flow diagram of a second method for measuring lung
ventilation with the apparatus of the invention. When the volume drift control switch 201 is
activated, control of volume drift is initiated (step 601). Pressure data is measured during
inhalation and exhalation (step 602). Calculations of the volume of inhalation and exhalation are
made from the pressure data saved in data storage 109b of the computing device 109 (step 603).
In particular, an analysis of the volume of inhalation is performed in step 604 to determine V.
Based on the V|, a time is determined for the injection of an aerosol bolus during inhalation (step
605). A light-measuring device, such as photocell 105a, detects the particles in the air flow
during a number of respiratory cycles. The data is then stored in the data storage section 109b
(step 606). The stored light data is analyzed by the computer 109 to determine the particle
concentration during inhalation of each respiratory cycle (step 607). The particle concentration
during each inhalation determined in step 607 is then used to predict the particle concentration
(i.e., time constants) for each respective exhalation for a given respiratory cycle (step 608). The
predicted particle concentration is stored and available for display by the computing device 109

as the predicted lung ventilation (step 609). The particle concentration for each exhalation is
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also measured and calculated for later comparison with the predicted value. Lung ventilation is
measured by comparing the predicted distribution of time constants during exhalation (i.e.,
predicted from the particle concentration during inhalation) with the measured distribution of
time constants during exhalation (step 610). The predicted and measured particle concentration
data (i.e., time constants) is stored and available for display by the computing device 109 as the
predicted lung ventilation (step 611). The physician is then able to make diagnosis based on any

discrepancies between the predicted and measured particle concentrations/time constants.

[00069] Fig. 7 shows an exemplary flow diagram for a method for automatically
controlling volume of penetration (V,). When the volume drift control switch 201 is activated,
control of volume drift is initiated (step 701). Pressure data is measured during inhalation and
exhalation in step 702. Caleulations of-the-volume of inhalation and-exhalation-are-made-from
the pressure data saved in data storage 109b (step 703). The volume of inhalation data is used to
determine the running average value of the volume of inhalation for a predetermined number of
respiratory cycles (step 704). Based on this running average of the volume of inhalation, the V,

1s determined (step 705).

[00070] Fig. 8 shows another exemplary flow diagram for a method for automatically
controlling volume of penetration (V;). When the volume drift control switch 201 is activated,
control of volume drift is initiated (step 801). Pressure data is measured during inhalation and
exhalation (step 802). Calculations of the volume of inhalation and exhalation are made from the
pressure data saved in data storage 109b (step 803). The volume of inhalation data is used is
performed to determine a running average value of the volume of inhalation for a predetermined
number of respiratory cycles (step 804). The standard of deviation of the running average is
calculated (step 805). The V, is determined by setting the within a predetermined percentage of

the standard deviation of the running average value of the volume of inhalation.

[00071] A mathematical model for the system function f'is used to determine the exhaled
particle concentration (C o) from the saved inhalation particle concentration data for a given
breathing cycle. Because the dependence of C, on the inhaled concentration Cj, is assumed
linear, the system function is the exhaled concentration that is due to an inhaled concentration

that mathematically corresponds to a delta or impulse function.
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{00072] If ¢ is the time since the inhalation of the delta function concentration into the lung
and Q is the rate at which air is inhaled and exhaled, then ¥ = Qt is the volume of air inhaled up
to the volume of penetration V, = Q,. For t>t,, V- V, = Ot - ¥V}, is the amount of air exhaled. If
all the particles are exhaled (no deposition), the system function f{¥;V},) for the volume of

penetration V), satisfies:

[ rosyyav =1. (1)

[00073] In the general case, ci,(¥) is not a delta function but is spread out over the
volumes ¥ where 170 <V .<.T/~'l. A consequence of this spreading is the particles inhaled at
different times (or V) will have different volumes of penetration. If V7,9 is the volume of

ot 7)

penetration for the particles inhaled midway at ¥ = , then the volume of penetration for

the other particles inhaled at V' as a function of V is
L), Vo<V )

[00074] The linear dependence of cou(¥) on cin(¥) in the general case can now be

expressed using the system function f{¥V,; Vp(V')) and cin(V"')

Coul¥)= jfc":' VFW =YV, (7" )av 3)

[00075] Equation (3) models only mixing in the lung.
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[00076] However, there is also mixing occurring in the pre-lung consisting of the machine,
mouth, and larynx. This mixing occurs on inhalation as well as exhalation. Let c, (¥) be the

concentration of particles as measured by the machine for V; <y <V, Since the flow is

unidirectional, the mixing in the pre-lung is modeled as a linear and translation invariant process

relating C in(¥) to cin(V) Nauman and Buftham) as

&, 0") = L, "= [ e,/ )KY -V)av" (4)

where K(V) is the system function for the mixing in the pre-lung. To model K(¥) accurately is
difficult. Since the mixing in the pre-lung is small compared to the mixing in the lung, it is

reasonable to try to focus on estimating the moments Vz and o2 where

Ve = [VKP)dV and o} = [(7 -V,)" K(V)dV, (5)

where Vg corresponds to the effective mixing volume of the pre-lung and o2 corresponds to the
variance.

