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7) ABSTRACT

A method of determining a respiratory parameter for a
subject using an indirect calorimeter is provided. The indi-
rect calorimeter includes a respiratory connector for passing
inhaled and exhaled gases, a flow pathway operable to
receive and pass inhaled and exhaled gases having a flow
tube within the flow pathway through which the inhaled and
exhaled gases pass, a flow meter for determining an instan-
taneous flow volume of the inhaled and exhaled gases, a
component gas concentration sensor for determining an
instantaneous fraction of a predetermined component gas
and a computation unit having a processor and a memory.
The method includes the steps of initializing the indirect
calorimeter and the subject breathing into the respiratory
connector if the indirect calorimeter is initialized, sensing
the flow volume of the inhaled and exhaled gases passing
through the flow pathway using the flow meter and trans-
mitting a signal representing the sensed flow volume to the
computation unit. The method also includes the steps of
sensing a concentration of a predetermined component gas
as the inhaled and exhaled gases pass through the flow
pathway using the component gas sensor, and transmitting a
signal representing the sensed concentration of the prede-
termined component gas to the computation unit. The
method further includes the steps of calculating at least one
respiratory parameter for the subject as the subject breathes
through the calorimeter using the sensed flow volume and
the sensed concentration of the predetermined component
gas, and providing the subject with the at least one respira-
tory parameter.
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METHOD OF RESPIRATORY GAS ANALYSIS
USING A METABOLIC CALORIMETER

REFERENCE TO RELATED APPLICATIONS

[0001] This application is a continuation-in-part of U.S.
patent application Ser. No. 09/630,398 filed Aug. 2, 2000,
which claims priority from U.S. provisional patent applica-
tions Serial No. 60/146,898, filed Aug. 2, 1999; No. 60/155,
035, filed Sep. 20, 1999; No. 60/219,241, filed Jul. 18, 2000,
and No. 60/218,863, filed Jul. 18, 2000, the entire contents
of all are incorporated herein by reference.

FIELD OF THE INVENTION

[0002] This invention relates to a respiratory instrument
for measuring metabolism and related respiratory param-
eters by indirect calorimetry and in particular to a method of
respiratory gas analysis using a metabolic calorimeter.

BACKGROUND OF THE INVENTION

[0003] U.S. Pat. Nos. 4,917,108; 5,038,792; 5,178,155;
5,179,958; 5,836,300, and 6,309,360, all to Mault, a coin-
ventor of the present application, are incorporated herein by
reference. These patents disclose systems for measuring
metabolism and related respiratory parameters through indi-
rect calorimetry. These instruments generally employ flow
meters which pass both the inhalations and the exhalations
of a user breathing through the instrument and integrate the
resulting instantaneous flow signals to determine total full
flow volumes. In one embodiment, the exhaled gases gen-
erated by the user are passed through a carbon dioxide
scrubber before passing through the flow meter so that the
differences between the inhaled and exhaled volumes is
essentially a measurement of the oxygen consumed by the
lungs. In an alternative embodiment, the concentration of
carbon dioxide exhaled by the user is determined by passing
the exhaled volume through a capnometer and integrating
that signal with the exhaled flow volume. The oxygen
consumption can then be calculated as the difference
between the inhaled and exhaled volumes minus the exhaled
carbon dioxide volume.

[0004] The scrubber used with certain of these systems
was relatively bulky and required replenishment after
extended usage. The capnometers used with the instruments
to measure carbon dioxide concentration had to be highly
precise and accordingly expensive because any error in
measurement of the carbon dioxide content of the exhalation
produces a substantially higher error in the resulting deter-
mination of the oxygen content of the exhalation.

[0005] Additional approaches to indirect calorimetry and
cardiac output monitoring are disclosed in Mault’s co-
pending applications serial numbers 10/090,984; PCT/
US02/06764; 09/191,782; PCT/US99/02448; PCT/US99/
17553; PCT/US99/27297; and PCT/US00/12745, each of
which are incorporated herein by reference. Thus, there is a
need in the art for a method of respiratory gas analysis using
an indirect calorimeter.

SUMMARY OF THE INVENTION

[0006] The present invention is a method for using an
indirect calorimeter for measuring the metabolic rate of a
subject. The calorimeter includes a respiratory connector
configured to be supported in contact with the subject so as
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to pass inhaled and exhaled gases as the subject breathes. A
flow pathway is operable to receive and pass inhaled and
exhaled gases. A first end of the flow pathway is in fluid
communication with the respiratory connector and a second
end is in fluid communication with a source and sink for
respiratory gases which may be either the ambient atmo-
sphere, a mechanical ventilator, or other gas mixture source.
A flow meter generates electrical signals as a function of the
instantaneous flow volume of inhaled and exhaled gases
passing through the flow pathway. A component gas con-
centration sensor generates electrical signals as a function of
the instantaneous fraction of a predetermined component gas
in the inhaled and/or exhaled gases as the gases pass through
the flow pathway. A computation unit receives the electrical
signals from the flow meter and the component gas concen-
tration sensor and calculates at least one respiratory param-
eter for the subject as the subject breathes through the
calorimeter.

[0007] A method of determining a respiratory parameter
for a subject using an indirect calorimeter includes the steps
of initializing the indirect calorimeter and the subject breath-
ing into the respiratory connector if the indirect calorimeter
is initialized, sensing the flow volume of the inhaled and
exhaled gases passing through the flow pathway using the
flow meter and transmitting a signal representing the sensed
flow volume to the computation unit. The method also
includes the steps of sensing a concentration of a predeter-
mined component gas as the inhaled and exhaled gases pass
through the flow pathway using the component gas sensor,
and transmitting a signal representing the sensed concentra-
tion of the predetermined component gas to the computation
unit. The method further includes the steps of calculating at
least one respiratory parameter for the subject as the subject
breathes through the calorimeter using the sensed flow
volume and the sensed concentration of the predetermined
component gas, and providing the subject with the at least
one respiratory parameter.

[0008] Insome embodiments, the flow pathway includes a
flow tube through which the inhaled and exhaled gases pass
and a chamber disposed between the first end of the pathway
and the flow tube. The chamber surrounds one end of the
flow tbe and forms a concentric chamber.

[0009] Inother embodiments, a flow tube forms part of the
flow pathway and is disposed between the two ends of the
pathway. The first end of the pathway takes the form of an
inlet conduit that extends perpendicularly to the flow tube.

[0010] In some embodiments, the flow pathway includes
an elongated flow tube through which inhalation and exha-
lation gases pass. The flow meter is an ultrasonic flow meter
and includes two spaced apart ultrasonic transducers. The
transducers are each aligned with the elongated flow tube
such that ultrasonic pulses transmitted between the trans-
ducers travel in a path that is generally parallel to the flow
of fluid in the flow tube.

[0011] Yetother embodiments of the present invention are
also disclosed in the following description and the accom-

panying figures.
BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Other advantages and applications of the present
invention will be made apparent by the following detailed
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description of preferred embodiments of the invention. The
description makes reference to the accompany drawings in
which:

[0013] FIG. 1 is a perspective view of a respiratory
calorimeter according to a first embodiment of the present
invention with the calorimeter shown being used by a user;

[0014] FIG. 2 is a perspective view of the first embodi-
ment of the invention;

[0015] FIG. 3 is a perspective view in exploded form of
the first embodiment of the invention;

[0016] FIG. 4 is a cross sectional view of the first embodi-
ment of the invention, taken along lines 4-4 in FIG. 2;

[0017] FIG.5is across sectional view of the first embodi-
ment of the invention, taken along lines 5-5 in FIG. 4;

[0018] FIG. 6 is a perspective view in exploded form of
one embodiment of an oxygen sensor for use with the
present invention,

[0019] FIG. 7 is a cross sectional view of an assembled
oxygen sensor for use with the present invention;

[0020] FIG. 8 is a perspective view of the present inven-
tion with an alternative mouthpiece, shown with the dispos-
able portion removed from the reusable portion;

[0021] FIG. 9 is a cross sectional view of an alternative
approach to constructing an oxygen sensor for use with the
present invention,

[0022] FIG. 10 is a diagram showing the general configu-
ration of a flow tube and ultrasonic sensors according to the
present invention,

[0023] FIG. 11 is a schematic showing the electronic
circuitry for use with an embodiment of an ultrasonic flow
sensing system that may be used with the present invention;

[0024] FIG. 12 is a schematic showing an drive signal and
fluorescence response signal for a fluorescence based oxy-
gen sensor for use with the present invention;

[0025] FIG. 13 is a schematic showing an electronic
configuration for a fluorescence based oxygen sensing sys-
tem for use with the present invention,

[0026] FIG. 14 is a schematic showing the electronic
components of a preferred embodiment of the present inven-
tion;

[0027] FIG. 15 is a diagram generally presenting a pre-
ferred approach to determination of respiratory parameters
and calculation of metabolic rate;

[0028] FIG. 16 is a bar graph showing an example gas
exchange for a single inhalation and exhalation;

[0029] FIG. 17 is a graph showing a series of curved
surfaces representing the change in voltage output of the
oxygen sensor with respect to changes in the partial pressure
of oxygen and an arbitrary second factor;

[0030] FIG. 18 is a graph showing a example of how
calculated metabolic rate for a subject may change during a
test;

[0031] FIG. 19 is a cross sectional view of a second
embodiment of the present invention that is configured for
improved sanitation,
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[0032] FIG.20is a cross sectional view of a third embodi-
ment of the present invention with an alternative configu-
ration for improved sanitation;

[0033] FIG. 21 s a perspective view in partially exploded
form of a respiratory calorimeter according to the present
invention and a hygiene filter module for use with the
calorimeter;

[0034] FIG. 22 is a cross sectional view of the hygiene
filter module of FIG. 21;

[0035] FIG. 23 is a perspective view in partially exploded
form of a respiratory calorimeter according to the present
invention with an alternative embodiment of a mask incor-
porating a hygiene barrier;

[0036] FIG. 24 is a perspective view in exploded form of
the disposable portion of the mask of FIG. 23,

[0037] FIG. 25 is a perspective view in partially exploded
form of a respiratory calorimeter according to the present
invention with a second alternative embodiment of a mask
incorporating a hygiene barrier; and

[0038] FIG. 26 is a perspective view in exploded form of
the disposable portion of the mask of FIG. 25.

DETAILED DESCRIPTION OF THE

INVENTION
[0039] Basic Configuration of Calorimeter
[0040] Referring to FIGS. 1 and 2, a respiratory calorim-

eter according to the present invention is generally shown at
10. The calorimeter 10 includes a body 12 and a respiratory
connector, such as mask 14, extending from the body 12. In
use, the body 12 is grasped in the hand of a user and the
mask 14 is brought into contact with the user’s face so as to
surround their mouth and nose, as best shown in FIG. 1. An
optional pair of straps 15 is also shown in FIG. 1. The straps
provide an alternative to holding the body 12 of the calo-
rimeter 10 with a hand. Instead, the straps can support the
mask and calorimeter in contact with the user’s face.

[0041] With the mask 14 in contact with their face, the
user breathes normally through the calorimeter 10 for a
period of time. The calorimeter 10 measures a variety of
factors and calculates one or more respiratory parameters,
such as oxygen consumption and metabolic rate. A power
button 16 is located on the top side of the calorimeter 10 and
allows the user to control the calorimeter’s functions. A
separate light is located below the power button 16, with the
power button 16 acting as a light pipe so that the button
appears illuminated when the light is on. The light is
preferably used to indicate the status of the calorimeter
before, during, and after a test. A display screen is disposed
behind lens 18 on the side of the calorimeter body 12
opposite the mask 14. Test results are displayed on the
screen following a test.

[0042] Referring now to FIG. 8, a calorimeter with an
alternative respiratory connector, a mouthpiece 20 rather
than the mask 14 of FIG. 1, is shown. The mouthpiece 20
is preferably sized and shaped so that it may be easily
inserted into a user’s mouth and respiration passes through
it. The mouthpiece may be made from a variety of materials,
including silicone. Depending on user preference, a calo-
rimeter according to the present invention may be used with
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either a mask or a mouthpiece. A mouthpiece 20 may be
required for certain users, such as users with facial hair. For
accurate results, it is necessary that substantially all of the
user’s inhalations and exhalations pass through the calorim-
eter. Therefore, when a mouthpiece 20 is used as a respira-
tory connector, it is preferred that a nose clip, not showm, be
used to seal off the user’s nostrils.

[0043] As best shown in FIG. 8, the body 12 of the
calorimeter preferably includes a disposable flow tube por-
tion 22 and a reusable main portion 24. The respiratory
connector, such as mouthpiece 20, connects to the side of the
disposable flow tube portion 22. In use, each user is given a
fresh disposable portion 22 along with the appropriate
respiratory connector 14 or 20. The reusable main portion
may be used with multiple users. The reusable main portion
24 has a recess 26 defined in one side and shaped so as to
accept the disposable portion 22.

[0044]

[0045] Referring now to FIGS. 3 and 4, the mechanical
configuration of the calorimeter 10 will be described in more
detail. FIG. 3 illustrates all components of the calorimeter in
exploded form, with the disposable portion 22 removed
from the recess 26 in the main portion 24. FIG. 4 is a vertical
cross section of the assembled calorimeter with the dispos-
able portion 22 docked in the main portion. Orientations
such as vertical and horizontal are used throughout this
specification. However, it should be understood that these
orientation descriptors are used merely for convenience and
are arbitrary since the calorimeter could be described in
other positions.

[0046] The disposable portion 22 of the calorimeter 10 is
generally elongated in the vertical direction and may be said
to have a generally vertical outward face 28 which remains
exposed when the disposable portion 22 is received in the
recess 26. [n the preferred embodiment, the outward face has
a height of about 75 mm and a width of about 28 mm. An
inlet conduit 30 extends perpendicularly outwardly from this
outward face 28. In the preferred embodiment, the conduit
30 extends about 2 mm from the outward face 28 and has an
internal diameter of about 19 mm. A radial attachment flange
32 is provided adjacent the outer end of the inlet conduit 30
and provides for attachment of a respiratory connector, such
as mask 14, as best shown in FIG. 4. The respiratory
connector is preferably securely attached and sealed to the
attachment flange 32 such as by sonic welding.

[0047] The disposable portion 22 generally consists of an
outer shell 34 with generally vertical side walls and a
vertical flow tube 36 within the shell 34. The flow tube 36
is preferably cylindrical with open upper and lower ends. In
the preferred embodiment, the flow tube has a length of
about 63 mm and an internal diameter of about 12 mm. For
definitional purposes, the flow tube 36 may be said to have
an inner surface 38 on the inside of the tube 36 and an outer
surface 40 on the outside of the tube 36. Likewise, the outer
shell 34 may be said to have an inner surface 42 inside the
shell and an outer surface 44 outside the shell. As best shown
in FIG. 4, the outer surface 40 of the flow tube 36 is spaced
from the inner surface 42 of the outer shell 34 so as to define
a concentric gap between these two components of the
disposable portion 22. The gap varies in width somewhat at
different positions around the tube. However, the gap is
generally at least 5 mm in width at the top of the flow tube

Basic Mechanical Configuration
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36, with the outer surface 40 of the tube 36 and the inner
surface 42 of the shell 34 drafting toward each other slightly,
for molding purposes, as the gap extends downwardly.

