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ORO-NASAL INHALATION
PLETHYSMOGRAPHY MASK EXPOSURE
SYSTEM

[0001] This PCT international application claims benefit
of U.S. Patent Application Ser. No. 62/292,354 filed on 7
Feb. 2016 with the U. S. Patent and Trademark Office, which
is hereby incorporated by reference.

[0002] This invention was made with support from the
United States Department of the Army. The United States
Government has certain rights in this invention.

I. FIELD OF THE INVENTION

[0003] This invention relates to a system having a chal-
lenge plethysmography mask for an animal in fluid com-
munication with a plenum where the challenge plethysmog-
raphy mask includes an inlet, a pair of outlets and at least
one sensor for measuring pressure within the mask cavity.
The invention further relates to a method for using such a
system.

II. BACKGROUND OF THE INVENTION

[0004] Oro-nasal (face) masks have been used for many
years to deliver anesthetic gases and test articles by inhala-
tion to animals. Correspondingly, several methods are avail-
able to determine respiratory parameters in animals includ-
ing whole-body plethysmography, head-out
plethysmography (body-only), and respiratory inductance
plethysmography (RIP). There have been efforts to develop
and refine the plethysmography equipment and procedures
mentioned above to collect respiratory parameters in real-
time during inhalation exposure. However, each of these
systems present issues that may compromise plethysmog-
raphy and study data integrity. For instance, whole-body
plethysmography is generally practical for rodent species
only and would introduce undesirable dermal and ocular
contamination when used with nonhuman primates and
rabbits. Nonhuman primate head-out plethysmographs have
been interfaced with head-only inhalation exposure cham-
bers but these systems are cumbersome, space consuming,
and prone to leakage. Commercially available rabbit head-
out plethysmographs have slanted face plates will not inter-
face with head-only inhalation exposure systems. Head-out
plethysmography has also been conducted independently
and just prior to inhalation exposure. However, pre-exposure
plethysmography may be highly variable and is dependent,
at least in part, on the anesthetic used and the duration of
anesthesia. Therefore, this procedure is likely non-defen-
sible from a Good Laboratory Practice perspective. RIP is a
relatively new method of collecting respiratory parameters
during nonhuman primate and rabbit inhalation exposures.
However, RIP, was found to underestimate lung volumes at
the start of inspiration and overestimate lung volume at the
end of inspiration in human patients (Stromberg et al.,
1993). It is not clear if this artifact is present when used with
animals. Additionally, the accuracy of respiratory param-
eters as derived from thoracic and abdominal bands, is
subject to natural variability in the relative rib-cage-to-
abdomen contribution, placement on the subject and supine
versus sitting positional effects. Another limitation of RIP
technology, from an inhalation exposure point of view, is
that the system must be calibrated for each animal.
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III. SUMMARY OF THE INVENTION

[0005] The oro-nasal inhalation plethysmography mask
exposure system was designed to combine inhalation expo-
sure with real-time plethysmography. The system in at least
one embodiment eliminates the need for head-out plethys-
mographs and respiratory inductance plethysmography. In at
least one embodiment, the system reduces dermal contami-
nation and eliminates ocular contamination.

[0006] Challenge plethysmography masks fitted with a
differential pressure transducer and signal amplifier accord-
ing to at least one embodiment were calibrated using certi-
fied traceable gas tight syringes. Simulated respiratory vol-
umes of air were introduced into the mask and the resulting
waveforms were recorded and analyzed with and without an
aerosol present. To confirm the functionality of collecting
respiratory tidal volume and frequency, side-by-side com-
parative tests between the challenge plethysmography mask
and a head-out plethysmograph were conducted.

[0007] Inorder to demonstrate the capability of the system
built according to at least one embodiment to generate and
deliver conditioned, respirable aerosol, it was characterized
using a battery of standard tests. An aerosolized saline
solution was used to determine time-t0-99% steady state
equilibrium concentration (Tg), spatial variation (percent
coeflicient variation) between the challenge plethysmogra-
phy and sampling masks aerosol concentrations, and the
aerosol particle size distribution at the masks. This report
describes the components, procedures and results from the
development of this novel system.

[0008] In at least one embodiment, a system includes an
inhalation source; a plenum in fluid communication with the
inhalation source; at least one challenge plethysmography
mask in fluid communication with the plenum, for each
challenge plethysmography mask having a mask having a
cavity in which to receive at least a nose of a test animal, a
delivery conduit in fluid communication with the plenum
and the cavity of the mask, at least one exhaust conduit in
fluid communication with the cavity of the mask and the
plenum, and a pressure sensor attached to the mask to
measure pressure within the cavity of the mask; at least one
processor in electrical communication with the at least one
pressure sensor, the processor configured to process an
output signal of the pressure sensor into respiratory data for
each test animal during an exposure study; and an exhaust
system in fluid communication with the plenum.

[0009] Further to the previous embodiment, the system
further includes at least one sampling mask system in fluid
communication with the plenum and in electrical commu-
nication with the at least one processor. Further to the
previous embodiment, the at least one sampling mask sys-
tem includes a size sampling mask in fluid communication
with the plenum; and an aerosol diluter/APS in fluid com-
munication with the sampling mask and in electrical com-
munication with the at least one processor. Further to the
other embodiments of this paragraph, the at least one sam-
pling mask system includes a concentration sampling mask
in fluid communication with the plenum; an aerosol sampler
in fluid communication with the concentration sampling
mask; at least one filter in fluid communication with the
aerosol sampler and the exhaust system. Further to the
previous embodiment, the size sampling mask and the
concentration sampling mask includes a mask having a
cavity, a delivery conduit in fluid communication with the
plenum and the cavity of the mask, a pair of exhaust conduits
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in fluid communication with the cavity of the mask and the
plenum, the exhaust conduits are located on opposing sut-
faces of the mask, a sealing wall covering an open side of the
mask, and a sampling conduit passing through the sampling
wall and placing a sampling end at a point inside the cavity
of the mask and an attachment end is external to the mask.
[0010] Further to any of the previous embodiments, the
inhalation source includes a compressed gas source; a gas
flow controller in fluid communication with the compressed
gas source; and a nebulizer in fluid communication with the
gas flow controller and the plenum. Further to the previous
embodiment, the inhalation source further includes a second
gas flow controller in fluid communication with the com-
pressed gas source; and a radial mixer in fluid communica-
tion with the nebulizer, the second gas flow controller and
the nebulizer such that the gas flows from the nebulizer and
the second gas flow controller are mixed together prior to
discharge towards the plenum. Further to the previous two
embodiments, the inhalation source further includes a dif-
fusion dryer in fluid communication with the plenum such
that the gas flow from the inhalation source passes through
it prior to entry into the plenum.