[00077] The concentration c¢;,(¥) measured by the machine is first processed using
equation (4) and then the resulting concentration ¢, (V) is transformed using equation (3) to

determine the particle concentration, ¢,,(V), exiting the lung. As stated earlier, mixing also
occurs in the pre-lung on exhalation. It is reasonable to use equation (4) to calculate the model

prediction for the exhaled concentration ¢, (V) from

o (V) = L[, (V)] (6)
[00078] The model for the system function is based on the 24 generation network model
of the human lung devised by Weibel. The function f{¥;V,) is rewritten in terms of the

conditional probabilities Si(V; Vp) (i=1,2,... ,24) and the probabilities a;(¥)) as
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SW3V,) =2 a,(V,)8,(V:V,), )

where S;(V; V,)dV is the probability that a particle exits the lung in (¥,V + d¥) given that it
started exhalation "near" the end of generation i-1, (i=L2,... ,24) and o,(V}) is the fraction of
particles that are located "near" the end of generation i-1. Near the end of generation i-1 soon

will be explained. Consequently,

24

Y a,(¥,)=1 and f S,vv,)av =1 (8)

i=1 4
[00079] Moreover, it will be shown below that the dependence of S;(V; V,,) on V), is

Si(V; Vi) = Si(V-Vp). 9)
[00080] Using equation (9) in equation (7) allows equation (3) to be rewritten as
~ & ~'~ [ ' [ v v
G (V) = Z(E &, (V)01 (V, (V))dV )si (V= Vo + =20, (10)

i=1 °

[00081] The construction of both (V) and SyV - V,) is based on the following

assumptions:

(1) The transit time ¢; through each generation i-1 (i=1,2,...,24) both on inhalation and exhalation

is a random variable and these random variables are statistically independent.

(2) The dimensional parameters in the residence time distribution with unit 7° (T is time)
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are proportional to t where ¢ is the expected time through generation i.
[00082] A large class of mixing in the lung will be modeled by the following discrete

Bernoulli distribution. It is determined by gt; =BYi fhe expected time; the time the first

~2
particle exits generation i-1; and o = pg?¢, , the variance of the distribution. ¥; is the volume

of generation i-1. See the Weibel Table below for values of ¥;. In order to study a larger class of
problems, a geometric scale factor g is introduced to demonstrably indicate that-the volume of

each generation is gV;. The parameters are therefore ¢, a, g, and p with a, g, and p non-

dimensional constants to satisfy assumption (2). There are two residence times 7, = agt, and

l, = (g+1—‘-g)—)tl. . To satisfy the above conditions, the probability f(z,) (for generation i-1,
-a

i=1,2,.. .,24) attached to these times is

I'l = (l——.('}’I;z—+'I:—) N tl = i
f(t) = . 11
( 1) B (1 _ a)z . ( )
2 (1 _ a)z + p 2 il
[00083] Assuming that all particles enter the lung at the same time, the problem is to

determine the distribution of particles in each generation of the lung after the additional amount
of air V, is inhaled using the distribution given by equation (11). It is useful to change variable
from the time ¢ since the start of inhalation, to ¥ = Q, the volume of air inhaled. It is also useful
to calculate the cumulative distribution that gives the fraction of particles that already exited each
generation as a function of air inhaled V. It is then an easy calculation to determine the

percentage of particles in each generation at the end of inhalation.

[00084] For example, let 1;(V) be the fraction of particles that have exited generation zero

as a function of air inhaled ¥ > 0. Then, using equation (9) with i=1 gives
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0, o<V <y
L)={n  VI<V<V} (12)
1, Vo <V
[00085] The important points in the domain of I;(¥) are V] =agV,=0r, and

Vo =(g+ ﬂ)\/l = Qt,, - gV, ; is the volume of generation zero.
-

[00086] To calculate 7,(V), the fraction of particles that have exited generation one as a
‘function of ¥, use the assumption-that-the random variables t; ‘and t, are independent. ‘Initiaily,
there are four critical values in the domain:

sz; =ag(V, +V2) =Q(t11 +ty)

Vi+Vh, =aghi+(g +__1§pa)V2

V, +V, =ogV, +(g+ I;fpa)vl

Vi =g+ 0+ 12) = 00, +1)