[0048] The flow tube 36 and the outer shell 34 are inter-
connected by an annular flange 46 which extends between
the inner surface 42 of the outer shell 34 and the outer
surface 40 of the flow tube 36. The annular flange 46
interconnects the flow tube 36 and outer shell 34 and is
positioned closer to the bottom of the flow tube 36 than to
the top. In the preferred embodiment, the flange 46 is
positioned about 43 mm from the top of the tube 36. The
flange 46 completely seals the outer surface 40 of the flow
tube 36 to the inner surface 42 of the outer shell 34 so as to
define a concentric chamber 48 above the flange 46 and
between the outer surface 40 of the flow tube 36 and inner
surface 42 of the outer shell 34.

[0049] As best shown in FIG. 4, the inlet conduit 30 is in
fluid communication with the concentric chamber 48 as it
intersects and penetrates the outward face 28 of the outer
shell 34 above the flange 46. In the preferred embodiment,
the center of the inlet conduit 30 is about 25 mm from the
top of the outward face.

[0050] Referring again to FIG. 3, the upper end of the
outer shell 34 of the disposable 22 has a pair of sidewardly
projecting, generally horizontal, engagement rails 50. The
recess 26 in the reusable portion 24 of the calorimeter has a
pair of corresponding engagement slots 52, only one of
which is shown. When the disposable portion 22 docks into
the recess 26 of the reusable portion 24, the engagement rails
50 slide into the engagement slots 52 to securely intercon-
nect the disposable portion and the remainder of the calo-
rimeter 10. Springs 54 form part of the engagement slots 52
and push upwardly on the underside of the engagement rails
50. As will be clear to those of skill in the art, the disposable
portion may be made from a variety of materials. In the
preferred embodiment, the disposable is molded from ABS
plastic.

[0051] According to one embodiment of the present inven-
tion, the disposable portion 22 and reusable portion 24 are
designed such that only specifically designed authentic
disposable portions work with the reusable portion. Various
approaches to accomplishing this will be apparent to those
of skill in the art. For example, the disposable portion may
include an authenticating device such as a chip or magnetic
strip that is recognized by the reusable main portion. Pref-
erably, the calorimeter is operable only when an authentic
disposable portion is docked in the reusable portion. Also,
the main portion may include some type of interlock that
physically “recognizes” that a correct disposable is com-
pletely docked, so that a test may not be performed with a
disposable that is incorrectly or incompletely docked. As a
further alternative, the reusable portion may recognize,
record, and/or transmit some type of identification code
associated with each disposable portion. This allows accu-
rate record keeping. Also, specific codes can be assigned to
specific users, allowing the reusable portion to identify
particular users based on the disposable portion being
docked.

[0052] Referring now to both FIGS. 3 and 4, the upper
end of the recess 26 in the reusable main portion 34 is
defined by an upper wall 56. The upper edge of the outer
shell 34 of the disposable portion 22 fits against this upper
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wall 56 and is held in place by the springs 54. A bottom
ledge 58 generally defines the lower end of the recess 26.
The lower end of the outer shell 28 of the disposable portion
22 fits against this bottom ledge 58. Therefore, the upper
wall 56 of the recess 26 generally seals off the upper end of
the outer shell 34 of the disposable portion 22 when the
disposable portion is docked with the reusable portion.
Alternatively, a seal may be provided on the upper edge of
the outer shell 28 or on the upper wall 56 to improve sealing.
Preferably, the sides of the disposable portion 22 also fit
snugly against the sides of the recess 26. It is preferred that
when the disposable portion 22 is docked into the reusable
portion, very little or no respiration gases passing through
the disposable portion leaks through the joints between the
disposable portion 22 and the remainder of the calorimeter
10.

[0053] The bottom of the recess 26 is only partially
defined by the bottom ledge 58. Behind the ledge 58 is an
outlet flow passage 60 defined between the rear edge of the
ledge 58 and the rear wall 62 of the recess 26.

[0054] The flow tube 36 does not extend as far, either
upwardly or downwardly, as the outer shell 34 of the
disposable portion 22. The upper end of the flow tube 36
stops short of the upper end of the outer housing and also
stops short of the upper wall 56 of the recess 26 when the
disposable portion 22 is docked with the reusable portion. In
the preferred embodiment, a gap of about 6 mm is left
between the upper end of the flow tube and the upper wall
56. Therefore, the inside of the flow tube 36 is in fluid
communication with the concentric chamber 48 when the
disposable portion 22 is docked in the reusable portion 24.
The bottom end of the flow tube 36 also stops short of the
bottom ledge 58 of the recess 26. In the preferred embodi-
ment, a gap of about 6 mm is left between the bottom end
of the flow tube and the ledge 58. Therefore, the bottom end
of the flow tube 36 is not blocked off by the ledge 58 and the
inside of the flow tube 36 is in fluid communication with the
outlet flow passage 60 behind the ledge 58.

[0055] Referring to both FIGS. 3 and 4, the reusable main
portion 24 of the calorimeter 10 has an outer housing 64
constructed from multiple pieces. A semi-cylindrical main
housing member 66 defines the side walls of the reusable
portion and the recess 26. A top cap 68 closes off the top of
the main housing member 66 and houses the power button
16. A ventilated bottom cap 70 closes off the bottom of the
main housing member 66. The bottom cap 70 includes an
open grill 72 which is in fluid communication with the outlet
flow passage 60 within the housing. Therefore, respiration
gases and atmospheric air can flow between the area outside
the calorimeter 10 and the area inside the calorimeter by
flowing through the grill 72. A front cap 74 closes off the
front of the main housing member 66, with front being
defined as the side of the calorimeter facing away from the
mask. The front cap 74 houses the lens 19 and has an oval
opening 76 defined therein to allow viewing of the display
screen 18 behind the lens 19. As shown, the main housing
member 66, the top cap 68, the bottom cap 70, and the front
cap 74 are interconnected using a variety of fasteners.
Alternatively, they can be designed so as to snap together,
could be adhesively interconnected, or could be intercon-
nected in other ways. As will be clear to those of skill in the
art, the components forming the outer housing 64 may be
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made from various materials. In the preferred embodiment,
the components are molded from ABS plastic.

[0056] Flow Path

[0057] Referring now to FIG. 4, the flow path for respi-
ration gases through the calorimeter 10 will be described. In
use, when a user exhales, their exhalation passes through the
respiratory connector, through the calorimeter 10, and out to
ambient air. Upon inhalation, ambient air is drawn into and
through the calorimeter and through the respiratory connec-
tor to the user. This flow of respiratory gases is illustrated by
arrows A-G. It should be understood that instead of ambient
air, the calorimeter may be connected to a mechanical
ventilator, or to a alternative gas supply.

[0058] Arrow A indicates flow to and from the user and
into and out of the inlet conduit 30. The inlet conduit 30
interconnects with the concentric chamber 48 so that respi-
ration flowing from the inlet conduit 30 encounters the outer
surface 40 of the flow tube 36 and must therefore turn either
upwardly, downwardly, or around the sides of the outer
surface 40 of the flow tube 36, as shown by arrows B. This
abrupt change of flow direction has several effects. First, the
lower end of the concentric chamber 48 acts as a saliva trap.
That is, excess moisture in a user’s exhalations will tend to
drop out of the exhalation flow and fall to the lower end of
the concentric chamber 48. Secondly, the various routes the
exhalation gas may take, and the changes of direction, helps
to introduce turbulent flow to the flow tube. Turbulent flow
through the flow tube 36 is preferred for flow measurement
purposes. Most importantly, the concentric chamber 48
serves to introduce the respiration gases to the flow tube 36
from all radial directions as evenly as possible. This helps to
allow flow in the flow tube that can be measured linearly
across a wider range of flow velocities.

[0059] Gas flowing from the concentric chamber during
exhalation encounters the upper wall 56 of the recess 26
causing the flow to turn approximately 180°, as shown by
arrows C and D, and flow downwardly through the inside of
the flow tube 36. Flow through the flow tube 36 is indicated
by arrow E. As discussed previously, the bottom end of the
flow tube 36 stops short of the bottom ledge 58. Therefore,
gas flowing down the flow tube 36 during exhalation
encounters the bottom ledge 58 and is deflected around the
ledge and into the outlet flow passage 60 as indicated by
arrow F. From there, exhalation gas may pass through the
grill 72 to ambient air as indicated by arrows G.

[0060] Upon inhalation, gas flows from ambient air
through the grill 72 into the outlet flow passage 60 as shown
by arrow G. From there, it flows around the bottom ledge 58
and into the bottom end of the flow tube 36 as indicated by
arrow F. As shown, an additional concentric chamber 78 is
defined between the outer surface 40 of the flow tube 36 and
the inner surface 42 of the outer shell 34 and below the
flange 46. Upon inhalation, this concentric chamber 78 acts
to create turbulence in the flow, and to introduce gases to the
flow tube from all radial positions as evenly as possible. The
inhalation gases then flow through the flow tube 36 as shown
by arrow E and make a 180° turn as shown by arrows C and
D into the concentric chamber 48. From here they flow into
the inlet conduit 30 as shown by arrow B and into the
respiratory connector as shown by arrow A.

[0061] The above described physical configuration of the
calorimeter 10 takes into consideration multiple, often con-
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tradictory, factors. It is preferred that inhalations and exha-
lations are not restricted as they flow through the calorim-
eter. Experimentation has shown that if inhalation and
exhalation flow encounter any significant resistance, breath-
ing becomes more difficult and the metabolic rate increases.
It is preferred that the calorimeter measure actual metabolic
rate, not a rate artificially elevated by flow resistance. Flow
resistance also leads to a pressure drop through the calo-
rimeter. It is preferred that the pressure drop through the
calorimeter measure less than 3 cm of water at a flow rate of
one liter per second (1 L/s). As a contradictory factor, the
accuracy with which flow rates through the flow tube 36 may
be measured using an ultrasonic flow measurement system
increases as flow velocity increases. However, flow resis-
tance increases with flow velocity. Therefore, there is a
tradeoff between flow velocity measurement accuracy and
flow resistance. Also, a longer flow path allows better
measurement accuracy. However, increasing the flow path
length increases the size of the calorimeter and may increase
flow resistance. The above described configuration provides
an excellent combination of low flow resistance, accurate
flow measurement, saliva removal, and compact packaging.

[0062]

[0063] Referring now to FIGS. 3 and 4, a circuit board 88
is vertically mounted to the inside of the front cap 74 of the
reusable main portion 24 of the calorimeter 10. This circuit
board supports or interconnects with each of the electronic
components of the calorimeter. An oxygen sensor 84 is
mounted to the circuit board near its lower edge and extends
forwardly so that it is positioned immediately behind the
rear wall 62 of the recess 26. An opening 86 in the rear wall
62 allows gases in the flow passage 60 to contact the oxygen
sensor 84. A gasket 87 is positioned between the oxygen
sensor 84 and the back of the wall 62, around the opening
86, to prevent leakage of respiration gases past the oxygen
sensor. A temperature sensor 90, an ambient pressure sensor
92, and a relative humidity sensor 94 are all mounted to the
circuit board 88 in the positions shown. Obviously, these
various sensors may be located in other positions if desired.
As will be clear to one of skill in the art, various types of
sensors may be used to measure temperature, pressure, and
humidity. In one embodiment of the present invention, the
temperature sensor is a thermistor, such as part number
RL1005-5744-103-SA from Keystone Thermometrics, the
pressure sensor is a Motorola sensor, part number
MPX4115A, and the relative humidity sensor is a Honey-
well sensor, part number HIH3605A. A central processing
unit 96 and a speaker for the calorimeter are also mounted
to the circuit board, along with an application specific
integrated circuit (ASIC) 98 that forms part of the ultrasonic
flow sensing system. The display screen 18 and its associ-
ated circuitry is mounted to the front side of the circuit
board, behind lens 19 and aligned with the hole 76 in the
front cap 74, to allow viewing of the display screen 18.

[0064] An upper ultrasonic transducer 80 is disposed in
the upper wall of the recess 26 in the reusable main portion
24 of the calorimeter 10. It is connected to the circuit board
88 by wires, not shown. A lower ultrasonic transducer 82 is
disposed in the bottom ledge 58 and is also connected to the
circuit board 88 by wires, not shown. The ultrasonic trans-
ducers 80 and 82 form part of the ultrasonic flow sensing
system and will be described in more detail hereinbelow.

Electronic Components
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[0065] In the embodiment depicted in FIGS. 3 and 4, a
power supply connector 102 is provided on the circuit board
88 which aligns with a hole 104 in the side of the reusable
portion 24 of the calorimeter 10. In this embodiment, a
power cord, not shown, is connected to the power connector
102 and extends to a plug-in power supply for powering the
calorimeter. Alternatively, the calorimeter may include inter-
nal rechargeable or replaceable batteries in place of, or in
addition to, the power connector. A communication connec-
tor 106 is also mounted to the circuit board 88 and allows
interconnection of the calorimeter 88 with an external device
such as a computer. This communications connector may
take several forms. Alternatively, or in addition, the calo-
rimeter may include one or more wireless communication
devices, such as an infrared (IR) transmitter and receiver,
radio frequency transceiver (Bluetooth or other), or cellular
telephone or modem device. The inclusion of a wireless
communication device allows the calorimeter to transmit
and/or receive data to/from local/remote computing devices,
including via the Internet. A cordless phone may also be
incorporated in the communication, physiological monitor-
ing, and data processing. This and other approaches are
disclosed in Mault’s provisional patent application serial
No. 60/165,166, filed Nov. 12, 1999, and which is incorpo-
rated herein by reference. As a further alternative, the
calorimeter may include a slot for receiving removable
memory cards. Data measured or calculated by the calorim-
eter may be stored on or retrieved from the removable
memory card. The card may later be removed and inserted
into another computing device for transfer and/or further
processing of the data.

[0066] Approaches to Indirect Calorimetry

[0067] As will be clear to those of skill in the art, the
above-described calorimeter provides significant packaging,
air flow, and moisture removal advantages over the prior art.
As will also be clear to those of skill in the art, the actual
measurements and calculations necessary to determine vari-
ous respiratory and metabolic parameters may be performed
in a number of ways. A calorimeter constructed according to
the above description and accompanying Figures may be
configured for use with several of these approaches, as will
be discussed in more detail hereinbelow. Therefore, it should
be understood that the following description of preferred
measurement and calculation approaches are not exhaustive
of the approaches possible with the physical configuration of
the calorimeter thus far described.

[0068] According to a first preferred embodiment of the
present invention, ambient temperature, relative humidity
and pressure are measured as well as inhalation volume and
exhalation volume and oxygen concentration. The remain-
ing factors are either calculated or assumed as necessary. As
will be clear to those of skill in the art, each of these factors
may be measured in a variety of ways.