[0011] Further to any of the above embodiments, the
exhaust system includes at least one filter in fluid commu-
nication with the plenum; an exhaust gas flow controller in
fluid communication with the plenum such that the exhaust
gas flow controller regulates the flow rate exiting the ple-
num; and a vacuum in fluid communication with the exhaust
gas flow controller to draw the exiting gas flow from the
plenum. Further to any of the above embodiments, each
challenge plethysmography mask having two exhaust con-
duits attached on opposing surfaces of the mask. Further to
the previous embodiments, the two exhaust conduits from a
Y-shaped conduit such that the stem of the Y is in fluid
communication with the plenum. Further to any of the above
embodiments, the at least one challenge plethysmography
mask includes a dental dam over at least a portion of an open
side of the mask and partially enclosing the cavity of the
mask.

[0012] According to at least one embodiment, a challenge
plethysmography mask for use in an exposure system
includes a mask having an open ended cavity in which to
receive a snot of a test animal, a delivery conduit connect-
able to a plenum and in fluid communication with the cavity
of the mask, at least one exhaust conduit in fluid commu-
nication with the cavity of the mask and connectable to the
plenum, and a pressure sensor attached to the mask to
measure pressure within the cavity of the mask.

[0013] According to at least one embodiment, a method
for performing an exposure study of at least one test animal
using an exposure system includes placing the snout of one
test animal into a challenge plethysmography mask having
a delivery conduit connecting the mask to a plenum, at least
one exhaust conduit connecting the mask to the plenum, and
a pressure sensor on the mask to measure a pressure within
the cavity of the mask; creating an environment within the
plenum having material provided by an inhalation source
where the material is being used in the exposure study;
passing the environment through the delivery conduit to the
mask; passing the environment in the mask including expi-
ration from the test animal through the at least one exhaust
conduit to the plenum; sending a pressure signal from the
pressure sensor to a processor; sampling characteristics of
the environment present in the plenum; and calculating, with
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the processor connected to the pressure sensor, a dosage
received by the test animal based on respiration data
obtained from the pressure signal provided by the pressure
sensor and environment characteristics. In a further method
embodiment, the sampling of environment characteristics is
done intermittently on a predetermined schedule or substan-
tially continuously. In a further method embodiment, sam-
pling characteristics includes sampling a concentration of a
material being used in the exposure study. In a further
method embodiment, calculating the dosage includes calcu-
lating the respiratory frequency for the test animal based on
the pressure signal from the pressure sensor, calculating a
minute volume based on the respiratory frequency and a
tidal volume, correlating the characterization data for the
environment with the respiratory information, and determin-
ing the dosage received by the test animal. In a further
method embodiment, the characterization data includes par-
ticle size for the material. In a further embodiment, the
method further includes creating the environment using a
nebulizer attached to a compressed gas source; and pulling
the environment from the plenum using a vacuum.

[0014] In at least one embodiment, the method embodi-
ments can be used with the various system embodiments and
the system embodiments can be used with the various
method embodiments.

[0015] Given the following enabling description of the
drawings, the invention should become evident to a person
of ordinary skill in the art.

IV. BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 illustrates a block diagram according to at
least one embodiment of the invention.

[0017] FIG. 2 illustrates an example of a challenge
plethysmography mask according to at least one embodi-
ment of the invention.

[0018] FIG. 3 illustrates an example of a sampling mask
according to at least one embodiment of the invention.
[0019] FIG. 4 illustrates a block diagram according to at
least one embodiment of the invention.

[0020] FIG. 5 illustrates a schematic according to at least
one embodiment of the invention.

[0021] FIG. 6illustrates a method according to at least one
embodiment of the invention.

[0022] FIG. 7 illustrates an experimental 25 mg/mL NaCl
count particle size distribution.

[0023] FIG. 8 illustrates an experimental 25 mg/mL NaCl
mass particle size distribution.

[0024] FIG. 9 illustrates a Ty, determination for experi-
mental data illustrated in FIGS. 6 and 7.

[0025] FIG. 10 illustrates simulated respiratory wave-
forms that were obtained using a syringe during an experi-
ment.

[0026] FIG. 11 depicts a plethysmography graph for a
non-human primate wearing a challenge plethysmography
mask similar to that illustrated in FIG. 2.

[0027] FIG. 12 depicts a plethysmography graph for a
rabbit wearing a challenge plethysmography mask similar to
that illustrated in FIG. 2.

[0028] FIG. 13 is a flow diagram illustrating a method for
controlling aerosol respiratory exposure according to an
embodiment of the invention.

[0029] FIG. 14 is a flow diagram illustrating a method for
controlling aerosol respiratory exposure according to an
embodiment of the invention.
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[0030] FIG. 15 illustrates a computer program product and
computer implementation according to an embodiment of
the invention.

V. DETAILED DESCRIPTION OF THE
DRAWINGS

[0031] FIGS. 1-5 illustrate different aspects of different
embodiments according to the invention.

[0032] FIG. 1 illustrates a system having an inhalation
source 110, which provides the test article or material being
used in the exposure study, in fluid communication with a
plenum 120. The inhalation may take a variety of forms
including, but not limited to, aerosol, gas, and vapor. The
number of ports present in the plenum 120 dictates the
number of challenge plethysmography masks 130, an
example is illustrated in FIG. 2, and sampling masks 140, an
example is illustrated in FIG. 3, that may attach to the
plenum 120. In at least one embodiment, any unused ports
in the plenum 120 are sealed with, for example, a cover. In
at least one embodiment, each mask 130, 140 includes an
input (e.g., a delivery conduit) and two outlets (e.g., exhaust
conduits), which in at least one embodiment are on opposing
surfaces of the mask, that are in fluid communication with
a mask cavity 131, 141. In a further embodiment, the two
outlets are joined together prior to connection with plenum
120 to reduce the number of ports used for each mask (e.g.,
two ports versus three ports), which leads to additional
masks being able to be attached to a particular plenum. The
at least one challenge mask 130 and the at least one sampling
mask 140 are in fluid communication with the plenum 120.
At least one sampling mask 140 allows for monitoring of at
least one of particle size and aerosol concentration. Fach
challenge plethysmography mask 130 includes a pressure
sensor in electrical communication with a processor 138
such as one present in a computer or other computing device
to facilitate monitoring the pressure within the challenge 100
mask cavity 131 during operation of the system. The plenum
120 is in fluid communication with an exhaust system 150
that facilitates the flow of the inhalation aerosol, gas, vapor
through the plenum 120. The processor 138 based upon the
pressure readings and readings from the at least one sam-
pling mask 140 determines the amount of exposure to the
inhalant by the test animal breathing in the aerosol, gas,
vapor present in the challenge mask 130.