{00087} The definition of 72 (the tilde to be explained) is
© o<V <V
", V27l.“<'V<VII+V22
Tz(V):Jrlz"'rlrv ViV <V +V, .
v +2nm, V, +V, <V <V}
1, vy <V
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[00088] Observe that the average value of ¥, +V,, and V,, +V¥,, in the domain of T, is

midway between V] and V,}. A reasonable simplification is to attach the probability r> + 27,7,
to this midpoint and thus group together the two similar paths the corresponding particles in the

lung have traveled. This resulting function is written 7, (V) and given as

[ o, o<V <y}
T T
r, vy <sv<v] L Va
L) = Ty (13)
J‘IZ + 1y, sz +——23—-5—-3—'_- £V <..V2€ .
1, vy <v
[00089] The function f;(¥) (i= 1,2, . . . ,24) is the fraction of particles that have exited

generation i-1 as a function of ¥ and is calculated using independence of random variables ¢, the
distribution in equation (11), and as done in the definition of /,, grouping together all paths that

have probability r,i”"i'z" for k=0,1,. . . ,i. It can be shown that the average value of V where these

i

where

. . S kA
particles exit generation i-1is V| +

Vi =ag
v =(g+-2L w7
AV, =VE VT
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" .
[00090] There are ﬁ such paths with probability #*7f. Thus, the definition of /;
1(i-k)!
is
( 0, o<V <V
' V,-fSV<VnT+AV'
_ 1 .
riz + 1 rl,—lrz, V,IT‘*"M‘<V<V”T 2AV
. - i [
‘Il(V) = 'YX
k i . ] ]
Z—.—.l'—.”x'—jrz!’ Vi +EAL SV <V +(k+—1.)AV'“
G- ))! ; i
. 00e
1, Vi<V
[00091] The grouping together of paths reduced the number of jumps in J;(¥) from 2' to

i+1, a considerable savings in accounting with an acceptable loss in accuracy. Finally, Ip(V) is
defined to be 1 for all V > 0 and corresponds to all particles entering the system immediately.

Putting ¥V = V,o will emphasize that 7;(¥,¢) corresponds to the distribution of particles at the end

of inhalation.
[00092] Fortunately, it is possible to further simplify the expression for /;(¥,q) using
: ! i~k k [‘ (x=iry)? 1 2i
. 1= —(x—iny lrlrzdx (14)
,zo e ,/zmrrz
[00093] In order to change to the continuous variable V¢ in equation (14) from the integer

variable k use the equations ¥, (x) = +iC—A——Ii and V (k) =V,
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1 (VT — 2,52
L‘(Vpo) = > [::oe (x=¥ii—nAV)" /207 dx

270,

AV, : : : L .
where o = ﬂz—(-—‘) Letting y = ;T and replacing r,, 2, and AV, with their equivalent in

l g

terms of @, g, p, and ¥, gives

v, 1 orer 022
LEpy= L) == [ & T dyi=12,.,24 (15)
g 2mp ="
I
[00094] The notation for /; has changed to show the dependence on the parameters g and p

in addition to V9. Note that, with the approximation given by equation (14), the dependence on

a is gone. The definition of Iy(¥V),) remains unchanged.

[00095] Since I; gives the fraction of particles that have exited generation i-I (i-
1=1,2,...,23), the fraction of particles in generation i-I at the end of inhalation is ¢; = I..; - I, The

fraction of particles beyond generation 23 is given by q,5 = I,

[00096] To calculate how the particles exit the lung, first assume that all the particles in
the deeper half of generation i-I and shallower half of generation i are all located at the end of
generation i-1. This is the definition of ¢; for i=1,2,...,23. a4 includes all the particles in the
deeper half of generation 23 and beyond. This accounts for all the particles in the lung except

for the particles in the shallower half of generation zero, which should be negligible for the

useful values of Vpp. The explicit formulas are (i.e., letting x = y — 1/ \Jp/i in equation (15))

K_O _ 1 -xn2
a1(£ 7P)—2\/—27E/£:_])/J§e dx

2

1 J‘%‘”/ﬁe-x’/zdx

@ (C2, p) -
' g’ 227 15
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i=2,3,...,23

14
1 Yy, / 2,
gvh 872y

Vo
a,(—=,p)=
w P =g L

[00097] The construction of the conditional probabilities S;(¥;V,) is similar to a;(¥). This
yields
S(ViV,)=8,(V-V,.g°p°)= —c * h (17)
mp
_geV.‘ (i+1)?
[00098] Note that the dependence of S; on ¥ and ¥, and is in the form V-V, The meanings

of g° and p° are the same as used on inhalation. The value of g° is the geometric scale factor for
the volume of the lung on exhalation and p° is the variance factor. The corresponding factors on

inhalation will now be written as g’ and p'.

[00099] The first and second moments of the random variable y; with distribution
Siv.g°p°) will be important for theoretical reasons and for estimating parameters from

experimental data. These moments are

E(y) =gV and E(y})=(gV )| 1+—— (18)
@@+1)
[000100] The system function for mixing in the lung can now be written as (see

equation(7))

o oy
f(v;V,,,g’,p‘,ge,pe)=Zai(g—’,7,p’)S,-(V—V,,,ge,pe)

i=1
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[000101] It can be demonstrated through simulation of f for the reasonable range of

parameter values that for a factor » of order 1

SViV,.rg',p'irgt,p)=fViV,.¢'.p' .85 p°)

Letting r=(g")"

f(V;V,,,l,p'% P)=fWViV, .8\ p g%, p°) (19)

i bl

[OOOlnbééj " The model ShbWs that the exhaled concentration from the lung contains

information only on the relative effective volume g%g’ in addition to p' and p° .