[0069]

[0070] According to the first preferred embodiment of the
present invention, inhalation and exhalation volume are
measured by instantaneously measuring the flow velocity of
gas through the flow tube 36. Because all inhalation and
exhalation passes through this tube, and the internal diam-
eter of the tube is known, measuring flow velocity in the tube
allows calculation of flow volume. According to the present
invention, flow velocity in the flow tube 36 is measured
using two spaced apart ultrasonic transducers.

Flow Sensing
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[0071] Referring again to FIG. 4, the upper ultrasonic
transducer 80 is supported in the upper wall 56 of the recess
26. The lower ultrasonic transducer 82 is supported in the
bottom ledge 58 at the bottom of the recess 26. As shown,
these transducers are positioned such that ultrasonic pulses
traveling between the transducers 80 and 82 travel parallel
to the flow in the flow tube 36 as shown by arrow E. As will
be clear to those of skill in the art, transmitting ultrasonic
pulses in a direction parallel to fluid flow provides advan-
tages in measurement accuracy.

[0072] Measurement of flow velocity using ultrasonic
pulses is described in U.S. Pat. Nos. 5,419,326; 5,503,151,
5,645,071; and 5,647,370, all to Harnoncourt et al., which
are incorporated herein by reference. In the Harnoncourt
patents, ultrasonic transducers are positioned so as to trans-
mit pulses through a flowing fluid in a direction that has a
component in the flow direction. Specifically, with fluid
flowing through a tube, the transducers are positioned in the
side walls of the tube at an angle such that ultrasonic pulses
are transmitted at an angle to the fluid flow. Flow speed may
be calculated based on the fact that ultrasonic pulses trav-
eling with the flow travel faster while ultrasonic pulses
traveling against the flow travel slower. Mathematical cor-
rections are made for the fact that the ultrasonic pulses are
traveling at an angle to the flow. Preferably, pulses are
alternately transmitted in a direction with the flow and in a
direction against the flow so that a time difference may be
calculated.

[0073] The present invention may use ultrasonic transduc-
ers comprising a metalized polymer film and a perforated
metal sheet. In one preferred embodiment, the ultrasonic
flow measurement system is supplied by NDD of Zurich,
Switzerland and Chelmsford, Mass. The present embodi-
ment combines the use of ultrasonic transducers with a
coaxial flow path in a novel and improved configuration.

[0074] Ultrasonic pulses are transmitted with and against
the direction of flow, resulting in measurement of upstream
and downstream transit times. If the gas flow rate is zero, the
transit times in either direction through the gas are the same,
being related to the speed of sound and distance traveled.
However, with gas flow present, the upstream transit times
differ from the downstream transit times. For constant flow,
the difference between sequential upstream and downstream
transit times is directly related to the gas flow speed.

[0075] FIG. 10 is a simplified illustration of the general
configuration used in the present embodiment. Flow rates
are measured using the pair of ultrasonic transducers, 80 and
82, mounted at opposite ends of a flow path, formed largely
by flow tube 36. To send an ultrasonic pulse, a high voltage
(approximately 200 V) is applied to one transducer, say 80,
and the voltage is then quickly removed. This causes trans-
ducer 80 to resonate at its natural frequency and to function
as an acoustic transmitter. A voltage of approximately 100 V
is applied to the other transducer 82, enabling it to act as an
acoustic receiver (or acoustic detector). The DC bias must be
applied to the receiving transducer 82 in order for it to
generate the maximum electrical signal. The transit time is
the time between the transmission of the pulse from trans-
ducer 80 and detection of the pulse by transducer 82. The
roles of transmitter and detector are then reversed, in order
to measure a transit time for a pulse traveling in the opposite
direction.
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[0076] A series of transit time measurements of the form
U1-D1-U2-D2-U3-D3 are hence obtained, where U and D
refer to transit times for pulses traveling up or down the flow
tube, respectively, and the numbers refer to the sequence of
measurement. (The terms up and down are appropriate for
the configuration shown in FIG. 10; however in other
embodiments the flow orientation may be horizontal,
oblique, etc.). By averaging Ul and U2, we obtain an
estimated up-time at the time D1 was measured by linear
interpolation. To obtain a transit time difference, and hence
flow rate, at the time that D1 was measured, we compare D1
with the average of Ul and U2. Similarly, to obtain a flow
rate at the time U2 was measured, we compare U2 with the
average of D1 and D2. This is but one simple method of
processing the measured data. Other approaches will be
clear to those of skill in the art.

[0077] A schematic of the electronic drive scheme is
shown in FIG. 11. Ultrasonic transducers 80 and 82 are
preferably controlled by an ASIC (application-specific inte-
grated circuit) 98, using transducer control circuitry 110.
The ASIC 98 is used to control the transmission and detec-
tion of ultrasonic pulses, and communicates with the CPU
(central processing unit) 96 of the calorimeter using a serial
UART (universal asynchronous receiver transmitter) oper-
ating at 19.2 Kbaud. A conventional boost converter 112,
regulated by the ASIC 98, is used to generate a high voltage
in the range 190-230 V (DC) from the low voltage (5 V)
supply 114. The high voltages are required to operate the
ultrasonic transducers. The low voltage supply 114 also
powers other device elements. Other electronic control
schemes with similar functionality may be used.

[0078] A command is sent from the CPU 96 to the ASIC
98 to start the flow measurements. The ASIC, through
control circuitry 110, applies 200 V to one transducer (say
80). This voltage is then discharged, causing an approxi-
mately 35 kHz (resonant frequency of the transducer) pulse
to be emitted. At the same time, 100 V is applied to the other
transducer 82. A 10 MHz clock within the ASIC 98, con-
trolled by a crystal 116 associated with the ASIC, drives a
100 MHz counter that counts in 10 ns increments starting
from the time the pulse is sent. When a 35 kHz signal is
received from the detecting transducer 82, the count is
stopped, and the transit time value (in the form of a number
‘N’ of 10 ns time intervals) is sent to the CPU 96 using the
serial connection. Every 5 ms, the acoustic transmitter and
acoustic receiver switch roles, so that an ultrasonic pulse is
then transmitted in the opposite direction along the flow
path.

[0079] A typical transit time in the present embodiment is
220 ws, or 2200x10 ns time intervals, in which case the
number 2200 would be sent to the CPU as a data byte.
Transit time data are sent from the ASIC to the CPU over the
UART. An interrupt service routine is used to capture the
serial bytes as they are received by the CPU.

[0080] Transit times for pulses traveling up and down the
flow tube (up-times and down-times) and the difference
between sequential measurements are stored in three sepa-
rate buffers. The difference buffer is used to zero the device,
so that the flow reading is zero for no actual flow. The
difference buffer is also used to detect inhale, exhale, and
no-flow states. There are additional instrumental delay times
in the transit time measurement process, typically approxi-
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mately 20 us. These may differ for up-time and down-time
measurements, and can be compensated for by subtracting
the delay from the transit time data.

[0081] A software process is used to calculate the flow
values, using the method of averaging e.g. two up-times and
comparing with the intervening down-time (as discussed in
more detail earlier). The flow values are combined with the
cross-sectional area of the tube (113 mm*® in the presently
preferred embodiment), path length (distance between the
transducers, 76 mm in the presently preferred embodiment),
and calibration factors for up-flow and down-flow to obtain
flow rates as well as linearization constants. The flow rates
are summed over exhalation or inhalation periods to obtain
flow volumes.

[0082] In the present preferred embodiment, the interrupt
service routine of the CPU is used to form cumulative sums
of up-times and down-times for storage in separate buffers.
The software process samples these periodically, e.g. every
100 ms (20 samples). This effectively averages the flow rate
measurements, leading to higher resolution in the calculated
flow volumes. In the present preferred embodiment, the
resolution in measured flow volume is approximately 0.9
ml/s per individual measurement, or approximately 0.045
ml/s for an average of 20 readings.

[0083] Other embodiments are possible. For example,
ultrasonic flow sensors may be obtained from other sources.
Some sensors use the sing-around method of flow rate
determination. Ultrasonic pulses are transmitted along the
flow path from one transducer to the other, a new pulse being
sent once the previous pulse has been received. The fre-
quency of pulse sending is related to the transit time along
the tube. The role of transmitter and detector are reversed
after some time, or some number of pulses, and a train of
pulses is sent along the flow path in the opposite direction,
a new pulse being sent once the previous pulse is detected.
A new frequency of pulse sending is measured. Hence the
equivalent of up and down times are determined from the
frequency measurements, and can be treated as described
above.

[0084] Micromachined ultrasonic transducer arrays are
available from Sensant of San Jose, Calif. These sensors
have the advantage of low noise, high frequency range,
potentially lower drive voltages, and have advantages for
use in the present invention. For example, pulse repetition
rates may be higher, allowing instantaneous flow rates to be
measured more frequently (i.e. with higher resolution),
giving more accurate integrated flow volumes. Microma-
chined temperature, pressure, and humidity sensors may be
integrated into the ultrasonic arrays, allowing the effects of
these environmental factors on ultrasonic transducer perfor-
mance to be compensated. For example, distortion of micro-
machined structures due to environmental effects may be
monitored using electric capacitance. Using an array, or a
number of arrays, transit time variations over the lateral
dimension (perpendicular to flow direction) of the flow tube
may be measured (cross-sectional flow imaging) and inte-
grated. Different sensors on the array may be used as
transmitters and detectors at the same time, allowing
upstream and downstream transit times to be measured
simultaneously, so that averaging methods are not required.

[0085] As will be clear to those of skill in the art, other
approaches to flow sensing may also be used in place of, or
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in addition to, the ultrasonic flow sensing on the preferred
embodiment. For example, flow rates may be determined
using tiny impellers in the flow path, hot wire based mass
flow meters, and pressure differential type flow meters. As
will be clear to those of skill in the art, the present preferred
embodiment could be adapted to use these or other
approaches to flow measurement.

[0086]

[0087] As mentioned previously, the oxygen concentra-
tion of the exhalation flow is also measured in the present
invention. Specifically, instantaneous oxygen concentration
is measured at the same time as flow is measured. By
“Instantaneous” it is meant that the oxygen sensing has a
very fast response time. Preferably, the response time of an
oxygen sensor for use with the present invention is 100 msec
or less. In some embodiments, the response time is 30-40
msec or less.

[0088] Oxygen concentration may be measured in a vari-
ety of ways. In the presently preferred embodiment of the
present invention, a fluorescence-based oxygen sensor is
used to determine the partial pressure of oxygen in the
exhalation.

[0089] As best shown in FIGS. 4 and 5, the oxygen sensor
84 is mounted adjacent a window 86 in the back wall 62 of
the recess 26. This places the oxygen sensor 84 in contact
with the inhalation and exhalation gases passing through the
outlet flow passage 60. This positioning also exposes the
oxygen sensor to a turbulent flow of gas, which is preferred.

[0090] Fluorescence based oxygen sensors are known in
the art, for example as described by Colvin (U.S. Pat. Nos.
5,517,313; 5,894,351; 5,910,661; and 5,917,605; and PCT
International Publication WO 00/13003, all of which are
incorporated herein by reference). A sensor typically com-
prises an oxygen permeable film in which oxygen-indicating
fluorescent molecules are embedded. In U.S. Pat. Nos.
5,517,313 and 5,894,351, Colvin describes sensors using a
silicone polymer film, and suggests using a ruthenium
complex, tris(4,7-diphenyl-1,10-phenanthroline)ruthenium
(I1) perchlorate, as the oxygen indicator fluorophore mol-
ecule. The orange-red fluorescence of this ruthenium com-
plex is quenched by the local presence of oxygen. Oxygen
diffuses into the oxygen permeable film from the gas flowing
over the film, inducing fluorescence quenching. The time
response of the quenching effect, relative to concentration
changes of oxygen in the gas outside the film, is related to
the thickness of the film. Thin films are preferred for a rapid
response, as described in U.S. Pat. No. 5,517,313.

[0091] Referring now to FIGS. 6 and 7, the fluorescence
based oxygen sensor used in the present embodiment is
shown generally at 120. FIG. 6 is an exploded view and
FIG. 7 is a cross sectional view. The presently preferred
sensor is supplied by Sensors for Medicine and Science,
Inc., based on the technology described in the Colvin
patents. A circuit board 144 has a plurality of pins 149
extending downwardly for interconnecting the sensor 120,
both mechanically and electrically, with the main circuit
board 88 in the calorimeter. An LED 132 is mounted
generally to the center of the top of the circuit board. A pair
of photodiodes 134 and 136 are also mounted to the top of
the circuit board 144. The photodiodes 134 and 136 are
mounted symmetrically on opposite sides of, and a short

Oxygen Sensor
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distance from, the LED 132. An optical filter is mounted on
top of each photodiode; filter 138 is mounted on photodiode
134 and filter 140 is mounted on photodiode 136. The optical
filters are bonded to the photodiodes with an optically clear
adhesive.

[0092] A heat spreader 142, preferably a thin copper sheet
with downturned edges, is mounted to the top of the circuit
board. The heat spreader has a downwardly extending foot
143 at each of its four corners, each of which engage a hole
145 in the circuit board 144. The feet 143 and the down-
turned edges of the heat spreader 142 support the central
portion of the heat spreader 142 a short distance above the
circuit board 144, leaving a gap therebetween. The LED
132, the photodiodes 134 and 136, and the filters 138 and
140 are disposed in this gap between the circuit board 144
and the heat spreader 142. Two round holes 146 are cut in
the heat spreader, one hole being directly above each of the
photodiodes 134 and 136. Two pieces of glass substrate 128
and 130 are mounted to the top of the heat spreader 142, with
one piece being mounted directly on top of each of the holes
146. As shown, these pieces of substrate 128 and 130 are
square. A circle of fluorescent film is formed on top of each
of the pieces of substrate; film circle 122 is formed on
substrate 128 and film circle 124 is formed on substrate 130.
A gas impermeable glass cover 126 is disposed over film
circle 124 and bonded to the glass substrate 130 with epoxy
125. Therefore, film circle 124 is sealed in by the cover 126
above and the epoxy 125 at the edges. This results in one of
the film circles, 122, being exposed to the surrounding
atmosphere, while the other film circle, 124, is sealed in and
not exposed. Therefore, film circle 124 does not react to
changes in oxygen concentration while film circle 122 does.
Film circle 122 will be referred to as a sensing region and
film circle 124 will be referred to as a reference region.

[0093] Referring again to FIG. 7, the gap between the
circuit board 144 and the heat spreader 142, as well as the
holes 146, are filled with an optically clear waveguide
material 141. The waveguide material 141 serves to opti-
cally couple the LED 132 to the glass substrates 128 and
130, making the substrates an integral part of the waveguide.
The waveguide material also optically couples the sensing
region 122 and reference region 124 to the filters 138 and
140 and the photodiodes 134 and 136. The result is a
continuous optical waveguide that optically couples these
components. Suitable waveguide materials are manufac-
tured by Norland Products of New Brunswick, N.J. , and by
Epoxy Technology of Bilerica, Mass., the latter under the
name EPOTEK®.