[0033] The inhalation source 110 and the exhaust system
150 may take a variety of forms other than that illustrated in
FIGS. 4 and 5. The inhalation source 110 is representative of
components that are capable of providing an aerosol, gas, or
vapor to be used in exposing test animals attached to
challenge masks 130. Examples of what may be present in
the aerosol, gas or vapor includes, but not limited to,
pharmaceuticals, biologicals, environmental toxins, and
industrial chemicals. Material includes organic and inor-
ganic compounds. Material in at least one embodiment is
material that is not commonly found in the environment and
it is desired to be used for an inhalation study. The exhaust
system 150 is representative of components that are capable
of providing an outlet for the flow of aerosol, gas, or vapor
from the plenum 120. In at least one embodiment, any
aerosol, gas, or vapor that is to exit the system passes
through one or more filters to remove the inhalant material
prior to exiting the system. In an alternative embodiment,
the system further includes an exhaust sink having, for
example, a chlorine bleach reservoir sufficient to kill/neu-
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tralize organic inhalants such as biological aerosols. In a
further embodiment. the exhaust sink replaces one or more
filters.

[0034] FIG. 2 illustrates an example of the challenge
plethysmography mask 130 and FIG. 3 illustrates an
example of the sampling mask 140 that may be used as part
of the system illustrated in FIG. 1, 5, or 6. Both the challenge
plethysmography mask 130 and the sampling mask 140
include an input conduit 122 that runs from a port in the
plenum 120 to the mask and a pair of outlet (or exhaust)
conduits 124 that are on opposing sides of the mask. In at
least one embodiment, the outlet connections are connected
with a T or Y connector prior to connection to a port in the
plenum 120. In at least one embodiment, the two outlet
conduits 124 are located on an opposing surfaces of the
mask to provide a balance exhaust draw relative to the input
conduit 122, which in at least one embodiment is on an
opposing end of the mask to the mask cavity opening 132,
142. In an alternative embodiment, there is just one exhaust
conduit 124 per mask 130, 140. In other alternative embodi-
ments, there are more than two exhaust conduits 124 for
each mask.

[0035] The challenge plethysmography mask 130 illus-
trates a dental dam 133 over the opening end 132 of the mask
to facilitate a seal around the animal’s snout (e.g., nose and
mouth) depending on the animal. Although in other embodi-
ments, the dental dam 133 is omitted when for example the
mask is sized for the animal being tested. The challenge
plethysmography mask 130 further includes a pressure sen-
sor 134 attached to the mask cone at, for example, a
mid-point between the exhaust conduits 124 to provide a
pressure reading of the mask cavity 131 that allows for
measurement of the change in pressure resulting from the
animal’s respiratory activity. The pressure sensor 134 in at
least one embodiment is attached to an amplifier (or other
signal conditioner) 136 prior to being attached to the pro-
cessor 138. Although in at least one embodiment, the
amplifier is omitted.

[0036] The sampling mask 140 includes a sealing wall 143
over the opening 142 of the mask with a sampling conduit
144 passing therethrough. In at least one embodiment, the
sampling conduit 144 is inserted into the mask 140 such that
its sampling end samples near the center of the mask cavity
141. In at least one embodiment, the aerosol, gas, or vapor
is drawn into the sampling conduit 144 with a vacuum to
facilitate the collection of aerosol, gas, or vapor for charac-
terization. An example of the sealing wall 143 is a piece of
Plexiglas or other solid material fitted to the mask opening
142 and sealed in place to prevent leakage.

[0037] FIG. 4 illustrates a systen according to at least one
embodiment.
[0038] The inhalation source 110 is illustrated as including

a compressed gas source 111 that is in fluid communication
with a pair of gas flow controllers 112, 116. In at least one
embodiment, the gas present in the compressed gas source
111 is a predetermined mixture substantially free of inhalant
material beyond what is naturally found in the atmosphere.
One gas flow controller 112 is in fluid communication with
a nebulizer 114, although in at least one alternative embodi-
ment the nebulizer 114 is replaced by other components that
are capable of adding an inhalant material into the gas flow
to create an aerosol. Examples of those other components
include, but are not limited to, compressed gas cylinder, dry
powder aerosol generator, nanoparticle generator, and vapor
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generator. The nebulizer 114 and the gas flow controller 116
are in fluid communication with a radial mixer 118 that is in
fluid communication with a diffusion dryer 119, which is in
fluid communication with the plenum 120. In an alternative
embodiment, the second gas flow controller 116, the radial
mixer 118 and/or the diffusion dryer 119 are omitted.
[0039] FIG. 4 illustrates two examples of sampling masks
140A, 140B attached to different components to measure
different qualities and/or characteristics of the aerosol, gas,
or vapor (i.e., the environment within the plenum 120). The
sampling mask 140A is illustrated as being in fluid commu-
nication to an aerosol diluter and aerodynamic particle sizer
(or APS) devices 145 that determine (or alternatively pro-
vides a signal representative of particle size) the size of the
aerosol particles present in the aerosol present in the plenum
120. In at least one embodiment, the APS 145 is in electrical
communication with the processor to provide an electrical
signal representing its readings. The sampling mask 140B is
illustrated as being in fluid communication to an aerosol
sampler 146 to provide a reading as to the concentration of
the aerosol present in the system. The aerosol sampler 146
is in fluid communication with a filter(s) 147 that remove a
fraction of the aerosol from the gas flow prior to routing the
gas flow to a vacuum 156. In an alternative embodiment,
there is a sampling mask attached to a particle counter,
which in a further embodiment is in electrical communica-
tion with the processor 138.

[0040] The illustrated exhaust system 150 includes a filter
(s) 152 in fluid communication with a gas flow controller
154, which is in fluid communication with a vacuum 156.
The vacuum 156 establishes a flow of aerosol gas from the
plenum 120 into the exhaust system 150 and in at least one
embodiment into the sampling mask 140B and associated
components. As mentioned previously, the filters 146, 152
are present to remove the aerosol material from the gas flow
prior to exhausting the gas flow to a different environment
or further processing/cleaning prior to eventual release to the
atmosphere. An example of the filters 146, 152 is HEPA
filters. The exhaust system 150 may take a variety of other
configurations while still providing in at least one embodi-
ment a negative pressure draw on the plenum 120.

[0041] Inatleast one embodiment, the gas flow controllers
provide regulation for the flow of gas through the inhalation
source 110 and the exhaust system 150 and as such also
through the plenum 120 and the masks 140, 150. In at least
one embodiment, there are a variety of parameters that can
be detected by sensors that may control or at least impact
operation of the gas flow controllers including, but not
limited to, aerosol concentration, aerosol particle size, tem-
perature, pressure, humidity, air flow rate including refresh-
ing the contents of the plenum, etc.