[000103] In view of the mixing in the prelung with volume Vi (see equation (5)), equation

(2) becomes

V)=V, —(V _ [K‘!—i'/—‘ 1V, JJ (20)

Vo4V +V +V, 4V, :
with 24— = Vo Vg 4V, 4V, . Consequently, equation (10) becomes

<+
2 2

e

Eout(V’g_T’pi’pe;VpO)

e

Vo4V
oy par ©1)
g

=3 (15,079,009, -0 +

i=l

[000104] Using equation (21) in equation (6) gives the model prediction for the exhaled

particle concentration measured by the apparatus as
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e e

Cou (V%,p",pe;no) = IEOM,<V,§,p‘,pe;V,,O>K<V—VW. 22)

[000105] The integration in equation (22) is over the interval where c,,, is nonzero.

[000106] It is clear from equation (22) that the parameters to be estimated include ;.—, r,
g

and pe Vo 1s the average vplume qf"p_enetra_tiqn into the lung, whereas V), + Vy is the total
volume of air measured by the apparatus at the end of inhalation. Thus V},, will be known once

V& is known or estimated.

[000107] Let ¢ (V,) denote the actual exhaled concentration measured by the apparatus at

the discrete values V;, i=1,2,...,n. Due to measurement noise, inadequacy of the model, etc, the

relationship between the measured output and the model prediction is

e Wy=c Vi) +e (23)
[000108] At this stage, it is reasonable to use the minimum least squares criterion to
estimate the parameters
e n (4 2
Minimize: F%,p',pe;nmZ}(cf&(%)—cou,(V,.,%,p',pe;V,,w] . (24)
[000109] It is useful to calculate the first two moments of the model prediction cou(V, . . .)
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EWV)= [Ve (V. )dV [ [ (7 ..)dV

E(V =EW)) = [(v=EW)Cpu (V,.)aV [ [0 V,..)AV

[000110] A direct calculation of E(¥) using equation (22) gives

E(V)=V,, +2V, +V2V L& £ 4,0V, (25)
g

[0001 1 1] Recall that the variable Vis related to the vo]ume of air through the machine with
v,
Voth (the center of the c;,(¥) distribution) playing the role of the origin. In arriving at 2

equation (25), the following approximation was used:

24
>, (V,, p W = 4 (p' )V, ~ (1.00919 +0.0688435p" )V,

[000112] The important term in equation (25) i It is approximately Vo

corresponding to the additional volume within which the typical particle exits the lung given that
the volume of penetration into the lung is ¥,9 . The model shows that this value is inflated by the

intrinsic mixing occurring during inhalation ( quantified by the parameter p') and the relative

e

effective volume of the lung _g_T .

g

000113 The direct calculation of E(V-E(V))? gives
[ ] g
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E(WV -E®))

N, | N (26)
=02 +(§-) (B,(p)+ p°B,(p) o2 + V72, +0,-i)—[§;) (4y(P')V,0)?

where o} is defined by equation (5) and o is the variance of the Cj(¥) distribution.

[000114] The functions B,(p') and B;(p") have derivations similar to 4o(®'):

24
> a,V,, p V) =B, (p' W]

i=l
and

V)i
@i+1)?

24
>V, p") ~ B, (p )W} .
=]

[000115] The sample mean ¥ and variance (V —V)® are defined to be

7 =S reh ) St 0
i-1 i=l

and

V=V =2 -Vl W] cht V.

i=]

e

g,. , p', and p° use the

[000116] Therefore, in order to have initial estimates for

approximations E(V)~V and E(V —E(V))* =(V —V)? in equations (25) and (26), and solve

e

for & p' = p°=p (assume p' = p° for simplicity). Use these as starting values in the numerical

i

e

procedures for minimizing £ (g pLpsl ,0) defined in equation (24).

i
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[000117] As a non-limiting example of the method of the present invention, the exhaled
aerosol concentration as a function of volume exhaled can be analyzed by determining the
volume difference at half the peak concentration, as shown in Figure 9. In this method, the
volume exhaled is divided by the volume of penetration. At the volume at which half the peak
concentration is reached and on the increasing slope side of the exhaled concentration profile, the
initial volume value V| is obtained corresponding to the volume coordinate of that point. On the
declining concentration side of the exhaled concentration profile the final volume value V, is
obtained corresponding to the volume coordinate of the concentration point at which the
concentration is half the maximum. The resultant measure of dispersion is therefore V; -V;.
Since each volume value is divided by the volume of penetration, the expected result of V; -V
should be approximately the same for all volumes of penetration as long as the bolus does not
penetrate into the gas exchange region of the lung. Should the result of V, -V, change in a
statistically significant way when compared to previous differentials for smaller volumes of
penetration, the volume of penetration at which that occurs will be deemed the approprate
volume for introduction of a therapeutic aerosol. The output of the apparatus is the concentration

of aerosol ¢,y as a function of volume exhaled V. These two variables can be related by three

parameters as:

oV, s8:0) = [ TV, p' g, PR =1)aV  (27)

where the three parameters are:
p',p° = intrinsic mixing on inhalation and exhalation, respectively; and

g = relative effective volume (i.e., the effective volume of lung on exhalation g°

divided by effective volume of lung on inhalation g").