[0094] In order to avoid problems with condensation
forming on the sensing region 122 and the reference region
124, the regions are preferably both warmed using the heat
spreader 142. For this purpose, small heaters 148, compris-
ing resistors, are mounted to the circuit board 144 adjacent
each of the foot mounting holes 145. The heat spreader feet
143 are soldered into the holes 145, and to the heaters 148
so that heat is transferred into the spreader. A thermistor 147
is mounted to the circuit board 144 in a position such that it
contacts one of the downturned edges of the heat spreader
142 when the sensor is assembled. The thermistor 147 may
be soldered to the edge to improve heat transfer. The
thermistor 147 is then used to monitor the temperature of the
heat spreader 142, and the heaters 148 are controlled so as
to maintain a generally constant temperature. An EEPROM
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155, containing calibration data for the oxygen sensor, is
mounted to the underside of the circuit board 144.

[0095] The fluorescent films 122 and 124 are formed by an
oxygen permeable film containing oxygen-indicating fluo-
rescent molecules, such as ruthenium complexes. In the
presently preferred embodiment, the oxygen permeable
films are a porous glass, such as sol-gel.

[0096] Radiation from the LED 132, preferably a blue
light-emitting diode (LED), is transmitted to the sensing
region 122 and the reference region 124 by the optical
waveguide material 141. The wavelength emission of the
LED 132 is chosen to induce fluorescence from the fluo-
rescent film regions 122 and 124; other wavelengths may be
used with other fluorophores. Orange-red fluorescence emis-
sions from sensing and reference regions are detected by the
two photodiodes. Photodiode 134 detects fluorescence from
the reference region 124, and photodiode 136 detects fluo-
rescence from the sensing region 122. The photodiode
outputs are fed into high-speed transconductance amplifiers,
as described below. The optical filters 138 and 140 overlie
the photodiodes, to pass the orange-red fluorescence radia-
tion while rejecting other wavelengths, in particular blue
radiation from the LED. The optical filters 138 and 140 may
be made an epoxy coating, a glass filter, or a polymeric-
based sheet material. Preferably, a prefabricated polymeric-
based sheet material is used. The emissions from the LED
132 and the fluorescence emissions from the films 122 and
124 pass through holes 146 in the plate 142. Preferably, the
film circles 122 and 124, the holes 146, and the active areas
of the photodiodes 134 and 136 are all circles of similar
diameter.

[0097] During oxygen sensing measurements, the sub-
strates 128 and 130 and sensing region 122 and reference
region 124 are maintained at approximately 45° C. to reduce
problems associated with moisture condensation. The heat-
ing of the substrate is achieved by passing electrical current
through the four surface-mounted resistors 148. The tem-
perature of the copper plate 142 is monitored by the ther-
mistor 147, allowing the heating current through the resis-
tors and temperature to be regulated. If moisture was
eliminated from the gas flow by some means, e.g. chemical
drying, water absorbing/adsorbing substances, membranes,
filters, foam sheets, etc., or prevented from condensing on
the fluorescent film, such as by some surface treatment (an
oxygen-permeable hydrophobic film or other approaches),
then the oxygen sensor need not be heated. Temperature
stability is improved by heating, however the oxygen sen-
sitivity is better at lower temperatures.

[0098] The radiation output of the LED is preferably
modulated using an electrically modulated drive current. A
modulation frequency of 2 kHz is used in the presently
preferred embodiment. Other modulation frequencies, such
as 1-10 kHz, may be used. The present embodiment deter-
mines oxygen partial pressure based on fluorescent intensity
measurements, in which the decrease in fluorescence inten-
sity due to oxygen quenching is detected. The less oxygen
that is present, the more fluorescence that will be detected,
the more oxygen, the less fluorescence. Each time the LED
132 is illuminated, there is a fluorescence response, the
intensity of which varies depending on the amount of
oxygen that is present. As known to those of skill in the art,
the fluorescence response is not instantaneous, but rather
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there is a lag before the fluorescent material fluoresces in
response to illumination by the LED 132. Likewise, there is
a lag between the time the LED 32 is turned off and the time
that fluorescence stops. This is known as decay time. Pref-
erably, the time period of the applied modulation is chosen
to be significantly greater than the fluorescence decay time.
FIG. 12 shows schematically an example of a possible
applied radiation intensity vs. time signal (the squarewave
signal 150), along with a possible fluorescent response
signal (the rounded signal 152). In the current embodiment,
the time period of the squarewave is of the order of 0.50
msec, whereas the fluorescence decay time is on the order of
3 usec (0.003 msec). An alternative approach to determining
oxygen concentration is based on detecting changes in the
fluorescence decay time, using e.g. measurements of the
phase delay of a fluorescence signal relative to the excitation
signal. For example, in FIG. 12, the phase delay of the
fluorescence decay may be measured so as to correspond to
the period shown as “a”. This phase delay varies with
oxygen concentration and may therefore be used as an
indicator of oxygen concentration. In such fluorescence
decay measurements, higher modulation frequencies may be
used. The intensity modulation of the LED output may also
be sinusoidal. The thickness and porosity of the fluorescent
films may also be adjusted to control the diffusion-limited
response time of the fluorescence signals.

[0099] Signals from the photodiode 136 (the sensing
region signal) and photodiode 134 (the reference region
signal) are passed through similar amplifying, filtering, and
demodulation stages to obtain DC signals corresponding to
the fluorescence intensity from both regions. If the reference
signal and the sensing signal are of different levels at zero
oxygen concentration, their respective gains in the amplifier
stage may be adjusted to compensate. After amplification
and conversion to DC, the sensing region signal and the
reference region signal are compared to obtain a signal that
is theoretically independent of error sources such as tem-
perature change, LED intensity changes, etc. In the present
embodiment, this comparison takes the form of:

Signal=Sensing Region-K*(Reference Region—Refer-

ence Baseline)
[0100] where K is an experimentally determined constant.
Alternatively, the two signals may be ratioed.

[0101] FIG. 13 shows a schematic diagram of the pro-
cessing of the signal from photodiode 136. The signal enters
at 156, is passed through a high pass filter 158 to remove DC
and low frequency ambient light produced signals (e.g. low
frequency stray light from electric lamps), and is passed to
an inverting AC amplifying stage 160. The AC signal is
passed through another high-pass filter 162 into another
amplifying stage 164. The amplified AC signal is then
demodulated using an analog switch 166 (based on an
Analog Devices chip ADG719BRM, though other devices
may be used). This switch alternates between the signal
when the LED is on, and a constant reference voltage (used
as the virtual ground for the amplifying stages, shown input
at 168) when the LED is off. The following amplifying stage
170 alternates between a gain of 0.5 and -0.5, demodulating
the signal. The signal is then passed through a further
amplifying stage 172 and a low pass filter 174. The use of
such a scheme, sometimes termed a synchronous amplifier,
or lock-in amplifier, considerably improves the signal to
noise ratio. This is a conventional technique, and other
schemes may be used.
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[0102] To compute the actual signal due to the oxygen
sensor, a baseline measurement is first made with the LED
turned off. The signal obtained with the LED turned on (and
modulated) is read and subtracted from the baseline to find
the final oxygen sensor signal.

[0103]

[0104] FIG. 14 shows a simplified schematic of the calo-
rimeter, in terms of its electrical configuration. The calo-
rimeter has a central processing unit (CPU) 96 which
controls the overall operation of the device.

[0105] The oxygen sensor, shown generally at 120, com-
prises a blue LED 132, a fluorescence quenching oxygen
sensing region 122, a fluorescent reference region 124, a
thermistor 147, a heater 148, and an EEPROM 155 contain-
ing calibration data for the sensor 120. The LED 132
receives a modulated drive current, controlled by oscillator/
modulator 153.

[0106] The ultrasonic transducers 80 and 82 are controlled
by the ASIC 98, using control circuitry 110 to direct signals
and high voltage from high voltage source 112 to the
sensors, and to pass detected ultrasonic pulses to the ASIC
98. The ASIC 98 and CPU 96 are connected by a serial
UART.

[0107] When the device is turned on, by pressing the
switch 178, the CPU directs the heater 148 to warm the
fluorescent regions to approximately 45° C. An indicator
light 176 shows a warming up state. The temperature of the
oxygen sensor is monitored by the thermistor 147. During
this period, the unit calibrates the oxygen sensor and a
zero-flow test is performed, as explained later. When the
sensor temperature is stabilized, as determined by the CPU
from thermistor readings, the light 176 indicates that the
device is ready to use.

[0108] Once the device is ready to start the breath analysis,
the person breaths through the device, and the flows of
inhaled air and exhaled gas are monitored by the ultrasonic
transducers 80 and 82. Flow through the unit triggers data
recording. Flow volumes are calculated by the CPU from
serial data received from the ASIC. The ASIC determines
the time between sending an ultrasonic pulse from one
transducer, and receiving it using the other.

[0109] The oxygen sensor provides two electrical signals
from photodiodes 134 and 136, both modulated at the same
frequency as the LED 132. The signal from photodiode 134,
due to fluorescence from the reference region 124, is inde-
pendent of oxygen partial pressure in the gas flowing over
the reference region. The signal from photodiode 136, due to
the oxygen sensing region 122, is reduced in intensity
(quenched) by the presence of oxygen at the sensing region.
The signals from the two photodiodes are passed through
similar filtering, amplification, and demodulation stages 180
and 182, to provide two respective DC voltage values,
passed to the CPU via the analog-to-digital converter
(ADC). The comparison of the two signals eliminates envi-
ronmental effects (e.g. temperature, LED intensity), and is
used to determine oxygen concentration by the CPU.

[0110] Using the calculated flow volumes and oxygen
concentrations, the person’s rate of consumption of oxygen
is calculated by the CPU. From this, the person’s metabolic

Electronic Circuitry and Components
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rate, in the form of Kcal/day, is calculated and displayed on
the liquid crystal display 18, using LCD control circuitry
184.

[0111] The CPU also receives voltage signals from envi-
ronmental sensors; temperature sensor 90, pressure sensor
92, and temperature sensor 94. These signals are also used
in the calculations, as described below. Calculation of Meta-
bolic Parameters

[0112] As will be clear to those of skill in the art, there are
a number of ways to determine metabolic parameters such as
VO, (volume of oxygen consumed) and RMR (resting
metabolic rate). As mentioned previously, the presently
preferred approach to determining metabolic parameters
uses measurements of ambient temperature, pressure and
humidity along with inhalation volume, exhalation volume,
and oxygen concentration in the exhalation.

[0113]

[0114] VO,, the amount of oxygen consumed, is the
difference between the amount of oxygen inhaled and the
amount of oxygen exhaled. It is also desirable to determine
VCO,. VCO, is the volume of the carbon dioxide produced
by the body and is the difference between the amount of
carbon dioxide exhaled and the amount of carbon dioxide
inhaled. RMR may be calculated once VO, and VCO, are
known. Alternatively, certain assumptions may be made
concerning the ratio between VO, and VCO,, allowing
RMR to be calculated from VO, alone. Therefore, a primary
purpose of the present invention is to determine VO,.
This-requires determination of both the amount of the oxy-
gen inhaled and the amount of oxygen exhaled. It is pre-
ferred to also determine VCO, as this allows other metabolic
parameters to be determined. To determine VCO, requires
measurement or calculation of both the amount of carbon
dioxide inhaled and the amount of carbon dioxide exhaled.
The method and calculations used in the first preferred
embodiment of the present invention are represented sche-
matically in FIGS. 15 and 16.

[0115]

[0116] The volume of oxygen inhaled, VO,,, may be
calculated by multiplying the volume of air inhaled by the
fraction of that air which is oxygen. The fraction of dry air
that is oxygen varies only slightly from location to location
and can therefore be assumed to be 20.946 percent. How-
ever, the actual air we breathe is not dry air, but instead
includes a varying portion of water vapor. In order to
determine the portion of the inhaled air which is oxygen, the
volume of the inhalation which is attributable to water vapor
must be determined and subtracted to provide a dry air
measurement. As mentioned previously, a temperature sen-
sor 90, a relative humidity sensor 94, and an ambient
pressure sensor 92 are all mounted on the circuit board 88
inside the case of the reusable main portion 24 of the
calorimeter 10. Theoretically, these should provide values
for the temperature, pressure and humidity of the air inhaled
by the user. However, under some conditions, the tempera-
ture inside the case of the reusable main portion 24 may
differ from ambient temperature. This may be due to warm-
ing of the case by the user’s hand, heating by the internal
electronics, and heat absorbed from exhalations. Therefore,
it is preferred that a correction be made to the temperature
values received from the ambient temperature sensor 90. If

Initial Considerations

Inhalation
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the relative humidity sensor 94 were actually positioned in
ambient air, instead of inside the case, its output would
reflect the relative humidity in the ambient air. Since the
relative humidity sensor 94 may be at an elevated tempera-
ture, its output indicates the relative humidity at this elevated
temperature, rather than at true ambient conditions. Because
the case is not hermetically sealed, it is assumed that the
partial pressure of water inside the case is the same as the
partial pressure of water in the surrounding atmospheric air.
The partial pressure of water vapor, ppH,0, can be com-
puted from the following relationship:

ppH,0=RHxVpH,O(t) (@)

[0117] where RH is relative humidity in percent, and
VpH,O is the vapor pressure of water, and t is temperature.
VpH,0 is a function of temperature and can be obtained
from a look-up table or using an empirical curve fit. There-
fore, the partial pressure of water vapor, ppH 20, in the
atmospheric air can be calculated from the known relative
humidity and temperature inside the case.

[0118] Referring to FIG. 16, a typical 750 mL total
volume inhalation is shown at the far left side of the chart.
This volume includes water vapor. The volume of water
vapor in the inhalation may be determined according to the
following equation:

viLo = P20 vl ®)
Pamb
[0119] where VH,O is the volume of water vapor, ppH,0O

is a partial pressure of water vapor, Pamb is the ambient
pressure, and Vtotal is the total volume of the inhalation. In
the example shown in FIG. 16, the ambient temperature,
pressure and humidity (ATP) are a temperature of 23° C., a
pressure of 755 mmHg, and a relative humidity of 35
percent. Using the above equations, the total volume of
water vapor may be looked up in a table or calculated to be
7.28 mL out of the 750 mL total inspired volume. The
amount of water vapor in the inhalation may then be
subtracted from the total, giving a dry volume of 742.72 mL.

[0120] The percentage of dry air attributable to CO,, O,,
and nitrogen and other gases is known from a variety of
sources, examples of which are given in the following chart:

Component % of dry air
Other (Argon) 0.937
Co, 0.033
O, 20.946
N, 78.084

[0121] By multiplying these percentages by the total vol-
ume of dry air, the volume of each component gas may be
calculated giving the values shown in the left-hand bar of
FIG. 16. These volumes represent the volumes of each of
the component gases at ambient conditions.