[0042] FIG. 5 illustrates a further embodiment according
to the invention. The compressed gas source 111 is illus-
trated as an air compressor 411 that is in fluid communica-
tion with a regulator 412, which in at least one embodiment
is controlled by at least one controller such as the gas flow
controllers 112, 116 or other computer based controller. The
nebulizer 114 is illustrated as a collision nebulizer that is in
fluid communication with a passive diluter 115 prior to
connection with the radial mixer 118. The diffusion dryer
119 is illustrated as being a quad track diffusion dryer. Also
illustrated in FIG. 5 is a pair of alternative embodiments
represented by valves 148, 149, which in at least one
embodiment are 3-way valves. The valves allows for the
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APS 145 and/or the aerosol sampler 146 to be sample
continuously or intermittently.

[0043] The challenge mask 130 is illustrated as having a
differential pressure transducer 134 (as the pressure sensor)
that is in electrical communication with an amplifier 136,
which in at least one embodiment would have an output
capable of attachment to a computer such as an USB
connector. The processor 138 is illustrated as being part of
a computer 438, which is in electrical communication with
the amplifier 136, which as discussed previously may be
omitted in at least one embodiment. In at least one embodi-
ment, the computer 438 is in electrical communication with
the APS 145 to be able to characterize the aerosol present in
the plenum 120. The characterization of the aerosol when
combined with the respiratory information for the test ani-
mal provides exposure information, which allows for deter-
mination of dosimetry for the test animal to the material
present in the aerosol gas.

[0044] In at least one embodiment, the signal provided by
the pressure sensor 134 to the computer 438 provides
respiratory frequency and tidal volume. The respiratory
frequency when combined with the tidal volume provides a
minute volume. In at least one embodiment, the computer
438 correlates the characterization data for the aerosol gas
with the respiratory information to determine the exposure
information and thus the exposure level by the minute. In an
alternative embodiment, different time lengths (or epochs)
are used. Examples of different time lengths for determining
exposure level include, but are not limited to, 1 minute, 2
minutes, 5 minutes, 10 minutes, and 20 minutes. In a further
alternative embodiment, the exposure time is determined
based on when the animal inhales the target dosage.
[0045] FIG. 6 illustrates a method according to at least one
embodiment of the invention. Based on this disclosure, one
of ordinary skill in the art should appreciate that multiple
animals may be exposed at substantially the same time with
the processor handling multiple signal feeds. In at least one
embodiment, the length of the exposure is determined based
upon the dosage level. As illustrated in FIG. 6, the method
begins with placing the animal’s snot into a challenge
plethysmography mask, 602. An inhalation environment is
created within a plenum, 604. Examples of the ways to do
this are using the variety of approaches discussed above in
connection with FIGS. 1, 4, and 5. The environment is
passed through a delivery conduit to the mask on the
animal’s snot, 606. As referenced previously, multiple
masks may be supplied the environment in the plenum. The
environment in the mask is passed to the plenum through the
exhaust conduit(s), 608. A pressure sensor on the mask sends
a pressure signal to the a processor, 610. The processor
calculates a dosage received by the animal wearing the
particular mask, 612.

[0046] To test the accuracy and ability of the system to
perform, an aqueous 25 mg/mL saline solution compounded
using S3014 bulk NaCl (Sigma-Aldrich, St. Louis, Mo.) and
model W9-1 Ultra Trace Elemental Analysis Water (Fisher
Scientific, Hanover Park, Il1.) was used to determine time-
10-99% steady state aerosol concentration (Tog), system
aerosol concentration homogeneity (spatial distribution) and
particle size distribution. To confirm use of a pressure signal
collected from a ventilated challenge plethysmography
mask and to be integrated into a respiratory waveform, a
certified calibrated model CR1311 100 cm® gas tight syringe
(Hans Rudolph, Inc., Shawnee, Kans.) was used. The
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syringe was connected to the sealed end of the mask using
a Luer-lock fitting such as may be present on a sampling
mask. The mask aerosol delivery and exhaust conduits were
connected to a 12-port plenum. The challenge plethysmog-
raphy mask was ventilated at a volumetric flow rate of 4.0
L/min and a pressure of -0.4 inches water column. For
calibration, a 20 cm? bolus of air was injected into the mask
and the resulting impulse response from the pressure trans-
ducer was captured and processed by 10X Software. To
simulate tidal breathing, 20, 40, and 60 cm® (nominal)
volumes of air were cyclically injected into and withdrawn
from the mask. Respiratory waveforms were recorded and
frequency, tidal volume and minute volume were deter-
mined.

[0047] To demonstrate that respiratory waveforms could
be collected from a ventilated challenge plethysmography
mask in the presence of an aerosol, the 12-port plenum was
set up with a single challenge plethysmography mask and
two sample collection masks. For this test, the challenge
plethysmography and sample collection masks were each
ventilated at a flow rate of 5.0 L/min. The radial mixer was
set at a flow rate of 5.0 L/min. A Model 3321 APS and Model
3302A Aerosol Diluter operating at 5.0 L/min. were config-
ured in series and connected to one sample collection mask.
A 25 mm filter holder was connected to the second sample
collection mask and operated at 2.0 L/min. A 25 mg/mL
saline solution was used to produce the test aerosol. Tidal
breathing was simulated by injecting and withdrawing 40
cm’ (nominal) boluses of air. Respiratory waveforms were
recorded and frequency, tidal volume and minute volume
were determined.

[0048] FIG. 7illustrates the 25 mg/mL NaCl count particle
size distribution. The CMAD equaled 0.7 m and GSD
equaled 1.3. Approximately 83% of the number of saline
particles was less than 1 m and 99.9% were less than 3 m.
The dN/dlogDp was the differential count normalized to
total count within a specified particle size range.

[0049] FIG. 8 illustrates the 25 mg/mL NaCl mass particle
size distribution. The MMAD equaled 1.2 m and GSD
equaled 1.7. Approximately 42% of the mass of saline
particles was less than 1 m and 97% was less than 3 m. The
dM/dlogDp was the differential mass normalized to total
mass within a specified particle size range.