[000118] These three parameters are determined by comparing the output from the above

Equation (27) to the actual data for various values of the parameters. This is done at a given

volume of penetration ¥ ;.

[000119] Equation (27) is derived by the following method:
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where

a. c,,V,p',g,p°) is compared to the actual data from the apparatus;
b. ¢,, (V) =concentration of particles as a function of total volume measured by the

apparatus upon inhalation, where (¥, <V <V,); and
. &)= ¢, (KW -P)a¥ , where K is to be determined.

One possibility for determining K is the expression:

_(r-rp)
20,21

€ )

1

2o,

V, is the effective volume of the prelung, and o ,is the standard deviation of mixing in

K¥)=

the p‘réluné.

[000120] In addition, coy 1s approximately:

~ i e 224 | ~ ’ ’ i ] VI + Vr e
Coul (Vap 5g9p ) = ( Cin (V )ai (Vp (V )3p )dV )Sl(V _(VpO + VR + 2 )7 g:[’ )
i=1 -

where:

: Vv, .
VP(V)=V,,0+VR+ 5 -V';

. . V,+V,
V_, = volume of penetration for particles at — 2 =

P

V, = volumes from Weibel’s table (see below)i =1,2,..,24, Vo =V, +V, +...+V;;

‘ 1 s ,
a,(,p')= e *dx, ati=l;
)= e

J
)/ s
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1 {VZ‘M "J/ %
I

ai(t’p )= 2\/%( ’ -l]/ L’
Ve i+l

a24(t’pi) = 2\/%

e Pdx, i=23,.23;

e Pdx  ati=24; and

2 [/ 2p°
(i+1)?
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[000121] Moreover, Weibel’s Table discussed above is given by:

V(1)=30.5 | V(9)=4.45 | V(17)=29.7

V(2)=11.25 | V(10)=5.17 | V(18)=41.8

V(3)=3.97 | V(11)=6.21 | V(19)=61.1

V(4)=1.52 | V(12)=7.56 | V(20)=93.2

V(5)=3.46 | V(13)=9.82 | V(21)=139.5

V(6)=3.3 | V(14)=12.45 | v(22)=2243

V(7)=3.53 | V(15)=16.4 | V(23)=350.0

V(8)=3.85 | V(16)=21.7 | V(24)=591.0

{000122] While the above derivations were performed for an aerosol concentration as a
function of time at a constant flow rate, it should be noted that both time and volume are
interchangeable. Thus, volume and dimesionless volume (i.e., the volume of inhalation divided
by the average volume inhaled), could be used in place of time in the above derivation. To

illustrate this concept, a time domain derivation of another element of the invention is presented

below.

[000123] When analyzing the response curves obtained for subjects inhaling aerosol
boluses, background art methods did not account for the non-symmetry of the response curves in
their mathematical treatments. This non-homogeneity of ventilation is not only associated with
diseased subjects but also with healthy subjects as well. Therefore, mathematical models for the
present method of the present invention were designed to treat mixing in both diseased and

healthy subjects and typically include a term for the non-homogeneity of ventilation.
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[000124] The above observations provide for a model formulation beginning with a
hypothetical mixing chamber in which the extent of mixing could be varied. Models of
background art methods have used the simplifying assumption of a Guassian shape for the
response curves exhalation profile. However, the present invention considers the response
curves to be non-Guassian (i.e., asymmetric). The appearance of these non-symmetric response
curves is strikingly similar to a Gamma distribution. Such a distribution is commonly used to
model mixing in stirred reaction vessels. A system of such reaction vessels, when modeled

appropriately, results in the following expression for the exit concentration:

—pt

P o
E(t) = tp_l‘l(p_)_té 'e T (28)
where: t = the exit age of a particle flowing through the
system,
t = the mean residence time of the particles in the
system,;
Et) = the outlet concentration for a given unit impulse of a pulsed tracer; and
r = the gamma function = I['(p) = (p-1)!

[000125] Equation (28) is generally referred to as the “tanks-in-series model,” in which p is
the number of reactors in series. When p = 1, the distribution is exponential and is the standard
distribution expected for a single stirred-tank reactor. As p approaches infinity, the exit time for
all the particles becomes the same, thus approaching a plug-flow condition. For this extreme, the
response becomes increasingly steeper and approaches a normal distribution. This enables a
comparison of the “tanks-in-series” model with other background art dispersion models. Such a
comparison yields an important dimensionless measure, the Peclet number Np,, which is used to

relate the contribution of the convective mixing over the mixing by dispersion. For large p,

Npe = 2p and for small p, Npe = 2(p-1).