[0122] As shown for the example of FIG. 16, the volume
of oxygen inhaled at atmospheric conditions 155.57 mL.
However, this is at atmospheric conditions, which vary from
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location to location and time to time. Therefore, it is
necessary to convert the volumes of each of the component
gases to a standard temperature, pressure, and humidity,
STPD (standard temperature and pressure, dry). The calcu-
lations typically used for RMR assume an STPD of 0° C,,
760 mmHg and 0 percent relative humidity.

[0123] As known to those of skill in the art, conversion
between one atmospheric condition and another is a simple
matter of a ratio based on temperature and pressure. How-
ever, in the present case, actual atmospheric temperature is
not known because the temperature sensor may be at an
elevated temperature.

[0124] As known to those of skill in the art, the speed of
sound is a function of ambient temperature, the water vapor
mole fraction, ambient pressure, and CO, mole fraction.
This relationship is disclosed in The Journal of the Acous-
tical Society of America, Vol. 93, No. 5, May 1993, pp.
2510-2516, the contents of which is incorporated herein by
reference. The equation takes the form of:

C=gtaq it +(ayragrast’)xHagrat+ag)p+{agt
2 2 -
Aol X gty 3P+ g X Ay sK DXy (©

[0125] where the coefficients are defined in the following
table:
Coefficients Value

a, 331.5024

a, 0.603055

a, -0.000528

as 51.471935

a, 0.1495874

as -0.000782

as -1.82 x 1077

a; 373 x 10°°

ag -2.93 x 107

ag -85.20931

a -0.228525

ap 5.91x 107

ans ~2.835149

a5 -2.15 x 1073

a, 29.179762

as 0.000486
[0126] and where ¢ is the speed of sound, t is the ambient

temperature, X, is the water vapor mole fraction, p is
ambient pressure and x_ is the CO, mole fraction. Several of
these variables have known values. The CO, mole fraction
in ambient air may be assumed since its standard value is
known and varies only slightly from location to location.
Ambient pressure may be determined with high accuracy by
the ambient pressure sensor in the calorimeter case. Also, the
speed of sound may be measured by the flow meter during
inhalation.

[0127] Because the ultrasonic flow meter preferably used
with the present invention transmits ultrasonic pulses in both
upstream and downstream directions, the transit time, inde-
pendent of flow speed, in ambient air may be determined by
averaging the upstream and downstream transit times during
inhalation of ambient air. The speed of sound may then be
calculated according to the following equation.

e=L/2x (1t 1/te), (@
[0128] where c is the speed of sound, L is the distance

between the transducers, t, is the transit time in the up
direction, and t, is the time in the down direction.
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[0129] This leaves essentially two variables, ambient tem-
perature and water vapor content. Relative humidity and
ambient temperature are interrelated by equation (a). Rear-
ranging and solving for relative humidity gives:

_ _ppHy0 (&)
~ VpH,Ol1)

[0130] At this point, the partial pressure of water, ppH20
is known based on the output of the humidity sensor 94 and
the assumption that the partial pressure is the same inside
and outside the case. However, equation (c) is expressed in
terms of the water vapor mole fraction, x,, rather than
relative humidity. Therefore, three additional equations are
required. The mole fraction of water vapor may be calcu-
lated as follows:

X, = RHx fx 22 ©
p

[0131] where RH is the relative humidity expressed as a
fraction, f is the enhancement factor, and p_ is the saturation
vapor pressure of water vapor in air:

=1.000 62+3.14x10°p+5.6x1077> ©
[0132] and

Pav=exp(1.281 180 Sx10752-1950 987 4x107n+

34.049 260 34-6.353 631 1x107/H)Pa. )

[0133] When equations (c), (¢), (f), (g) and (h) are com-
bined, this leaves two unknown variables, temperature and
relative humidity. As known to one of skill in the art, the
equations may be solved for the two remaining variables in
a variety of ways. According to one presently preferred
approach, equations may be solved through an iterative
process.

[0134] First, an initial temperature estimate is made. The
temperature indicated by the temperature sensor may be
used as a starting point. Relative humidity is then deter-
mined according to equation (¢). Then, the relative humidity
just calculated is used in equation (c) to calculate tempera-
ture. The calculated temperature is plugged back into equa-
tion (e) to calculate a new relative humidity. The process is
repeated until the values converge, which typically occurs
after several repetitions.

[0135] At the end of this process, the actual ambient
temperature of the air being inhaled is known. Together with
the measured ambient pressure, ambient conditions are now
known. The volumes of each of the component gases are
then converted to STPD. Alternatively, or in addition to the
above approach, ambient temperature or temperature in the
flow tube may be directly measured using any type of
suitable temperature sensor. As one example, a temperature
sensor may be mounted inside the case of the calorimeter
and a small fan could be used to continuously move ambient
air past the sensor so that accurate readings are obtained.
Other approaches will be clear to those of skill in the art.

[0136] When converted to STPD, the inhaled volume of
gases have the value shown in the second bar of FIG. 16. As
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shown, the corrected inhaled volume of oxygen, V,0, is
143.48 mL and the corrected inhaled volume of carbon
dioxide, V,CO, is 0.23 mL.

[0137]

[0138] As mentioned previously, the percent of oxygen in
the inhaled air may be measured or assumed. In the above
explanation, the concentration or percentage of oxygen, is
assumed, since this value varies only slightly from location
to location. However, the oxygen sensor 84 does respond to
the presence of oxygen in the inhalation. Therefore, the
output of the oxygen sensor during inhalation may be used
to calibrate the oxygen sensor as often as during each
inhalation. In theory, an ideal oxygen sensor varies its output
only in response to changes in the concentration of oxygen,
and does not respond to changes in other parameters such as
temperature, humidity, and total pressure. However, the
actual oxygen sensor is not entirely immune to changes in
other parameters.

[0139] FIG. 17 shows a series of curved surfaces repre-
senting the change in voltage output of the oxygen sensor
with respect to changes in the partial pressure of oxygen and
an arbitrary second factor. This Figure is for illustration
purposes only, and therefore the second factor may be
thought of as representing any or all of the other parameters
to which the sensor actually responds. Because the concen-
tration of oxygen and the values for other parameters such
as humidity, temperature, and pressure are known during
inhalation, a point 190 may be plotted as representing the
combination of the known oxygen partial pressure and the
other factors. Extending upwardly from this point, it may be
seen that the theoretical or tested output curve 192 for the
oxygen sensor predicts an output voltage corresponding to
point 194. If the actual voltage output of the oxygen sensor
under these known conditions differs from this value, a
correction may be applied to the output curve to correct for
this difference. For example, if the oxygen sensor actually
puts out a voltage corresponding to point 196, a gain factor
may be applied to the primary output curve 192 so as to
“move” the curve to the curve shown at 198. This allows
continual fine-tuning of the output of the oxygen sensor to
improve its accuracy during measurement of subsequent
exhalations.

[0140]

[0141] During exhalation, total volume and oxygen partial
pressure are measured using the flow meter and oxygen
sensor respectively. As is known to those of skill in the art,
the temperature and humidity of an exhaled breath are
reasonably constant from individual to individual. Specifi-
cally, the temperature of exhalation at the mouth averages
34.5° C. for most healthy individuals. Exhaled breath is also
100 percent saturated with water vapor, giving 100 percent
relative humidity. Experimentation with the present inven-
tion has established that the temperature of exhaled breath
averages approximately 32.5° C. at the midpoint of the flow
tube 36. The pressure in the flow tube is substantially
identical to ambient pressure due to the low amount of
restriction present in the calorimeter. The conditions of the
exhaled breath may be referred to as exhaled temperature
pressure saturated (ETPS). In order to determine the volume
of oxygen at ETPS, the following equation is used.

Oxygen Sensor Calibration

Exhalation
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ppO;
VO, = o X Vroral

[0142] where V02 is the exhaled volume of oxygen,
ppO, is the partial pressure of oxygen, Pamb is the ambient
pressure, and Vtotal is the total exhalation volume. In the
example shown in FIG. 16, the total exhalation volume is
800 mL, the partial pressure of oxygen is 121.6 mmHg, and
the ambient pressure is 755 mmHg. This gives an exhaled
volume of oxygen at ETPS of 128.05 mL. In order to make
the RMR calculation, it is necessary to convert this value to
STPD.

[0143] The exhaled volume of O, at ETPS may be con-
verted to STPD by scaling for the differences in temperature
and pressure. This gives an exhaled volume of O, at STPD
of 114.43 mL. The volume of O, consumed by the user
during the single breath is calculated by subtracting the
expired volume of oxygen from the inspired volume of
oxygen. Multiplying by the number of breaths during a
minute gives the amount of oxygen consumed during a
minute.

[0144] Preferably, the production of CO, should also be
determined. In order to do this, additional calculations are
required. First, certain assumptions may be made about the
temperature and humidity of exhaled breath. The volume of
water vapor in the exhaled breath may be determined from
the assumed relative humidity and temperature, and the
measured flow volume. Removing water vapor to convert to
dry air, leaves a total volume of 761.68 mL. Also, it is
assumed that nitrogen (N,) and trace gases are conserved in
the lungs. Therefore, the volume of nitrogen and trace gases
inhaled equals the volume of nitrogen and other gases
exhaled at STPD. This assumption improves as data is
summed for multiple breaths.

[0145] As shown in FIG. 16, the volume of nitrogen and
trace gases may be converted from STPD to ETPS, giving
a volume of 605.74 mL. At this point, the volume of water
vapor, oxygen, and nitrogen and trace gases is known at
ETPS. Also, the total volume is known. Therefore, the
volume not accounted for by water vapor, oxygen, and
nitrogen and trace gases is attributable to CO,. This gives a
CO, volume of 27.89 mL at ETPS. This value is then
converted to STPD, giving an exhaled volume of carbon
dioxide of 24.92 mL at STPD. The volume of CO, produced
by the user during the single breath is calculated by sub-
tracting the inspired volume of carbon dioxide from the
expired volume of carbon dioxide. Multiplying by the num-
ber of breaths during a minute gives the amount of carbon
dioxide produced during a minute.

[0146]

[0147] As known to those of skill in the art, resting
metabolic rate (RMR) may be calculated in a variety of
ways. One known and accepted approach is given by the de
Weir formula, which takes the form:

Calculation of Resting Metabolic Rate

RMR=1.44(3.581xV0,+1.448xVCO,)-17.73

[0148] where VO, is the volume of oxygen consumed in
milliliters-per-minute, VCO, is the amount of CO, produced
in milliliters-per-minute, and RMR is the resting metabolic
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rate in Kcal per day. As an alternative, certain assumptions
may be made concerning the ratio between VCO, and
VCO,. Specifically, the respiratory quotient is given by the
following formula:

R vCo,
0= VO,

[0149] where RQ represents respiratory quotient. The res-
piratory quotient typically ranges between 0.7 and 1.1
depending on the type of stored energy source being metabo-
lized by the user’s body. RQ may be assumed to be 0.85 for
typical users during the calculation of resting metabolic rate.
Therefore, using this ratio and substituting for VCO, gives
the equation:

RMR=6.929xV0,-17.73

[0150] where RMR is resting metabolic rate in Kcal per
day, and VO, is the volume of oxygen consumed by the user
in milliliters-per-minute. Preferably, the various parameters
which are measured by the calorimeter are summed or
averaged over multiple breaths, thereby giving improved
accuracy.

[0151] As an alternative, a CO, sensor may be incorpo-
rated into the calorimeter so as to directly measure, rather
than calculate, CO, concentrations. This allows more accu-
rate calculations of RMR as well as calculation of RQ.

[0152]

[0153] When the calorimeter is first turned on, the unit
goes through a warm up and calibration period. During this
time, the oxygen sensor heater is turned on and warms the
oxygen sensor to a steady state value. During this time, the
oxygen sensor is also turned on. Once the oxygen sensor has
reached steady state, a zero-flow test is performed. During
the zero-flow test, the flow sensor measures flow speed
through the flow tube. Since the calorimeter is not being
used at this stage, there should be zero flow through the flow
meter. However, if the flow meter indicates a slight flow in
one direction or another, an offset is assigned to re-establish
zero. A variety of approaches to this zeroing may be used,
though it is preferred that multiple readings are taken prior
to application of an offset factor. Also, during an actual test,
the flow meters may be dynamically re-zeroed during known
periods of zero flow.

[0154] To use the calorimeter to calculate a subject’s
resting metabolic rate (RMR), it is preferred that the subject
sit or relax in a comfortable position and then bring the
respiratory connector into contact with their face or mouth,
after the calorimeter has been turned on and allowed to
warm up and self-calibrate, as previously described. The
subject then breathes normally through the calorimeter for a
period of several minutes. Typically, users require some
amount of time before their breathing and measured meta-
bolic rate stabilizes. Therefore, it is preferred that initial data
not be used as an indication of resting metabolic rate. As will
be clear to those of skill in the art, there are a variety of
approaches which allow the calorimeter to most accurately
determine resting metabolic rate. According to one preferred
approach, once the calorimeter detects breath flow through
the calorimeter, it waits 30 seconds then begins recording.

Use of the Calorimeter
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However, this period of time may be increased or decreased.
Once recording begins, the calorimeter makes measure-
ments of flow, oxygen concentration, and speed of sound.
Oxygen partial pressure is measured every tenth of a second,
and flow velocity and speed of sound are measured 200
times per second. Flow velocity and speed of sound mea-
surements are averaged so as to obtain a value every tenth
of a second for computation of volumes. The calorimeter
accumulates this data to calculate volume inspired, volume
expired, inspired oxygen concentration (for calibration pur-
poses), expired oxygen concentration, ambient temperature,
ambient humidity, and ambient pressure. Ten breaths are
then averaged in order to obtain one breath block. At the end
of each breath block, VO, is calculated for the block. In
order to determine steady state, three blocks are checked to
see whether they are within a certain percentage of each
other. For example, if the previous two blocks are both
within 7 percent of the current block, the block is flagged as
steady state. It is determined that steady state has been
reached when a certain number of consecutive blocks are
flagged as steady state, such as four or five breath blocks,
and then VO, and VCO, are used to calculate RMR, which
is displayed on the display 18. Typically, people take 8 to 10
breaths per minute so a breath block is about one minute
long. Obviously, the data may be processed in other ways.
Also, certain error states may be indicated. For example, if
breathing is occurring too rapidly or too slowly, an error
signal may be indicated. Also, errors may be indicated for
too high of a flow rate, an RMR that is out of an acceptable
range, for hardware errors, or for other reasons.

[0155] As mentioned previously, it takes most users some
time to stabilize their breathing and indicated rested meta-
bolic rate. However, according to another aspect of the
present invention, data during the “settling down period”
may be used to predict the data during the steady state
period.