[0050] FIG. 9 illustrates the T, determination. The time
versus particle count “fingerprint” of a saline aerosol data
was plotted as illustrated in FIG. 9. The decay section of the
curve was identified and isolated. A SigmaPlot table was
created in which the initial value was the point in the decay
curve with the most particle counts and the time was set at
0 (zero) minutes. Additional decay curve data were added to
the table and the time was incremented by five seconds. Data
points continued to be added until the particle count was less
than 10. The resulting table was plotted and fit with the
exponential decay, single, 2 parameter equation:

[0051]
[0052]

where k is a rate of change constant and t is time.
The observed Tyg is given by the equation:

1 .
Ty = In 100X 7= = 0.588 min
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[0053] Spatial variation of aerosol from a 25 mg/mI saline
solution in the oro-nasal inhalation plethysmography mask
exposure system was calculated using filter samples. The
mean filter sampler volumetric flow rate for the filter sam-
pler during the temporal variation tests was 2.193 L/min.
The sample collection time was 30 minutes and the volume
of aerosol sampled was 65.79 L. The mean aerosol concen-
tration=0.12030.0006 mg/L (n=3) and the % CV was 0.51.
For total variation tests, the mean filter sampler volumetric
flow rate was 2.150+0.010 L/min. The sample collection
time was 30 minutes and the mean volume of aerosol
sampled was 64.49 L. The mean aerosol concentration=0.
098120.0011 mg/L. (n=3) and the % CV was 1.1. Spatial
variation was 0.9%, as calculated from the following equa-
tion:
CVarial (%1=CV 101 (%)=CV ramporai (%)

[0054] FIG. 10 illustrates the simulated respiratory wave-
forms that were obtained using the syringe. The following

tables illustrate the data that was collected for the simulated
tidal breathing: 20, 40, and 60 mL.

TABLE A

210 £ 1.3 em?
62 £ 5 breaths/min
1289 £ 97 L/min

Mean Tidal Volume =
Mean Frequency =
Mean Minute Volume =

TABLE B

Mean Tidal Volume =
Mean Frequency =
Mean Minute Volume =

419 + 1.5 em?
69 + 6 breaths/min
2909 + 317 L/min

TABLE C

60.7 £ 1.3 cm?
62 = 2 breaths/min
3784 = 136 L/min

Mean Tidal Volume =
Mean Frequency =
Mean Minute Volume =

[0055] Simulated respiratory waveforms from the venti-
lated challenge-plethysmography mask were collected under
two environments: no aerosol and aerosol present. The
aerosolize 25 mg/ml saline solution flowed into the inha-
lation plethysmography mask. The simulated respiratory
waveforms from the challenge-plethysmography mask in
the presence of aerosol were obtained. Data for a simulated
tidal breathing of 40 mL. is present below in Tables D (no
aerosol) and E (aerosol). The percent difference between no
aerosol and aerosol is provided in Table F.

TABLE D
40.6 £ 0.8 cm*min

80 = 9 breaths/min
3237 £ 317 em?

Mean Tidal Volume
Mean Frequency
Mean Minute Volume

TABLE E

404 + 1.3 em¥min
84 + § breaths/min
3373 + 255 cm?

Mean Tidal Volume
Mean Frequency
Mean Minute Volume
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TABLE F
Mean Tidal Volume 0.5%
Mean Frequency 4.9%
Mean Minute Volume 4.1%

[0056] Next, accuracy of the respiratory parameters col-
lected from the challenge plethysmography mask using live
animals was evaluated in direct comparison tests with non-
human primate and rabbit head-out plethysmographs. For
nonhuman primates, a Model PLT_SC_PM cylindrical
Plexiglas plethysmograph (emka Technologies, Falls
Church, Va.) was used. The cylindrical plethysmograph,
with an internal volume of 34.9 L, was leak tested as
previously described (Mokler & White, 1983). Nonhuman
primates were sedated with Telazol (Lot # SEM040115-1,
Zoetis, Florham Park, N.J.) and placed in the head-out
plethysmograph in a dorsal recumbent position. The head of
the animal was gently pushed through an annular orifice in
an 8 mil sheet of rubber dam material that sealed around its
neck. After closing the cylindrical plethysmograph, the
challenge-plethysmography mask was placed over the snout
of the nonhuman primate. For the rabbits, a custom rectan-
gular Plexiglas plethysmograph was used. Alert rabbits were
placed in Cat-Sack Restraints (Four Flags Over Aspen, Inc.,
St. Clair, Minn.) and placed inside the plethysmograph in a
supine position. Similarly, a dental dam collar was placed
around the neck. Respiratory parameters were recorded
simultaneously from the challenge plethysmography mask
and head-out plethysmographs for subsequent analysis.

[0057] FIGS. 11 and 12 depict pressure readings repre-
senting respiratory activity of a test animal (nonhuman
primate and rabbit, respectively). The pressure readings
were obtained from the pressure sensor on the challenge
plethysmography mask illustrated in FIG. 2 used in the
system illustrated in FIG. 5.

[0058] The nonhuman primate exposure (using three test
animals) provided the following respiratory data, tidal vol-
ume, frequency, and minute volume present in Table
G—Head-Out to Plethysmograph, Table H—Challenge
Plethysmography Mask, and Table I—the differences
between the measurements.

TABLE G
v f MV
D (em®) bpm (em®min)
0028 19.0 32.8 452.8
8804 33.8 14.1 479.0
779880 21.6 25.8 557.3
TABLE H
v f MV
D (em®) bpm (cm3/min)
0028 13.8 50.2 365.1
8804 27.0 15.9 552.4
779880 184 325 597.7
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TABLE 1
v F MV
D (em®) bpm (em/min)
0028 5.20 17.4 81.7
8804 6.80 1.8 734
779880 3.20 7 40.4

[0059] The New Zealand White rabbit exposure (using
three test animals) provided following respiratory data, tidal
volume, frequency, and minute volume present in Table
J—Head-Out  Plethysmograph, Table K—Challenge
Plethysmography Mask, and Table L—the differences
between the measurements.

TABLE 1
v f MV
D (em?) bpm (em*/min)
377C 10.4 200 2054
4B08 11.6 189 2150
5 27.2 157 4183
TABLE K
v f MV
D (em®) bpm (cm?/min)
377C 11.0 199 2158
4B08 9.9 190 1828
5 26.1 156 3982
TABLE L
v f MV
D (cm®) bpm (cm*/min)
377C 0.6 1 104
4B08 1.7 1 322

5 1.1 1 201

[0060] The system built according to at least one embodi-
ment of the invention was successfully demonstrated com-
pliance with standard aerosol and inhalation tests T, aero-
sol spatial distribution, and particle size distribution based
on the data shown and discussed above. This system deter-
mined pulmonary parameters in real time during inhalation
challenge using a volume displacement method thus elimi-
nating head-out plethysmographs. In at least one embodi-
ment, multiple animals may be challenged simultaneously
while the challenge plethysmography mask reduces dermal
exposure and eliminates ocular exposure.