[000126] Another important feature of the Gamma Distribution model of Equation (28) is

the potential to add a by-pass loop which accounts for that fraction of the aerosol bolus not
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penetrating the alveolar ducts. In addition, another term can be introduced that models the effect
of increased regional time constants due to obstruction. This assumes that the upper airways
contribute little to the overall ventilation in the lung. Therefore, any aerosol remaining in the
upper airways basically by-passes the ventilation section (i.e., lower airways and alveoli) of the

lung. This accounts for the parallel ventilation. A gamma distribution with a by-pass loop is

given in Equation (28) as:

I
where: 3 = by-pass loop parameter;
t = the exit 'ége ofa p'articl'é flowing through the s'yStem;
t = the mean residence time of the particles in the system;
Eit)yr = the outlet concentration for a given unit impulse of a pulsed tracer with a

by-pass loop; and
r = the gamma function = I'(p) = (p-1)!.

[000127] Variable opening volumes for different lung regions, due either to variable
stresses in an erect subject or to differing products of resistance and capacitance in the pathways,
lead to alveoli opening and filling at different times during the inhalation. Since the regional
time constants increase with obstruction, less aerosol can penetrate the obstructed airways to the
alveoli. Thus, on exhalation this aerosol emerges unmixed by the action of the alveoli. In

addition, the aerosol is also coming from regions with greater time constants that exit more

slowly and over a longer period than normal.

[000128] The parameter describing the fraction of flow that enters the mixing chamber is

defined as letting:

B = Q,/Qg the fraction of flow entering the mixing section; and
t= V/Qrbut, t, = V/Q, = V/BQr = VB

where: t = mean residence time of the entire system;

= mean residence time of the mixing section;

t
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V = volume of the entire system;
Qr =total flow through the system,;
Q; = flow through the mixing section; and

Q; = flow by-passing the mixing section.
Therefore, the mixing in the stirred reactors can be described by:

-pt

P —_—
B(t), =—B)_ (g (30)
t*I'(P)
[000129] However, since t, = t, /B, Equation (30) can be rewritten as:
P “opt
E(t), =_—(@—t(p"')e t, €2}
t'T'(p)

[000130] Equation (30) is the exit-age distribution of the mixing section when there is by-
passing. Defining the reduced time as 8 = t/t , and noting that E(®)r = t E(t)r, the exit age

distribution of the I'-mixing section for a unit impulse is given in terms of reduced time 6 by:

E©); = %e“’“’e‘w" (32)

[000131] Taking the Laplace transform of Equation (31) gives the transfer function for the

mixing section alone as:

_ C,(s) _ pP ’
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[000132] Performing a material balance at the point where the by-pass stream and the

mixing section stream join to form the outlet stream we have:

C2Qi = QiCy + QC. (34)

[000133] Dividing Equation (34) throughout by Q; and rearranging by substituting for f
yields '

CQi=Cip + (1-B)Co (35)

[000134] Taking the Laplace transform of Equation (35) and.dividing throughout by Co(s).
yields:

_G,6) _ G0 _
E(s) = o C0(2)6+(1 py. (0)

[000135] Upon substituting Equation (32) in the above equation, the result for the output of

the composite is:

_Cy(s) | pB B
H(S)—Co(z)—[ﬁpﬁ}ﬁﬂl B). 37

[000136] Now, assuming a delta function type input signal for Cy(s), the inverse transform
of the function shown in Equation (34) then gives the complete system definition for the output
concentration Cy(8) in the time domain from the model predicted for an impulse-type input

signal, where, 8(0) = the dirac delta function and C,(6) is given by:
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C,(0)= [B—l(f)(lli—;p]@‘”"’e"’” +(1-P)3(6) . (38)

[000137] The first term in Equation (38) describes the mixing of the impulse-type input
signal occurring for the amount of air flow entering the mixing chamber accounted for by p. The
second term is purely a by-pass term relating to the amount of air by-passing the mixing

chamber. The by-passed air is instantly detected at the time when the input impulse is given.

[000138] The model parameters p and B can be easily determined from the data collected by
the method of moments. However, when the method was used to calculate p and B for an ideal
impulse, the method failed to estimate correct values of p and B. Therefore, the present invention
performs this parameter estimation function by a curve-fitting technique with the goodness-of-fit

measured by minimizing the sum of the differences squared.