[0156] A person should be fully relaxed for the measured
metabolic rate to be the rest metabolic rate. However, the
person’s breathing will often be affected by the presence of
the mouthpiece or mask, particularly during the time imme-
diately following placing the mask over the person’s nose
and mouth. Accurate measurements may be delayed a cer-
tain time period, e.g. 2 minutes, after the mouthpiece has
been put in place, after which the person’s breathing may
return to normal. However, the person may not feel com-
fortable with the mouthpiece in place for so long.

[0157] In order to reduce the time necessary to determine
an accurate value of metabolic rate of a person, algorithms
may be used to extract a resting level of VO, from data that
is tending towards the resting value. FIG. 18 illustrates a
possible data set of VO, measurements (and hence measured
metabolic rate) vs. time for a person obtained using an
indirect calorimeter. Oxygen consumption is measured as a
function of time, e.g. breath by breath, or by blocks of a
certain number of breaths, e.g. 10. In FIG. 18, the measured
oxygen consumption, shown by a solid line, approaches a
value corresponding to the true resting metabolic rate,
shown by a dashed line, as time advances. The person’s
actual metabolic rate may be constant during the measure-
ments, with VO, measurements initially high due to breath-
ing anomalies, but in other cases the metabolic rate itself
may fall slowly towards a true value of rest metabolic rate.
Both cases can be modeled. The obtained data is fit to a
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mathematical equation, (e.g. in terms of polynomials, expo-
nentials, logarithmic functions, other functions, etc.) in
terms of a number of parameters, including the resting
metabolic rate. The resting metabolic rate is determined
from a fit to the data, and the error in this measurement is
estimated from the quality of the fit to the data. This process
can be executed continuously in real time, as the respiratory
analysis proceeds, so that the measurements can be stopped,
and the mouthpiece removed, once an accurate measurement
has been made. Alternatively, the data can be saved and the
numerical analysis made after the test is complete.

[0158] The exact form of the data fit used will depend on
the person’s response to the mouthpiece and other testing
conditions. In this example, for the case illustrated in FIG.
18, data might be fitted to an expression of the form

VO,=A+B exp(-t/C)

[0159] where A is the value of VO, corresponding to the
true resting metabolic rate, B is a measure of breathing
abnormality at the onset of testing, and C is a measure of
how quickly breathing returns to normal after the beginning
of the test. After a number of initial tests on a person, a
suitable equation can be chosen to model that person’s
breathing response to testing. Alternatively, a model may be
chosen based on the age or other demographic data relating
to the person. The first breath, or first few breaths, may be
discarded from the data to improve the fitting.

[0160] Subsequent respiratory analysis may then be short-
ened by this analysis, e.g. using a method described below,
or other method.

[0161] (a) After initial testing, the time taken for breathing
to fall to close to normal can be determined, and hence used
to determine the length of the testing. Data can be excluded
from the first part of the test, and averaged over the
remaining measurements. For example, if the above equa-
tion is applicable, data obtained before some multiple (inte-
ger or fractional) of C has passed may be discarded (e.g. if
C=10 seconds, data taken during the first 30 seconds of the
test may be discarded, and the remaining data averaged).

[0162] (b) If the data from the test is being analyzed in real
time, the test can be ended once an acceptable fit to the data
has been obtained.

[0163] (c) Data may be viewed by a professional as the test
is in progress, and the test stopped once the professional
judges data of sufficient quality has been determined. This
judgment will be based on experience.

[0164] For a person breathing through the calorimeter of
the present invention, the data can be stored by the calo-
rimeter time, and then transmitted to another electronic
device for display, analysis, etc. Data may also be transmit-
ted to another electronic device while the test is in progress
(i.e. in ‘real time’). Data transfer from the calorimeter to
another device may use flash cards (memory cards), wireless
transmission (e.g. Bluetooth), cables, IR transmission, or
other electromagnetic or electrical methods, or by plugging
the calorimeter into the other device. The use of flash cards
is disclosed more fully in Mault’s provisional patent appli-
cation serial No. 60/177,009 filed Jan. 19, 2000, and incor-
porated herein by reference. The calorimeter may further
comprise computing means for performing data analysis.

[0165] Under certain circumstances, a user may never
reach steady state during a test. Under these circumstances,
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the calorimeter may indicate that no reading was possible, or
a steady state value may be estimated. According to one
approach, the breath blocks during the test may be averaged
with some additional weighting given to blocks towards the
end of the test when it is assumed that the user is closer to
steady state. Obviously, detailed data recorded by the calo-
rimeter may be observed by an experienced professional to
determine the reliability of the data. For example, the
calorimeter may be interconnected with a desktop computer
which records and/or displays data on a measurement-by-
measurement or breath-by-breath basis. In this way, the
professional may observe that the subject is having trouble
reaching steady state and may provide counseling or sug-
gestions on how to better interact with the device. Also, the
detailed data may provide other valuable indications about
the subject.

[0166]

[0167] Tt is preferred that a calorimeter according to the
present invention be able to safely be used by multiple users
without undue risk of transferring pathogens from one user
to another. In the previously discussed preferred embodi-
ment of the present invention, each individual user is given
their own disposable portion along with its respiratory
connector. A fitness facility or a doctor may then own the
reusable portion. As an alternative, each individual user may
own a complete calorimeter and the disposable may merely
be removable for cleaning purposes. However, it is preferred
that the calorimeter be designed such that pathogens are not
easily transferred from one user to another. Several
improved sanitation versions of the present invention are
disclosed in FIGS. 19-26 and an alternative oxygen sensor
configuration is shown in FIG. 9.

[0168] Referring first to FIG. 19, a calorimeter according
to the present invention is generally shown at 210. This
calorimeter has a reusable main portion 212 that is similar to
the reusable main portion 24 discussed earlier. However, in
the embodiment shown in FIGS. 3 and 4, the user’s
inhalation and exhalations may come in contact with the
ultrasonic transducers 80 and 82, the oxygen sensor 84, and
the surfaces in the outlet flow passage 60. These form part
of the reusable portion and therefore are not disposed or
changed from user to user. The embodiment of FIG. 19 is
altered so as to prevent contact of the user’s breath with the
transducers and oxygen sensor. The disposable portion 214
has a ceiling 216 closing off the upper end of outer shell 218
and a floor 220 closing off the lower end of the outer shell
218. A hole 222 in the ceiling 216 aligns with the upper
ultrasonic transducer 224 and has a piece of germ barrier
material 226 disposed in the hole 222. The barrier material
may be any of a variety of materials that block the passage
of pathogens but allows a passage of ultrasonic pulses.
Likewise, a hole 228 is defined in the floor 220 that aligns
with the lower ultrasonic transducer 230. A piece of germ
barrier material 232 is also disposed in this hole 228. The
oxygen sensor 234 in this embodiment is moved upwardly
somewhat compared to the earlier disclosed embodiment.
An opening 238 is formed in the back wall 236 of the recess
in the main portion 212 with the opening 238 aligning with
the oxygen sensor’s forward sensing surface. The outer shell
218 of the disposable 214 has a rearward wall 240 extends
down past this opening 238 and joins with the floor 220 of
the disposable portion 214. An opening 242 is defined in this
rearward wall 240 and a membrane 244 is disposed across

Calorimeter Embodiments with Improved Hygiene
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the opening. The membrane is of the type that allows free
passage of oxygen to the oxygen sensor, but does not allow
passage of pathogens. A passage 246 is cut in the floor 220
of the disposable portion 214 allowing flow to pass into an
outlet passage 248 defined in the reusable portion. This
passageway 248 is large and has smooth sides to allow easy
flow of inhalations and exhalations. The side walls of this
passage 248 may be coated with an anti-bacterial and/or
anti-viral substance to prevent contamination. Alternatively,
the passageway may be cleaned between uses. As a further
alternative, a disposable sleeve may be inserted into this
passageway, which mates with the opening in the floor of the
disposable portion. The sleeve would also be removed and
disposed between users.

[0169] Referring now to FIG. 20, another alternative
improved sanitation version of a calorimeter according to
the present invention is generally shown at 250. As with the
previously described version, the disposable portion 252 of
the calorimeter 250 includes a ceiling 254 closing off the
upper end of the outer shell 256 and a floor 258 closing off
most of the lower end. In this version, a thin micromachined
ultrasonic transducer 260 is mounted to the lower side of the
ceiling 254 of the disposable portion 252 directly above the
upper end of the flow tube 262, which forms part of the
disposable portion. This thin ultrasonic transducer 260
replaces the larger ultrasonic transducers discussed in the
earlier embodiments. The transducer may be a microma-
chined ultrasonic transducer array such as the ones produced
by Sensant of San Jose, Calif.

[0170] Electrical contacts 264 are disposed in the rear wall
266 of the disposable portion 252, directly behind the
transducer 260 and are electrically connected, such as by
wires 268, to the transducer 260. Corresponding electrical
contacts 270 are disposed on the rear wall 272 of the recess
in the reusable portion 274 of the calorimeter 250 and align
with the contacts 264 on the disposable portion 252. The
contacts 270 on the reusable portion are in turn wired to the
main circuit board 276. Therefore, once the disposable
portion 252 is docked in the reusable portion of the calo-
rimeter, the thin ultrasonic transducer 260 is in electrical
communication with the main circuit board 276. However,
because the thin transducer 260 and its associated wiring are
mounted in the disposable portion 252, the entire transducer
may be disposed along with a remainder of the disposable
portion. This prevents any concerns about contact of the
user’s breath with the transducer. Alternatively, the dispos-
able portion may be designed so as to be cleaned according
to a specified cleaning procedure that does not harm the
transducers.

[0171] A lower thin ultrasonic transducer 278 is disposed
on the upper surface of the floor 258 of the disposable
portion 252, aligned with a flow tube 262, and cooperates
with the upper transducer 260 to measure flow through the
flow tube. Like the upper transducer 260, the lower trans-
ducer 278 is wired to electrical contacts 280 that abut
electrical contacts 282 disposed on the rear wall 272 of the
recess. A passage 284 is defined in the floor 258 of the
disposable portion 252 so as to allow inhalation and exha-
lation to flow in and out of the disposable portion. This
passage communicates with a large flow area 286 in the
bottom of the reusable portion 274 of the calorimeter. As an
alternative, the entire lower portion of the reusable portion
may be removed so that the passage in the floor of the
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disposable portion has no part of the reusable portion
directly below it. In this way, inhalation and exhalation
flowing through the passageway flows directly to and from
the surrounding ambient air without coming into contact
with any part of the reusable portion.

[0172] This embodiment of the calorimeter also uses an
alternative version of an oxygen sensor 288. In this version,
the LED and photodiode portions of the oxygen sensor are
incorporated in a sensor package 290 disposed in the rear
wall 272 of the recess approximately midway between the
upper and lower ends of the recess. The remainder of the
oxygen sensor 288 forms a part of the disposable portion 252
and is referred to as the fluorescence portion 292. The
fluorescence portion 292 consists of a light pipe 294 extend-
ing from the rear surface 296 of the outer shell 256 adjacent
the sensor package 290 into the wall 298 of the flow tube
262. The fluorescence material 300 is disposed on the end of
the light pipe 294 so that it is in contact with the gases
flowing through the flow tube 262. The light pipe 294
conducts light traveling to and from the fluorescence mate-
rial 300. This configuration allows disposal of the portion of
the oxygen sensor 288 that comes into contact with the
user’s breath. As shown, the fluorescence material 300 is
positioned approximately midway in the flow tube 262. This
provides a benefit in that the portion of the flow that is being
sensed by the oxygen sensor is approximately at the mid-
point of the portion of the flow that is being measured for
flow speed. This allows better time correlation of the flow
and oxygen concentration measurements.

[0173] Referring now to FIG. 9, yet another alternative
version of an oxygen sensor 302 is disclosed. In this version,
the sensor package 304 is interconnected with a circuit board
306. The sensor package 304 includes the light emitting
diode, LED, and photodiode of the earlier discussed embodi-
ment. Pieces of fluorescence material 308 are disposed in the
wall 310 of a flow tube 312, a portion of which is shown.
Light travels between the sensor package 304 and the
fluorescence material 308 across a small air gap. Obviously,
this configuration requires a different construction of the
flow tube. However, it allows simple and compact construc-
tion of an oxygen sensor with a disposable portion.

[0174] An important factor in the disclosed oxygen sen-
sors with disposable portions is calibration. A fluorescence
quench oxygen sensor of the type described herein typically
requires careful calibration for the chemistry used. However,
highly accurate and repeatable application of fluorescence
material reduces the need for individualized calibration.
Instead, the sensor package may include a mathematical
model of the fluorescence material such that accurate oxy-
gen concentration measurements may be made with dispos-
able fluorescence materials. As discussed previously, cali-
bration of the oxygen sensor during inhalations further
improves accuracy.

[0175] Referring now to FIG. 21, an alternative approach
to improved sanitation for use with a calorimeter according
to the present invention is illustrated. A calorimeter body
according to any of the embodiments of the present inven-
tion is generally shown at 320. A germicidal filtration
module 322 connects between the inlet conduit 324 of the
calorimeter 320 and the respiratory connector, here shown as
a mouthpiece 326. Referring to both FIGS. 21 and 22, the
module 322 has a filter housing 328 with a calorimeter port
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330 defined on one side and a respiration port 332 defined
in the other. The calorimeter port 330 mates with the inlet
conduit 324 of the calorimeter while the respiration port 332
mates with the respiration connector. The housing 328 may
be of various shapes, including the generally rectangular
configuration shown in FIG. 21. A piece of biological filter
material 334, such as Filtrete® from 3M, extends within the
housing 328 such that air flowing between the respiration
port 332 and the calorimeter port 330 must pass through the
filter material. The filter material is operable to remove
pathogens thereby preventing pathogens from flowing from
the respiration connector into the calorimeter. In this way,
the calorimeter remains sanitary during use. Each subse-
quent user uses a new filter module 322 with the used
module either being retained by that user or disposed.

[0176] Referring again to FIG. 22, it can be seen that the
module 322 has two generally parallel and spaced apart side
walls 336 with a perimeter edge 338 interconnecting the side
walls 336. The filter material is generally parallel to the side
walls 336 and extends between the perimeter edges 338. As
best shown in FIG. 22, a saliva retention wall 340 extends
upwardly from the bottom edge adjacent the filter material
334 on the side of the filter material closest to the respiration
connector 326. During use of the calorimeter, especially
with a mouthpiece, saliva is entrained in the exhalation
breath and is preferably not introduced into the calorimeter.
Much of the entrained saliva will flow along the lower edge
of the respiration port 332 and down the inside of the side
wall 336 where it will collect in the area between the saliva
retaining wall 340 and the side wall 336, as shown. Also,
some entrained saliva may contact the filter material and
then fall downwardly to collect in the saliva trap. This
arrangement avoids the need for the saliva trap discussed
earlier in the disposable portion of the calorimeter, though it
may be retained for other purposes.