[0061] At least one embodiment of the invention provides
an Integrated Modular Bioaerosol Respiratory Exposure
System (IMBRE) that includes a pneumatic/electronic con-
trol box and accompanying control computer program
instructions that can utilize existing aerosol exposure cham-
bers (e.g., COTS nose-only exposure chambers). The
IMBRE (also referred to herein as the “system”) can intet-
face with particle sizing and counting devices that provide
data streams to the computer program instructions, which
can enable the control of exposure duration based on aerosol
particle count (which can be correlated with presented dose).
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[0062] The system can integrate real-time plethysmogra-
phy (greater accuracy for calculating presented dose) via an
isochoric chamber volume displacement method, which may
not require calibration with each animal prior to use. More
specifically, an isochoric mask can be placed over the snout
(mouth and nares) of an animal; and, the mask can be
ventilated with a test/challenge article suspended in breath-
ing quality air (aerosol). The mask can be fitted with a
differential pressure transmitter (DPT) connected to a signal
amplifier, wherein the signal amplifier can be connected to
a computing device with specialized plethysmography com-
puter program instructions. As the animal breathes, positive
and negative (relative) pressure pulses in the mask can be
detected by the DPT, amplified, and reduced to a tidal
volume and frequency by the plethysmography computer
program instructions. The respiratory minute volume can be
calculated as a product of tidal volume and frequency; and,
a cumulative inspired volume can be calculated as the
product of respiratory minute volume and exposure dura-
tion. The cumulative inspired volume can be integrated with
the theoretical aerosol concentration to calculate the desired
(target) inhaled volume of aerosol.

[0063] Additionally, the system can count aerosol particles
and correlate particle counts with presented dose and deter-
mine particle size distribution. This feature can be used to
determine the time required for “dose-calculated” expo-
sures. More specifically, aerosol particles can be diluted and
collected from one sample collection mask using an in-line
aerosol particle counter. Aerosol particles can be collected
from a second sample collection mask using filters and
liquid impingers. Samples from each mask can be collected
over different lengths of time. The filter samples can be
weighed and a mass per unit volume aerosol concentration
calculated. The liquid impinger samples can be microbio-
logically assayed and a count per unit volume aerosol
concentration can be calculated. The mass and count per unit
volume aerosol concentrations can be plotted against the
count data from the in-line particle counter and a math-
ematical regression correlation can be determined. The
mathematical correlation can be used to determine dosim-
etry of subsequent exposures.

[0064] At least one embodiment of the invention provides
a compact and modular system that runs aerosol exposures
using a nose-only chamber, a head-only exposure chamber,
or a whole-body exposure chamber. At least one embodi-
ment of the invention uses a mask system where the system
performs real-time plethysmography (greater accuracy for
calculating presented dose). The system can expose animal
experimental models to biological, chemical, and radiologi-
cal agents for pathogenesis and/or toxicity studies for thera-
peutic, vaccine, and/or prophylactic development. The sys-
tem can also be used to test aerosolized drug formulations in
animal models to facilitate the development of inhalable
drugs within the pharmaceutical industry.

[0065] In at least one embodiment, the system provides
improved spray accuracy, including integrated real-time
plethysmography, particle-based tracking of concentration
(oronasal mask module), real-time adjustment of exposure
time, and/or continuous spray improvement based on pre-
vious run data across all systems (animal, agent, agent
media, etc.). The system may also provide spray analysis
and reporting, integrated calibration of all components,
and/or system health detection and analysis. Specifically, the
system may detect the likelihood of component failure

Jan. 23,2020

before any run and ensure that all components and/or
accessories are in calibration before each spray, where
component heath and calibration can be transferable to other
systems.

[0066] FIG. 13 is a flow diagram illustrating a method for
controlling aerosol respiratory exposure according to an
embodiment of the invention. A differential pressure trans-
mitter in a respiratory exposure mask can detect positive
pressure pulses and negative pressure pulses in the respira-
tory exposure mask 1310. Specifically, a differential pres-
sure transducer can generate a pressure differential wave-
form and transmit the pressure differential waveform to a
processor for further calculation.

[0067] Plethysmography software in the processor can
determine tidal volume and frequency based on the detected
positive and negative pressure pulses 1320. The processor
can also calculate the respiratory minute volume 1330,
which may be a product of the tidal volume and the
frequency. In at least one embodiment, the respiratory
minute volume is an average integral over a respiratory
waveform, where the respiratory waveform is measured,
integrated over time, and averaged.

[0068] The processor can calculate the cumulative
inspired volume 1340, which may be a product of the
respiratory minute volume and an exposure duration. The
cumulative inspired volume can be calculated by integrating
the respiratory waveform over time in real-time until the
desired presented dose is achieved. The processor can also
calculates the desired inhaled volume of aerosol with the
cumulative inspired volume and the theoretical aerosol
concentration 1350. The total presented dose can be an
integral of the product of a concentration function and a
volume function over time when aerosol concentration
changes over time.

[0069] FIG. 14 is a flow diagram illustrating a method for
controlling aerosol respiratory exposure according to an
embodiment of the invention. The method can also deter-
mine aerosol particle size distribution (mass median aero-
dynamic diameter (m)) and geometric standard deviation or
particle counts. An in-line aerosol particle counter can
collect first aerosol particles from a first sample collection
mask for a first time duration 1410. A second sample
collection mask can collect second aerosol particles using
one or more filters and one or more liquid impingers 1420.
The second aerosol particles can be collected for a second
time duration that is different from the first time duration.

[0070] In at least one embodiment, the weights of the
filters in the second sample collection mask is determined
1430; and, a mass per unit volume aerosol concentration is
calculated based on the weights of the filters 1440. Second
aerosol particles from the liquid impinger can be microbio-
logically assayed 1450; and, a count per unit volume aerosol
concentration can be calculated based on the microbiologi-
cal assay 1460.

[0071] The mass per unit volume aerosol concentration
and the count per unit volume aerosol concentration can be
plotted against count data from the in-line aerosol particle
counter to correlate a presented dose with the particle count
1470. A mathematical regression correlation can be deter-
mined based on the plotting of the mass per unit volume
aerosol concentration and the count per unit volume aerosol
concentration against the count data from the in-line aerosol
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particle counter 1480. Dosimetry of subsequent exposures
can be determined based on the mathematical regression
correlation 1490.

[0072] As will be appreciated by one skilled in the art
based on this disclosure, aspects of the present invention
may be embodied as a system, method or computer program
product. Accordingly, aspects of the present invention may
take the form of an entirely hardware embodiment, a pro-
cessor operating with software embodiment (including firm-
ware, resident software, micro-code, etc.) or an embodiment
combining software and hardware aspects that may all
generally be referred to herein as a “circuit,” “module” or
“system.” Furthermore, aspects of the present invention may
take the form of a computer program product embodied in
one or more computer readable medium(s) having computer
readable program code embodied thereon.