[000139] The ventilation parameter, p, has a minimum value of 1 for complete (i.e.
uniform) mixing. If there is no by-passing (B=1) and for the special case where p= I, then
Equation (37) reduces to the exponential distribution. An increasing value of p is used to model
the effect of increased ventilation or reduced homogeneous mixing. As p approaches infinity, no
mixing occurs and the output distribution becomes identical to the input distribution. This is the
case of perfect ventilation. Increasing values of p also cause the peak-concentration time to
occur later, approaching 6 = 1/B as an upper limit. Since p is actually the number of reactors in
series, the result of increasing the number of reaction vessels in series is to decrease the

completeness of the mixing for a given volume of the system.

[000140] The fraction of flow which enters the mixing section (determined by 3, the by-
pass parameter) is used as a measure of the non-homogeneity of ventilation. The underlying
assumption is that the fraction of flow which does not enter the ventilation section undergoes no
ventilation. That is, based on the assumption that the upper airways contribute relatively little to
the ventilation between tidal and residual air, only the fraction of the aerosol which penetrates
past the upper airways is assumed to undergo ventilation. As the regional time constants
increase, owing to airway obstruction, additional alveoli are recruited along less obstructed

pathways. This causes the aerosol in the inhaled bolus to traverse additional airways and more
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of the air flow stream to by-pass the ventilation section. In other words, a larger fraction of the
aerosol remains in the airways rather than penetrating the airspaces. An analogous situation
occurs when the depth to which the bolus is inhaled in a healthy subject is decreased. The
decreased penetration causes a decrease in the fraction of aerosol penetrating to the airspaces and
a decreased value of B is observed. A decreasing B causes the peak concentration to occur at a
later time, where 0=1 as the lower limit. If an increase in mixing occurs, as should be the case
for decreased penetration, the peak concentration may be offset, resulting in negligible net

movement of the peak.

[000141] Therefore, in individuals with airway obstruction or restriction; (1) when the
aerosol passes an obstructed airway the value of p or B will change; and (2) the volume at which
the change-in p-or-B-occurs-is-the site-of the obstruction-and the-volume-at-which the-therapeutic
aerosol should be injected. In healthy subjects, the values of p and B should be seen to fluctuate
relatively little at any inhaled volume of aerosol bolus, as long as the aerosol is not inhaled into

the gas exchange region of the lung and as long as Equation (37) is solved for the dimensionless

volume.

[000142] Further, as a non-limiting example of the methods discussed above, the diagnosis
of asthma may be done using the content of multiple breaths when a bolus is inhaled on the first
breath only. If the bolus of aerosol penetrates beyond the volume at which airways involved in
asthma occur, trapping of the aerosol will be seen. This trapping phenomena wiil be
demonstrated by the presence of aerosol in subsequent exhalations after the inhalation of the
bolus. Thus, using the method of the present invention, the diagnosis of asthma can be based
upon the presence of aerosol in exhalations where no aerosol was introduced on the inhalation
portion of that breathing cycle and subsequent to the introduction of aerosol in a prior inhalation.
The lowest volume of penetration at which this trapping is seen to initially occur designates the

volume at which therapeutic aerosol should be introduced for alleviation of the symptoms of

asthma.

[000143] Pharmaceutical active agents can also be delivered with the apparatus of the
invention. In the preferred embodiment, the active agent is contained in the aerosol generator,

and is released with the aerosol. The release of the active agent with the aerosol at the
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determined point of the breathing cycle helps to ensure that the active agent is delivered to the
region of obstruction or inflammation in the lung as determined by the apparatus and method of
the invention. Knowledge of the volume of penetration of the aerosol bolus provides the

necessary information to deliver the active agent at the obstruction site.

[000144] It is to be understood that other embodiments may be utilized and structural

changes may be made without departing from the scope of the present invention.
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What is claimed is:

1. An apparatus for measuring lung ventilation, comprising:
a pressure device to measure volume of air flow;

an aerosol-generating device that provides aerosol particles to be released at a determined

point in a breathing cycle;

a detector that measures the concentration of aerosol particles for a given volume during

the breathing cycle; and

a computing device configured to provide lung ventilation data as a function of time

constants.

2. " The aﬁparatus of claim 1, further co'mpri'sing a coupling device conﬁ,c,;uféd to interact

with the computing device and aerosol-generating device.

3. The apparatus of claim 1, wherein the aerosol particles have an average diameter of 0.05

microns to 1 micron.

4. The apparatus of claim 1, wherein the aerosol particles have an average diameter of 0.1

microns to 0.8 microns.

5. The apparatus of claim 1, wherein the aerosol particles have an average diameter of 0.1

microns to 0.6 microns.

6. The apparatus of claim 1, wherein the pressure device comprises a filter, a

pneumotachagraph, and a pressure transducer.
7. The apparatus of claim 2, wherein the coupling device is a 3-way valve.

8. The apparatus of claim 1, wherein the computing device comprises a means for

controlling volume drift.
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9. The apparatus of claim 8, wherein the means for controlling volume drift is connected to

a volume drift control switch.

10.  The apparatus of claim 9, wherein the volume drift control switch is connected to a

mouthpiece.