[0177] Referring now to FIGS. 23 and 24, an alternative
hygiene barrier arrangement is illustrated. In the configura-
tions of FIGS. 23 and 24, a mask 342 is provided instead of
a mouthpiece. In this case, the mask 342 consists of a
semi-rigid outer shell 344 that interconnects with the inlet
conduit 346 of the calorimeter 348. The mask shell 344 may
be made of any of a variety of materials, including poly-
styrene. The mask shell 344 is preferably ultrasonically
bonded to the inlet conduit 346 of the disposable portion of
the calorimeter to provide an air-tight seal. A disposable
mask liner 350 is inserted into the mask shell 344. The mask
liner 350 includes a liner shell 352 which overlies a portion
of the masked shell 344, a face seal 354 to seal the mask 342
to the face of the user, and a hygiene barrier 356 that filters
all gases flowing into and out of the calorimeter. Once again,
the hygiene barrier 356 may be a material such as Filtrete®
by 3M. The face seal 354 preferably is an inflated sealed film
that easily forms to the shape of the user’s face providing a
secure seal. The face seal 354 is securely attached, such as
by a cement bond, to the liner shell 352, which is preferably
a vacuum formed plastic. The hygiene barrier 356 is
securely interconnected with the liner shell 352 such as by
an ultrasonic bond.

[0178] Referring now to FIGS. 25 and 26, an alternative
filtered mask design 360 is disclosed. Similar to the previous
version, a semi-rigid mask shell 362 is interconnected with
the inlet conduit 364 of the disposable portion 366 of the
calorimeter 368. A mask liner 370 inserts into the shell and
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is disposable. The mask liner 370 includes a piece of hygiene
barrier material 372 such as Filtrete® which is intercon-
nected, such as by insert molding, to a liner shell 374 which
is in turn molded with an injection molded-type face seal
376 of clastomer material. The face seal 376 securely seals
to the face of the user thereby preventing leakage.

[0179] Because users vary in the size and shape of their
face, mask shells and/or mask liners may be provided in a
variety of sizes and shapes to suit various users. Also, as will
be clear to those of skill in the art, other designs of masks
and filter housings may also be used wherein the breath is
filtered. According to the present invention, it is preferred
that a relatively large piece of hygiene barrier material is
used so as to prevent a pressure drop across the material. In
this way, the barrier material does not significantly increase
the resistance of flow through the calorimeter and thereby
does not cause the expenditure of additional energy during
use of the calorimeter.

[0180] As an alternative, a mask according to the present
invention may include a nares spreader for opening the
nostrils of a user, thereby reducing the effort associated with
breathing through the mask. As one approach, adhesive pads
may be provided inside the nose portion of the mask. The
pads are pressed into contact with the nose of the user and,
when released, the mask opens the nasal passages.

[0181]

[0182] The above discussed embodiments of the present
invention may be altered in various ways without departing
from the scope or teaching of the present invention. The
following are a number of alternative designs and alterations
on the preferred embodiments.

[0183] While the preferred embodiments of the present
invention utilize a fluorescence based oxygen sensor, other
approaches may also be used. Other possible oxygen sensor
methods include solid oxide sensors if adapted for rapid
response, ¢.g. using zirconium oxide; or other electrochemi-
cal sensors. Molecular fluorescence, e.g. laser-induced fluo-
rescence, may also be used. For example, laser radiation can
be sent along the flow path, and fluorescence detected using
a sensor on the side of the flow path, or light guides used to
convey fluorescence to a detector in the reusable body of the
device. Similarly Raman spectroscopy, including nonlinear
Raman spectroscopy, may be used. A laser beam might pass
along the flow path, with detection in a direction at some
angle to the beam. Narrow-band filters, to remove laser
radiation, would aid in detection, as would phase-sensitive
detection. Other oxygen-detection techniques include laser
absorption; chromatography methods; sensors based on dif-
fusion rates through films; or fast-response calorimetric
sensors, ¢.g. using the photoabsorption or photoreflectance
changes of films, such as transition metal complexes, in the
presence of oxygen. IR emission from vibrationally excited
molecules may be detected. Laser radiation might be used
for selective vibrational or vibronic excitation of molecules.
Also, phosphorescent compounds, e.g. platinum and gold
complexes, are useful for oxygen detection, as described in
e.g. A. Mills, Platinum Metals Review, June 1997; U.S. Pat.
No. 5,119,463; and elsewhere. Selective (e.g. laser) photo-
ionization of molecules, followed by detection of photoions
and electrons, may provide a photocurrent proportional to
molecular concentration. The ultrasonic spectrum of the
respired gas may also contain molecular information, related

Other Alternative Designs
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to concentration, particularly if wide-spectrum response (up
to 10 MHz and higher frequencies) micromachined ultra-
sonic transducers are used.

[0184] As mentioned previously, the preferred oxygen
sensing capability of the present invention may be supple-
mented by the addition of a carbon dioxide sensor. Other
gases may be sensed as well. Generically, oxygen sensors,
carbon dioxide sensors, as well as other gas sensors are
referred to herein as component gas concentration sensors.
Carbon dioxide sensing may be accomplished in a variety of
ways. Carbon dioxide concentration may be measured using
a carbon dioxide scrubber in combination with volume
measurements as described in some of Mault’s earlier pat-
ents and applications. Also as described in some of Mault’s
earlier patents and applications, metabolic calculations may
be made based on measurement of carbon dioxide, without
the measurement of oxygen. A calorimeter according to the
present invention may be constructed with any of a variety
of carbon dioxide sensors, such as a capnometer, and with-
out an oxygen sensor. Carbon dioxide may be measured
using IR absorption, using the strong carbonyl absorption, or
other analytical techniques, such as those listed earlier for
oxygen. Carbon dioxide and oxygen sensors may be com-
bined into the same package for a combined fluorescent
quenching sensor, for example, using selectively permeable
membranes or different fluorescent compounds.

[0185] As other approaches to indirect calorimetry, the
approaches disclosed in Mault’s PCT WO 00/07498, incor-
porated herein by reference, may be incorporated into a
calorimeter constructed according to the present invention.
Specifically, the oxygen sensor could be omitted and the
mass flow determined based on either approach in WO
00/07498. This avoids the cost associated with the oxygen
sensor. Alternatively, the mass flow based approach may be
used as a supplement to one or more gas concentration
Sensors.

[0186] As yet another approach to indirect calorimetry, a
carbon dioxide scrubber may be used to remove substan-
tially all of the carbon dioxide from the inhalation and/or
exhalation flow, and the difference in flow volume measured
to determine the amount of carbon dioxide produced. From
this, metabolic rate may be determined. This avoids the need
for component gas concentration sensors. Instead, only a
scrubber and a two way flow meter are required. This
approach is further disclosed in Mault’s U.S. Pat. No.
5,179,958. The above described embodiments of the present
invention may easily be configured to utilize this approach.
For example, a scrubber module may be inserted in the flow
path between the disposable portion and the respiratory
connector, as part of or in place of the hygiene filter module
of FIG. 21. Alternatively, the disposable portion may be
designed to include scrubber material in an extended flow
path.

[0187] Other flow sensing methods are possible, for
example, using the cooling rate or heat dissipation of objects
in the flow path. Hot wire mass sensors are known in the art,
along with analogous devices using semiconductors (e.g.
silicon), ceramics, etc, e.g. hot film semiconductor sensors.
Other methods include turbines or impellers; noise levels as
gas flows e.g. around an obstruction or through an aperture;
distortion of e.g. an aperture or membrane due to the
pressure difference between each side, which could be
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monitored with high precision using e.g. laser reflection; or
distortion of other structures placed in the flow path, e.g.
micromachined rods; and thermoelectric gas flow sensors.
Direct pressure difference measurements may be used e.g.
using micromachined pressure sensors at either end of a flow
path. Other configurations of ultrasonic transducers are also
possible. For example, three transducers could be mounted
at the edges of a gas flow path, forming a V-shaped con-
figuration. The transducer at the center of the V would
transmit to two other transducers mounted on the opposite
side of the flow path, spaced an equal direction on either side
of the center transducer. The difference between the two
transmission times is related to gas flow velocity. Other flow
measurement techniques include thermal imaging of the
flow path, followed by image analysis; the Doppler shift of
transmitted ultrasonic signals; or Doppler shift or broaden-
ing of molecular or atomic absorption or emission bands, as
measured using e.g. laser radiation.

[0188] The problems related to moisture may be reduced
by protecting the oxygen sensor from moisture, or removing
the moisture from the air flow. For example, moisture
removal may include passing the exhaled gas through or
past, foam sheets (possibly fabricated to include a drying
mechanism); zeolites; molecular sieves; membranes; chemi-
cal drying agents, e.g. silica gel. These moisture-removing
means could be mounted within a removable part, for easy
replacement. The oxygen sensor may be protected from the
effects of moisture using e.g. a water-impermeable, oxygen
permeable membrane placed over the oxygen sensor, or
hydrophobic films placed over the sensor

[0189] Other methods for measuring the temperature of
the gas flow include detecting thermal distortion of micro-
machined structures in the flow path, e.g. of multilayer
membranes using optical or electrical methods; or by moni-
toring temperature-dependent molecular or atomic proper-
ties, e.g. emission or absorption wavelengths. Computer
modeling of respired air temperature as it passes through the
device may be combined with spot temperature measure-
ments to obtain a detailed temperature distribution. Ther-
moelectric sensors, thermistors, pyroelectric sensors, ther-
mopiles, etc. may be used. The temperature dependence of
the ultrasonic spectrum of inhaled air may be monitored.
Thermal imaging of the flow path may also be useful.

[0190] In addition to the present embodiment, there are
many other adaptations of the present invention (sometimes
referred to as “the device” below) which may be useful. For
example, the air vents of the device may be replaced with a
connector adapted to send exhaled air to other analytical
devices for further analysis. Other gas sensors may be
included in the flow path. Respiration components of inter-
est include: oxygen and carbon dioxide (as previously
discussed), nitric oxide, other radicals, ketones (e.g.
acetone), aldehydes (e.g. acetaldehyde), alkanes (e.g. pen-
tane), other hydrocarbons, esters, hydrogen sulfide, indica-
tors of lung disease or cancer, other volatile organic com-
pounds, gases produced by bacteria (¢.g. sulfides). Detectors
for radioisotopes of inert gases (e.g. xenon) may be included
for quantitative lung function tests.

[0191] The embodiments of the present invention thus far
described assume inhalation of atmospheric gases. However,
the present invention is equally applicable to inhalation of
other gas mixtures from a source of respiratory gases. For
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example, a connector may be provided on the bottom the
calorimeter, in addition to or in place of the vents, so that the
calorimeter may be interconnected to a source and/or sink or
respiratory gases other than atmospheric. One application of
such an approach is the use of a calorimeter according to the
present invention in an anesthesiology or assisted breathing
apparatus. The flow through the calorimeter may be assisted
in either direction and pressures other than atmospheric may
be utilized. Obviously, sensors would be used to monitor
these non-atmospheric conditions so that the proper calcu-
lations of metabolic rate and other respiratory factors may be
made. Additional aspects concerning the use of a calorimeter
according to the present invention as part of a mechanical
ventilation system will be clear from a review of Mault's
provisional patent application No. 60/179,906 filed Feb. 2,
2000 and 60/179,961 filed Feb. 3, 2000, both of which are
incorporated herein by reference.

[0192] Breath profile analysis may be used e.g. in order to
determine end tidal volumes precisely, or investigate breath-
ing anomalies due to e.g. blockages. The device may com-
municate with other physiological sensors, and/or be in
communication with other electronic devices, e.g. for data
transmission, data analysis, display, feedback, or other uses.
Data from spirometry/indirect calorimetry obtained using
the present invention may be combined with other physi-
ological or environmental data for analysis. The device may
produce electromagnetic radiation for powering physiologi-
cal sensors embedded in the body of the person under test,
e.g. micromachined ultrasonic flow sensors placed near the
lungs, arteries, or veins. Also, a calorimeter according to the
present invention may include other sensors or physiological
monitors. For example, a positioning system, based on GPS,
telemetry, cellular phone signals, or others may be incorpo-
rated to provide information on the location of a user. The
calorimeter could then be used during an exercise session
that requires moving around, and the positioning system
would provide information on position while the calorimeter
provides metabolic information, allowing correlations and
analysis.

[0193] While the present invention is preferably directed
to the measuring respiratory parameters such as metabolic
rate, a simpler flow meter version of the present invention is
also of merit. The present invention, with the oxygen sensor
removed, and possibly simplified in other ways, provides an
excellent flow meter for such applications as measuring flow
rate and volume in lung capacity tests. The flow meter could
also be used in other applications.

[0194] A calorimeter according to the present invention
may be incorporated into a weight or health management
system, which may include a personal digital assistant
(PDA) for data entry, communication, physiological moni-
toring, feedback, and data processing. This and other uses
for the present invention are disclosed in Mault’s provisional
applications serial No. 60/165,988 filed Nov. 17, 1999; No.
60/167,276 filed Nov. 24, 1999; No. 60/177,016 filed Jan.
19, 2000.

[0195] Other physical configurations of the present inven-
tion are possible without departing from the scope or teach-
ing. For example, the display for displaying metabolic
parameters may be repositioned, reconfigured, or supple-
mented. The display could be moved to a position such that
the subject could see the display during a test. Alternatively,
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a separate display, which received data either through a wire
or wirelessly from the calorimeter, may be provided so that
a user may position the display where it is easy to read
during a test. The display could also or alternatively be
viewed by another person such as a health professional.
Viewing the display during testing could allow the user to
witness metabolic changes due to changes in their activity
level, relaxation level, or for other reasons. For example, the
calorimeter and the display, or other feedback device, could
be used a biofeedback system for helping people to reach
certain levels of relaxation. Breathing therapy and training
could also be administered using the calorimeter to monitor
breathing rate, volume, and other factors.

[0196] As yet another alternative, an artificial “nose” may
be provided for use with or as part of the calorimeter. An
artificial “nose” conditions the inhalations and/or exhala-
tions so as to control humidity or temperature. This may be
advantageous for some applications.

What is claimed:

1. A method of determining a respiratory parameter for a
subject using an indirect calorimeter, said method compris-
ing the steps of:

initializing the indirect calorimeter, wherein the indirect
calorimeter includes a respiratory connector for passing
inhaled and exhaled gases, a flow pathway operable to
receive and pass inhaled and exhaled gases having a
flow tube within the flow pathway through which the
inhaled and exhaled gases pass, a flow meter for
determining an instantaneous flow volume of the
inhaled and exhaled gases, a component gas concen-
tration sensor for determining an instantaneous fraction
of a predetermined component gas and a computation
unit having a processor and a memory;

breathing into the respiratory connector for the indirect
calorimeter by the subject, if the indirect calorimeter is
initialized;

sensing the flow volume of the inhaled and exhaled gases
passing through the flow pathway using the flow meter
and transmitting a signal representing the sensed flow
volume to the computation unit;

sensing a concentration of a predetermined component
gas as the inhaled and exhaled gases pass through the
flow pathway using the component gas sensor, and
transmitting a signal representing the sensed concen-
tration of the predetermined component gas to the
computation unit;

calculating at least one respiratory parameter for the
subject as the subject breathes through the calorimeter
using the sensed flow volume and the sensed concen-
tration of the predetermined component gas; and

providing the at least one respiratory parameter to the

subject.