[0073] Any combination of one or more computer read-
able medium(s) may be utilized. The computer readable
medium may be a computer readable signal medium or a
computer readable storage medium. A computer readable
storage medium may be, for example, but not limited to, an
electronic, magnetic, optical, electromagnetic, infrared, or
semiconductor system, apparatus, or device, or any suitable
combination of the foregoing. More specific examples (a
non-exhaustive list) of the computer readable storage
medium would include the following: an electrical connec-
tion having one or more wires, a portable computer diskette,
a hard disk, a random access memory (RAM), a read-only
memory (ROM), an erasable programmable read-only
memory (EPROM or Flash memory), an optical fiber, a
portable compact disc read-only memory (CD-ROM), an
optical storage device, a magnetic storage device, or any
suitable combination of the foregoing. In the context of this
disclosure, a computer readable storage medium may be any
tangible medium that can contain, or store a program for use
by or in connection with an instruction execution system,
apparatus, or device.

[0074] A computer readable signal medium may include a
propagated data signal with computer readable program
code embodied therein, for example, in baseband or as part
of a carrier wave. Such a propagated signal may take any of
a variety of forms, including, but not limited to, electro-
magnetic, optical, or any suitable combination thereof. A
computer readable signal medium may be any computer
readable medium that is not a computer readable storage
medium and that can communicate, propagate, or transport
a program for use by or in connection with an instruction
execution system, apparatus, or device.

[0075] Computer program code for carrying out opera-
tions for aspects of the present invention may be written in
any combination of one or more programming languages,
including an object oriented programming language such as
Java, Smalltalk, C++, C #, Transact-SQL, XML, or the like
and conventional procedural programming languages, such
as the “C” programming language or similar programming
languages. The program code may execute entirely on the
user’s computer, partly on the user’s computer, as a stand-
alone software package, partly on the user’s computer and
partly on a remote computer or entirely on the remote
computer or server. In the latter scenario, the remote com-
puter may be connected to the user’s computer through any
type of network, including a local area network (LAN) or a
wide area network (WAN), or the connection may be made
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to an external computer (for example, through the Internet
using an Internet Service Provider).

[0076] Aspects of the present invention are described
above with reference to flowchart illustrations and/or block
diagrams of methods, apparatus (systems) and computer
program products according to embodiments of the inven-
tion. It will be understood that each block of the flowchart
illustrations and/or block diagrams, and combinations of
blocks in the flowchart illustrations and/or block diagrams,
can be implemented by computer program instructions.
These computer program instructions may be provided to a
processor of a general purpose computer, special purpose
computer, or other programmable data processing apparatus
to produce a machine, such that the instructions, which
execute with the processor of the computer or other pro-
grammable data processing apparatus, create means for
implementing the functions/acts specified in the flowchart
and/or block diagram block or blocks.

[0077] These computer program instructions may also be
stored in a computer readable medium that can direct a
computer, other programmable data processing apparatus, or
other devices to function in a particular manner, such that the
instructions stored in the computer readable medium pro-
duce an article of manufacture including instructions which
implement the function/act specified in the flowchart and/or
block diagram block or blocks.

[0078] The computer program instructions may also be
loaded onto a computer, other programmable data process-
ing apparatus, or other devices to cause a series of opera-
tional steps to be performed on the computer, other pro-
grammable apparatus or other devices to produce a
computer implemented process such that the instructions
which execute on the computer or other programmable
apparatus provide processes for implementing the functions/
acts specified in the flowchart and/or block diagram block or
blocks.

[0079] Referring now to FIG. 15, a representative a hard-
ware environment for practicing at least the first embodi-
ment of the invention is depicted. This schematic drawing
illustrates a hardware configuration of an information han-
dling/computer system in accordance with at least one
embodiment of the invention. The system comprises at least
one processor or central processing unit (CPU) 1510. The
CPUs 1510 are interconnected with system bus 1512 to
various devices such as a random access memory (RAM)
1514, read-only memory (ROM) 1516, and an input/output
(I/O) adapter 1518. The I/O adapter 1518 can connect to
peripheral devices, such as disk units 1511 and tape drives
1513, or other program storage devices that are readable by
the system. The system can read the inventive instructions
on the program storage devices and follow these instructions
to execute the methodology of at least one embodiment of
the invention. The system further includes a user interface
adapter 1519 that connects a keyboard 1515, mouse 1517,
speaker 1524, microphone 1522, and/or other user interface
devices such as a touch screen device (not shown) to the bus
1512 to gather user input. Additionally, a communication
adapter 1520 connects the bus 1512 to a data processing
network 1525, and a display adapter 1521 connects the bus
1512 to a display device 1523 which may be embodied as an
output device such as a monitor, printer, or transmitter, for
example.

[0080] The flowchart and block diagrams in the Figures
illustrate the architecture, functionality, and operation of
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possible implementations of systems, methods and computer
program products according to vatious embodiments of the
present invention. In this regard, each block in the flowchart
or block diagrams may represent a module, segment, or
portion of code, which comprises one or more executable
instructions for implementing the specified logical function
(s). It should also be noted that, in some alternative imple-
mentations, the functions noted in the block may occur out
of the order noted in the figures. For example, two blocks
shown in succession may, in fact, be executed substantially
concurrently, or the blocks may sometimes be executed in
the reverse order, depending upon the functionality
involved. It will also be noted that each block of the block
diagrams and/or flowchart illustration, and combinations of
blocks in the block diagrams and/or flowchart illustration,
can be implemented by special purpose hardware-based
systems that perform the specified functions or acts, or
combinations of special purpose hardware and computer
instructions.

[0081] The terminology used herein is for the purpose of
describing particular embodiments only and is not intended
to be limiting of the invention. As used herein, the singular
forms “a”, “an” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the root terms “include”
and/or “have”, when used in this specification, specify the
presence of stated features, integers, steps, operations, ele-
ments, and/or components, but do not preclude the presence
or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof.
[0082] The corresponding structures, materials, acts, and
equivalents of all means plus function elements in the claims
below are intended to include any structure, or material, for
performing the function in combination with other claimed
elements as specifically claimed. The description of the
present invention has been presented for purposes of illus-
tration and description, but is not intended to be exhaustive
or limited to the invention in the form disclosed. Many
modifications and variations will be apparent to those of
ordinary skill in the art without departing from the scope and
spirit of the invention. The embodiments were chosen and
described in order to best explain the principles of the
invention and the practical application, and to enable others
of ordinary skill in the art to understand the invention for
various embodiments with various modifications as are
suited to the particular use contemplated.

[0083] Although the present invention has been described
in terms of particular example embodiments, it is not limited
to those embodiments. The embodiments, examples, and
modifications which would still be encompassed by the
invention may be made by those skilled in the art, particu-
larly in light of the foregoing teachings.

[0084] As used above “in fluid communication” is
intended to indicate that two components are in fluid com-
munication with each other and that fluid is able to pass from
one component to another component directly or indirectly.
[0085] As used above “substantially,” “generally,” and
other words of degree are relative modifiers intended to
indicate permissible variation from the characteristic so
modified. It is not intended to be limited to the absolute
value or characteristic which it modifies but rather possess-
ing more of the physical or functional characteristic than its
opposite, and preferably, approaching or approximating
such a physical or functional characteristic.