11. The apparatus of claim 10, wherein the mouthpiece further comprises a sensor switch.

12. The apparatus of claim 11, wherein the sensor switch further comprises a proximity

SCNSor.

13. The apparatus of claim 1, wherein the aerosol comprises one or more natural oils, one or

more synthetic oils, or a blend of one or more natural and synthetic oils.

14. The apparatus of claim 1, wherein the aerosol comprises corn oil, canola oil, MIGOYL or

a mixture thereof.

15. An apparatus for measuring lung ventilation, comprising:
means for measuring pressure data;
means for measuring concentration of aerosol particles;
means for providing an aerosol bolus at a determined point in a breathing cycle; and

means for collecting, computing, storing and displaying data, wherein the computed data

comprises a function of time constants.

16.  The lung ventilation apparatus of claim 15, wherein the means for computing data

includes determining the point in the breathing cycle to inject the aerosol-bolus into an air flow.

17. A method for measuring lung ventilation, comprising:

measuring pressure data and calculating volume of air flows for a plurality of respiratory
cycles;

calculating a volume of penetration;
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providing an aerosol bolus of particles at a determined point in a breathing cycle;
measuring concentrations of aerosol particles; and

calculating a distribution of time constants from the measured particle concentrations.

18. The method of claim 17 further comprising comparing the distribution of time constants

from a patient diagnosed with a respiratory disease and a distribution of time constants predicted

for a healthy individual.

19.  The method of claim 17 wherein calculating volume of air flows comprises integrating

the pressure data of a respiratory cycle as a function of time, and storing the volume data.

20. The method of claim 17 wherein the concentrations of aerosol particles are measured at

provided points of a respiratory cycle following release of the aerosol bolus into the air flow.

21.  The method of claim 20, wherein the concentrations of aerosol particles are measured at

provided points of an exhalation step of the respiratory cycle.

22. The method of claim 17 wherein calculating the distribution of time constants comprises

analyzing particle concentration versus time, volume or dimensionless volume.

23. A method for determining the position of an obstruction in the upper region of the lungs,

comprising the steps of:

a. measuring pressure data and calculating volume of airflow of a breathing cycle;

b. providing a volume of penetration;

c. providing an aerosol bolus at a determined point of the breathing cycle;

d. measuring a concentration values of aerosol particles and calculating time

constants from the volume of penetration and the measured aerosol concentration values;

f. repeating steps b to d using a different volume of penetration; and
g. comparing the calculated time constants from at least two provided volumes of
penetration.
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24,  The method of claim 23, wherein the provided volumes of penetration for an adult is

from 50 cm® to 400 cm>.

25. The method of claim 23, wherein the provided volumes of penetration for a child is from

25 cm’ to 200 cm®.

26. The method of claim 23, wherein the provided volumes of penetration for an infant is

from 10 cm® to 50 cm®.

27.  The method of claim 23, wherein the aerosol bolus is provided at a determined point of a

inhalation step of a respiratory cycle.

28. A method for estimating aerosol particle concentrations, comprising:

measuring inhaled and exhaled aerosol concentrations at discrete values of at least one of

time, volume and dimensionless volume;

estimating initial values for intrinsic mixing on inhalation, intrinsic mixing on exhalation,
effective volume of lung on inhalation, and effective volume of lung on exhalation;

minimizing the estimated initial values;

determining a volume of penetration;

estimating inhaled aerosol concentration as a function of the measured inhaled aerosol

concentration and at least one of K(V) and K(t); and

estimating exhaled particle concentration as a function of the estimated inhaled aerosol

concentration and a probability that a particle exits the lung in a provided volume.

29. The method of claim 28, wherein measuring inhaled and exhaled aerosol concentrations

is performed using discrete values of at least one of time, volumes and dimensionless volumes.

30. The method of claim 28, wherein estimating initial values is performed using a minimum

least squares criterion.
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31.  The method of claim 28, further comprises measuring breath holding time and the effect
of breath holding time on the particle concentration that is exhaled, said particle concentration
being described as a percentage of the inhaled concentration as a function of the volume of

penetration of the aerosol.

32.  The method of claim 28, further comprises determining a total amount or percentage of a
total amount of inhaled particulate material that is exhaled during a breath or in subsequent

breaths after a breath in which the aerosol is inhaled.

33.  The method of claim 28, wherein the aerosol particles are selected from one or more

natural oils, one or more synthetic oils, or a blend of one or more natural and synthetic oils.

34. The method of claim 28, further comprises determining the retention of aerosol inhaled in

a single breath and exhaled over the course of subsequent breaths as a diagnostic indicator of

asthma.

35. The apparatus of claim 15, further comprises determining a total amount or percentage of
a total amount of inhaled particulate material that is exhaled during a breath or in subsequent

breaths after a breath in which the aerosol is inhaled.

36.  The apparatus of claim 15, wherein the aerosol particles are selected from one or more

natural oils, one or more synthetic oils, or a blend of one or more natural and synthetic oils.
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