2. The calorimeter according to claim 1, wherein the
predetermined component gas is oxygen and the component
gas concentration sensor is an 0Xygen Sensor.

3. The calorimeter according to claim 2, wherein the
oxygen sensor is a fluorescence quench type oxygen sensor.

4. The method as set forth in claim 2, wherein said step
of initializing the indirect calorimeter includes the step of
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heating the oxygen sensor to a predetermined temperature in
order to determine the fractional volume of oxygen in the
inhaled and exhaled gases.

5. The method as set forth in claim 1, wherein said step
of initializing the indirect calorimeter includes the step of
initializing the flow meter by determining if there is zero
flow through the flow meter, and zeroing the flow meter if
a flow is indicated.

6. The method as set forth in claim 1, further including the
step of determining if the subject’s breathing has reached a
steady state and calculating the at least one respiratory
parameter after the subject’s breathing has reached a steady
state.

7. The method as set forth in claim 6, wherein said step
of determining a steady state includes the steps of:

periodically measuring flow volume and component gas
concentration of the inhaled and exhaled gases;

determining an average flow rate and component gas
concentration for a predetermined period and using the
average flow rate and component gas concentration to
calculate an average volume of oxygen (VO,);

comparing the average VO, for a predetermined number
of consecutive periods to determine if the average VO,
for each of the periods are within a predetermined
steady state range; and

determining at least one respiratory parameter after VO,

has attained a steady state.

8. The method as set forth in claim 7, further including the
step of estimating a steady state VO, if the subject’s breath-
ing does not reach a steady state.

9. The method as set forth in claim 6, further including the
step of notifying the subject if the subject’s breathing does
not reach a steady state.

10. The method as set forth in claim 6, further including
the step of waiting a predetermined period of time after
detecting a flow of inhaled and exhaled gases before deter-
mining if the instantancous metabolic rate has reached a
steady state.

11. The method as set forth in claim 1, wherein said step
of providing the at least one respiratory parameter includes
the step of displaying the at least one respiratory parameter
on a display screen for the indirect calorimeter.

12. The method as set forth in claim 1, wherein said step
of providing the at least one respiratory parameter includes
the step of communicating with a remote computing device
via a communications network.

13. The method as set forth in claim 12 wherein the
communications network is the Internet.

14. The method as set forth in claim 12 wherein the data
is transferred using a Bluetooth wireless communications
network.

15. The method as set forth in claim 1, wherein the
respiratory parameter is resting metabolic rate, which is
calculated from the volume of oxygen consumed (VO,) by
the subject and the volume of carbon dioxide produced
(VCO,) by the subject.

16. The method as set forth in claim 15, further including
the step of determining VCO, in the exhaled gases using a
carbon dioxide sensing means.

17. The method as set forth in claim 16, wherein said gas
concentration sensor is a combined fluorescent quench sen-
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sor for measuring the concentration of carbon dioxide and
the concentration of oxygen in the flow of inhaled and
exhaled gases.

18. The method as set forth in claim 16, further including
the step of determining a respiratory quotient using the
sensed concentration of carbon dioxide in the exhaled gas.

19. The method as set forth in claim 15, further including
the step of determining the subject’s rate of oxygen con-
sumption from the flow volume and oxygen consumption.

20. The method as set forth in claim 15 wherein said step
of calculating the metabolic rate also includes the step of
sensing temperature using a temperature sensing means,
sensing pressure using a pressure sensing means and sensing
humidity using a humidity sensing means and using the
sensed temperature, pressure and humidity in calculating the
resting metabolic rate.

21. The method as set forth in claim 1, wherein the flow
meter is an ultrasonic transducer.

22. The method as set forth in claim 21, wherein the flow
meter includes an upper ultrasonic transducer and a lower
ultrasonic transducer, each in fluid communication with the
inhaled and exhaled gases passing through the flow pathway.

23. The calorimeter according to claim 22, wherein the
ultrasonic transducer includes a plurality of microscopic
transducers arranged in an array.

24. The method as set forth in claim 23, wherein the
microscopic transducers measure temperature, pressure and
humidity for correcting the gas flow rate due to the corre-
sponding effects of temperature, pressure and humidity.

25. The method as set forth in claim 1, wherein the flow
pathway includes a first end in fluid communication with the
respiratory connector and a second end in fluid communi-
cation with a source and sink for respiratory gases, and the
flow tube includes an outer housing surrounding the flow
tube and a chamber disposed between the flow tube and the
first end, such that the chamber is a concentric chamber
surrounding one end of the flow tube and being defined
between the flow tube and the outer housing.

26. The method as set forth in claim 1, wherein the
respiratory connector is a mask.

27. The method as set forth in claim 1, wherein the
computation unit is operatively connected to a removable
data storage device.

28. A method of determining a respiratory parameter for
a subject using an indirect calorimeter, said method com-
prising the steps of:

initializing the indirect calorimeter, wherein said indirect
calorimeter includes a respiratory connector for passing
inhaled and exhaled gases, a flow pathway operable to
receive and pass inhaled and exhaled gases having a
flow tube within the flow pathway through which the
inhaled and exhaled gases pass, a flow meter for
determining an instantaneous flow volume of the
inhaled and exhaled gases, a component gas concen-
tration sensor for determining an instantaneous con-
centration of a predetermined component gas and a
computation unit having a processor and a memory;

breathing into the respiratory connector for the indirect
calorimeter by the subject after the indirect calorimeter
is Initialized;

sensing the instantaneous flow volume of the inhaled and
exhaled gases passing through the flow pathway using
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the flow meter and transmitting a signal representing
the sensed instantaneous flow volume to the computa-
tion unit;

sensing a fractional volume of a predetermined compo-
nent gas, as the inhaled and exhaled gases pass through
the flow pathway, using the component gas sensor, and
transmitting a signal representing the sensed instanta-
neous flow volume to the computation unit;

calculating an instantaneous metabolic rate for the subject
as the subject breathes through the calorimeter using
the sensed flow volume and the sensed concentration of
the predetermined component gas;

determining if the instantaneous metabolic rate has
reached a steady state;

determining a resting metabolic rate if the instantaneous
metabolic rate has reached a steady state; and

providing the resting metabolic rate to the subject.

29. The calorimeter according to claim 28, wherein the
predetermined component gas is oxygen and the component
gas concentration sensor is an oXygen Sensor.

30. The calorimeter according to claim 29, wherein the
oxygen sensor is a fluorescence quench type oxygen sensor.

31. The method as set forth in claim 29, wherein said step
of initializing the indirect calorimeter includes the step of
heating the oxygen sensor to a predetermined temperature in
order to determine the fractional volume of oxygen in the
inhaled and exhaled gases.

32. The method as set forth in claim 28, wherein said step
of initializing the indirect calorimeter includes the step of
initializing the flow meter by determining if there is zero
flow through the flow meter, and zeroing the flow meter if
a flow is indicated.

33. The method as set forth in claim 28, wherein said step
of determining if the instantancous metabolic rate has
reached a steady state includes the steps of:

periodically measuring flow volume and component gas
concentration;

determining an average flow volume and component gas
concentration for a predetermined period and using the
average flow rate and component gas concentration to
determine an average VO,;

comparing the average VO, for a predetermined number
of consecutive periods to determine if the average
VO,s for each of the periods are within a predeter-
mined steady state range; and

determining the resting metabolic rate after VO, has

attained a steady state.

34. The method as set forth in claim 33, further including
the step of estimating a steady state VO, if the subject’s
breathing does not reach a steady state.

35. The method as set forth in claim 33, further including
the step of notifying the subject if the subject’s breathing
does not reach a steady state.

36. The method as set forth in claim 33, further including
the step of waiting a predetermined period of time after
detecting a flow of inhaled and exhaled gases before deter-
mining if the instantaneous metabolic rate has reached a
steady state.
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37. The method as set forth in claim 28, wherein said step
of providing the resting metabolic rate includes the step of
displaying the resting metabolic rate on a display screen for
the indirect calorimeter.

38. The method as set forth in claim 28, wherein said step
of providing the resting metabolic rate includes the step of
transmitting the resting metabolic rate to another electronic
device via a communications network.

39. The method as set forth in claim 38, wherein the
communications network is the Internet.

40. The method as set forth in claim 38, wherein said data
is transferred using a Bluetooth wireless communications
network.

41. The calorimeter according to claim 28, wherein the
resting metabolic rate is calculated from the volume of
oxygen consumed (VO,) by the subject and the amount of
carbon dioxide produced (VCO,) by the subject.

42. The method as set forth in claim 41, further including
the step of determining the VO, in the exhaled gases using
a carbon dioxide sensing means.

43. The method as set forth in claim 42, wherein said gas
concentration sensor is a combined fluorescent quench sen-
sor for measuring the concentration of carbon dioxide and
the concentration of oxygen in the flow of inhaled and
exhaled gases.

44. The method as set forth in claim 42, further including
the step of determining a respiratory quotient using the
sensed concentration of carbon dioxide in the exhaled gas.

45. The method as set forth in claim 41, further including
the step of determining the subject’s rate of oxygen con-
sumption from the flow volume and oxygen consumption.

46. The method as set forth in claim 28, wherein said step
of calculating the metabolic rate also includes the step of
sensing temperature using a temperature sensing means,
sensing pressure using a pressure sensing means and sensing
humidity using a humidity sensing means and using the
sensed temperature, pressure and humidity in calculating the
resting metabolic rate.

47. The method as set forth in claim 28, wherein the flow
meter is an ultrasonic transducer.

48. The method as set forth in claim 47, wherein the flow
meter includes an upper ultrasonic transducer and a lower
ultrasonic transducer, each in fluid communication with the
inhaled and exhaled gases passing through the flow pathway.

49. The calorimeter according to claim 48, wherein the
ultrasonic transducer includes a plurality of microscopic
transducers arranged in an array.

50. The method as set forth in claim 49, wherein the
microscopic transducers measure temperature, pressure and
humidity for correcting the gas flow rate due to the corre-
sponding effects of temperature, pressure and humidity.

51. The method as set forth in claim 28, wherein the flow
pathway includes a first end in fluid communication with the
respiratory connector and a second end in fluid communi-
cation with a source and sink for respiratory gases, and the
flow tube includes an outer housing surrounding the flow
tube and a chamber disposed between the flow tube and the
first end, such that the chamber is a concentric chamber
surrounding one end of the flow tube and being defined
between the flow tube and the outer housing.

52. The method as set forth in claim 28, wherein the
respiratory connector is a mask.
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53. The method as set forth in claim 28, wherein the
computation unit is operatively connected to a removable
data storage device.

54. A method of determining a respiratory parameter for
a subject using an indirect calorimeter, said method com-
prising the steps of:

initializing the indirect calorimeter, wherein said indirect
calorimeter includes a respiratory connector for passing
inhaled and exhaled gases, a flow pathway operable to
receive and pass inhaled and exhaled gases having a
flow tube within the flow pathway through which the
inhaled and exhaled gases pass, a flow meter for
determining an instantaneous flow volume of the
inhaled and exhaled gases, a component gas concen-
tration sensor for determining an instantaneous fraction
of a predetermined component gas and a computation
unit having a processor and a memory,

breathing into the respiratory connector for the indirect
calorimeter by the subject, if the indirect calorimeter is
initialized,

sensing the flow volume of the inhaled and exhaled gases
passing through the flow pathway using an ultrasonic
transducer and transmitting a signal representing the
sensed flow volume to the computation unit;

sensing a concentration of a oxygen in the inhaled and
exhaled gases passing through the flow pathway using
an oxygen sensor, and transmitting a signal represent-
ing the sensed concentration of oxygen to the compu-
tation unit;

sensing a concentration of a carbon dioxide in the inhaled
and exhaled gases passing through the flow pathway
using a carbon dioxide sensor, and transmitting a signal
representing the sensed concentration of carbon diox-
ide to the computation unit;

calculating at least one respiratory parameter for the
subject as the subject breathes through the calorimeter
using the sensed flow volume and the sensed volume of
oxygen (VO,) and carbon dioxide (VCO,);

determining if the subject’s breathing has reached a
steady state; and

providing the at least one respiratory parameter to the
subject after the subject’s breathing has reached a
steady state.
55. The calorimeter according to claim 54, wherein said
oxygen sensor is a fluorescence quench type oxygen sensor.
56. The method as set forth in claim 54, wherein said step
of initializing the indirect calorimeter includes the step of
heating the oxygen sensor to a predetermined temperature in
order to determine the fractional volume of oxygen in the
inhaled and exhaled gases.
57. The method as set forth in claim 54, wherein said step
of determining a steady state includes the steps of:

periodically measuring flow rate, oxygen concentration
and carbon dioxide concentration;
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determining an average flow rate, oxygen concentration
and carbon dioxide concentration of the inhaled and
exhaled gases for a predetermined period and using the
average flow rate, oxygen concentration and carbon
dioxide concentration to calculate an average volume
of oxygen (VO,) and average volume of carbon dioxide
(VCO,),

comparing average VO, for a predetermined number of
consecutive time periods to determine if each of the
average VO,s are within a certain predetermined steady
state range relative to each other; and

determining at least one respiratory parameter after VO,
has attained a steady state.

58. The method as set forth in claim 57, further including
the step of estimating a steady state VO, if the subject’s
breathing does not reach a steady state.

59. The method as set forth in claim 57, further including
the step of notifying the subject if the subject’s breathing
does not reach a steady state.

60. The method as set forth in claim 54, wherein said step
of calculating a respiratory parameter includes the step of
calculating a resting metabolic rate using the volume of
oxygen consumed (VO,) by the subject and the volume of
carbon dioxide produced (VCO,).

61. The method as set forth in claim 60, wherein said step
of calculating the metabolic rate also includes the step of
sensing temperature using a temperature sensing means,
sensing pressure using a pressure sensing means and sensing
humidity using a humidity sensing means and using the
sensed temperature, pressure and humidity in calculating the
resting metabolic rate.

62. The method as set forth in claim 54, wherein said
oxygen sensor and said carbon dioxide sensor is a combined
fluorescent quench sensor for measuring the concentration
of carbon dioxide and the concentration of oxygen in the
flow of inhaled and exhaled gases.

63. The method as set forth in claim 54, wherein said step
of calculating at least one respiratory parameter further
includes the step of determining a respiratory quotient using
VO, and VCO,.

64. The method as set forth in claim 54, wherein said flow
meter includes an upper ultrasonic transducer and a lower
ultrasonic transducer, each in fluid communication with the
inhaled and exhaled gases passing through said flow path-
way.

65. The calorimeter according to claim 64, wherein said
ultrasonic transducer includes a plurality of microscopic
transducers arranged in an array.

66. The method as set forth in claim 65, wherein said
microscopic transducers measure temperature, pressure and
humidity for correcting the gas flow rate due to the corre-
sponding effects of temperature, pressure and humidity.
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