2 <

Jan. 23,2020

[0086] Those skilled in the art will appreciate that various
adaptations and modifications of the exemplary and alter-
native embodiments described above can be configured
without departing from the scope and spirit of the invention.
Therefore, it is to be understood that, within the scope of the
appended claims, the invention may be practiced other than
as specifically described herein.

V1. INDUSTRIAL APPLICABILITY

[0087] An oro-nasal inhalation plethysmography mask
exposure system is provided. The provided systems and
methods are particularly suited for providing a plenum in
fluid communication with an inhalation source, and a chal-
lenge plethysmography mask in fluid communication with
the plenum. A processor is configured to process an output
signal of a pressure sensor into respiratory data for each test
animal during an exposure study.
1. A system comprising:
an inhalation source;
a plenum in fluid communication with said inhalation
source;
at least one challenge plethysmography mask in fluid
communication with said plenum, each challenge
plethysmography mask including
a mask having a cavity in which to receive at least a
nose of a test animal,
a delivery conduit in fluid communication with said
plenum and the cavity of said mask,
at least one exhaust conduit in fluid communication
with the cavity of said mask and said plenum, and
a pressure sensor attached to said mask to measure
pressure within the cavity of said mask;
at least one processor in electrical communication with
said at least one pressure sensor, said processor con-
figured to process an output signal of said pressure
sensor into respiratory data for each test animal during
an exposure study; and
an exhaust system in fluid communication with said
plenum.
2. The system according to claim 1, further comprising at
least one sampling mask system including:
at least one sampling mask in fluid communication with
said plenum;
an aerosol diluter/ APS in fluid communication with said
at least one sampling mask and in electrical commu-
nication with said at least one processor; and
wherein said at least one sampling mask system is in fluid
communication with said plenum and in electrical
communication with said at least one processor.
3. (canceled)
4. The system according to claim 2, wherein said at least
one sampling mask system includes
a concentration sampling mask in fluid communication
with said plenum;
an aerosol sampler in fluid communication with said
concentration sampling mask;
at least one filter in fluid communication with said aerosol
sampler and said exhaust system.
5. The system according to claim 2, wherein said at least
one sampling mask includes
a mask having a cavity,
a delivery conduit in fluid communication with said
plenum and the cavity of said mask,
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a pair of exhaust conduits in fluid communication with the
cavity of said mask and said plenum, said exhaust
conduits are located on opposing surfaces of said mask,

a sealing wall covering an open side of said mask, and

a sampling conduit passing through said sampling wall
and placing a sampling end at a point inside the cavity
of said mask and an attachment end is external to said
mask.

6. The system according to claim 1, wherein said inhala-

tion source includes

a compressed gas source;

a gas flow controller in fluid communication with said
compressed gas source; and

a nebulizer in fluid communication with said gas flow
controller and said plenum.

7. The system according to claim 1, wherein said inhala-

tion source further includes

a second gas flow controller in fluid communication with
said compressed gas source; and

a radial mixer in fluid communication with said nebulizer,
said second gas flow controller and said nebulizer such
that the gas flows from said nebulizer and said second
gas flow controller are mixed together prior to dis-
charge towards said plenum.

8. The system according to claim 1, wherein said inhala-
tion source further includes a diffusion dryer in fluid com-
munication with said plenum such that the gas flow from
said inhalation source passes through it prior to entry into
said plenum.

9. The system according to claim 1, wherein said exhaust
system includes

at least one filter in fluid communication with said ple-
num;

an exhaust gas flow controller in fluid communication
with said plenum such that said exhaust gas flow
controller regulates the flow rate exiting said plenum;
and

a vacuum in fluid communication with said exhaust gas
flow controller to draw the exiting gas flow from said
plenum.

10. (canceled)

11. The system according to claim 1, further comprising
an exhaust sink having a reservoir to at least one of kill
organic inhalants and neutralize organic inhalants.

12. The system according to claim 1, wherein each
challenge plethysmography mask having two exhaust con-
duits attached on opposing surfaces of said mask.

13. The system according to claim 12, wherein said two
exhaust conduits from a Y-shaped conduit such that said
stem of the Y is in fluid communication with said plenum.

14. The system according to claim 1, wherein said at least
one challenge plethysmography mask includes a dental dam
over at least a portion of an open side of said mask and
partially enclosing the cavity of said mask.

15. (canceled)

16. A challenge plethysmography mask for use in an
exposure system, said challenge plethysmography mask
comprising:

a mask having an open ended cavity in which to receive

a snout of a test animal,
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a delivery conduit connectable to a plenum and in fluid

communication with the cavity of said mask,

at least one exhaust conduit in fluid communication with

the cavity of said mask and connectable to the plenum,
and

a pressure sensor attached to said mask to measure

pressure within the cavity of said mask.

17. A method for performing an exposure study of at least
one test animal using an exposure system, the method
comprising:

placing the snout of one test animal into a challenge

plethysmography mask having a delivery conduit con-
necting the mask to a plenum, at least one exhaust
conduit connecting the mask to the plenum, and a
pressure sensor on the mask to measure a pressure
within the cavity of the mask;

creating an environment within the plenum having mate-

rial provided by an inhalation source where the material
is being used in the exposure study;

passing the environment through the delivery conduit to

the mask;

passing the environment in the mask including expiration

from the test animal through the at least one exhaust
conduit to the plenum;

sending a pressure signal from the pressure sensor to a

processor;

sampling characteristics of the environment present in the

plenum; and

calculating, with the processor connected to the pressure

sensor, a dosage received by the test animal based on
respiration data obtained from the pressure signal pro-
vided by the pressure sensor and environment charac-
teristics.

18. The method according to claim 17, wherein sampling
characteristics is done intermittently on a predetermined
schedule.

19. The method according to claim 17, wherein sampling
characteristics is done substantially continuously.

20. The method according to claim 17, wherein sampling
characteristics includes sampling a concentration of a mate-
rial being used in the exposure study.

21. The method according to claim 17, wherein calculat-
ing the dosage includes

calculating the respiratory frequency for the test animal

based on the pressure signal from the pressure sensor,
calculating a minute volume based on the respiratory
frequency and a tidal volume,

correlating the characterization data for the environment

with the respiratory information, and

determining the dosage received by the test animal.

22. The method according to claim 17, wherein the
characterization data includes particle size for the material.

23. The method according to claim 17, further compris-
ing:

creating the environment using a nebulizer attached to a

compressed gas source; and

pulling the environment from the plenum using a vacuum.

I S T
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