ao United States

20020013536A

a2 Patent Application Publication (0 Pub. No.: US 2002/0013536 Al

Mault

(43) Pub. Date: Jan. 31, 2002

(54) METHOD AND APPARATUS FOR
RESPIRATORY GAS ANALYSIS
EMPLOYING MEASUREMENT OF EXPIRED
GAS MASS

(76) Inventor: James R. Mault, Evergreen, CO (US)

Correspondence Address:

GIFFORD, KRASS, GROH, SPRINKLLE,

ANDERSON & CITKOWSKI, P.C.

Suite 400

280 N. Old Woodward

Birmingham, MI 48009 (US)

(21) Appl. No.: 09/933,515

(22) Filed: Aug. 20, 2001

Related U.S. Application Data

(63) Continuation of application No. 09/674,897, filed on
Nov. 7, 2000, now Pat. No. 6,277,645, which is a 371
of international application No. PCT/US99/17553,
filed on Sep. 3, 1999, which is a non-provisional of
provisional application No. 60/095,092, filed on Aug.
3, 1998.

24

Publication Classification

(51) Int. CL7 v GO1N 25/20; A61B 5/08
(52) US.ClL ... 6007532; 436/136; 436/133;
436/147; 422/51

7) ABSTRACT

The oxygen and carbon dioxide content of expired respira-
tory gas is determined by measuring the mass and volume of
the expired breath. From the composition of the inspired gas
which may either be assumed or measured, the mass of the
inspired volume may be determined, and since the inspired
and expired breaths contain the same mass of nitrogen, the
oxygen and carbon dioxide content of the expired breath
may be determined. Measurements of temperature and
humidity may be required to account for temperature and
humidity changes between the inhalation and the exhalation
or the inhaled gas may be adjusted in temperature and
humidity to equalize the inhaled and exhaled temperature
and humidity conditions. The mass and volume of the
expiration and the volume mass of the inhalations are
determined by an ultrasonic transit time system and a gas
density sensor.
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METHOD AND APPARATUS FOR RESPIRATORY
GAS ANALYSIS EMPLOYING MEASUREMENT OF
EXPIRED GAS MASS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 09/674,897, filed Nov. 7, 2000, which
is a 371 of PCT/US99/17553, filed Sep. 3, 1999, which
claims the benefit of U.S. Provisional Patent Application
Serial No. 60/095,092, filed Aug. 3, 1998.

FIELD OF THE INVENTION

[0002] This invention relates to a method and apparatus
for indirect calorimetry employing respiratory gas analysis
and more particularly to a method and system which deter-
mines the oxygen and/or carbon dioxide content of the
expired gas using measurements of mass and volume of the
expired gas and mass and volume of the inspired gas as
measured by transit time of ultrasonic pulses passed through
the gas.

BACKGROUND OF THE INVENTION

[0003] T have a number of patents on respiratory calorim-
eters. Some of these operate by integrating the flow volume
of a number of inhalations and exhalations over a period of
time and by subtracting the CO, volume in the exhalation
from the integral of the exhaled volume by scrubbing the
CO, and then subtracting the exhaled flow volume less the
CO, volume from the inhaled flow volume to determine
oxygen consumption during the period. I also have a pend-
ing application that measures both inspired and expired
volume and either O, or CO, content to determine oxygen
consumption. The carbon dioxide scrubber is bulky and
requires replenishment after a number of uses. Carbon
dioxide or oxygen analyzers are also relatively expensive.

[0004] Tt has previously been proposed to determine the
mass of a gas flowing through a conduit by determining the
transit time of ultrasonic pulses passed through the gas in a
direction having a component along the axis of flow so as to
determine the flow rate of the gas, and additionally deter-
mining the density of the gas. U.S. Pat. No. 2,911,825
discloses such a system in which the acoustic impedance of
the gas is measured to determine the density. U.S. Pat. No.
5,214,966 similarly employs the transit time of ultrasonic
pulses to determine the flow rate and determines the density
of the flowing gas through measurement of the velocity of
sound through the gas. U.S. Pat. No. 5,645,071 uses the
transit time of ultrasonic pulses to determine the flow rate
and additionally makes temperature measurements which,
with the flow rate, allow the determination of mass of the
flowing gas. This latter patent also suggests the application
of this device to pulmonary function diagnostics and dis-
closes an additional gas analyzing sensor for determining the
carbon dioxide and/or oxygen content of the flowing gas on
an on-line, real time basis.

[0005] 1t would be desirable to provide a method of
analysis which allows the determination of oxygen con-
sumption, carbon dioxide production and related and
derived respiratory factors without the need for any gas
analyzers, such as O, and CO, analyzers. This would result
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in a low cost, high precision instrument suitable for a wide
range of health care applications.

SUMMARY OF THE INVENTION

[0006] Accordingly, the present invention is directed
toward a method and apparatus for analyzing respiratory
gases to determine oxygen consumption for indirect calo-
rimetry purposes as well as CO, production and related
respiratory factors, by measuring the mass and flow volume
of expired gas without the need for additional analysis of the
oxygen or CO, content of the expired gas, through use of
measurements of the inhaled gas. In its simplest form, in
which the constituents of the inhaled gas are known with
sufficient precision, as is the case when the subject is
breathing ambient air, and the temperature and humidity of
the inspired and expired gases are the same as a result of
passage through an artificial nose or the like, or are mea-
sured or assumed, the O, and CO, contents of the exhaled
gases may be determined from measurements of the inhaled
and exhaled flow volumes and the mass of the exhaled gases.
Alternatively, the mass of the inhaled gas will also be
measured. The measurements are preferably made by a
subject breathing through the apparatus of the present inven-
tion for five to ten minutes with the measurements of the
inhalations and exhalations being integrated over those
periods.

[0007] To understand the method of the present invention
and the system for implementing it, assume that the subject
is breathing ambient air which has a composition of 79%
nitrogen, 21% oxygen and 0.03% CO,. By measuring the
flow volume of the inhalations over the test period, the
inhaled mass may be determined. Assuming that the exha-
lations are at the same humidity and temperature as the
inhalations, from measurements of the integrated mass and
flow volume of the exhalations the CO, and O, contents of
the exhalations may be determined since the nitrogen con-
tent of the inhalations and exhalations will be the same,
leaving only two unknowns, and after equalization for the
differential in volumes between the inhaled gas the exhaled
gas, the mass of the exhaled gas will vary linearly as a
function of its CO, and O, content. The determination of the
0, and CO, content of the expired volume is possible
because CO, has a substantially higher density than O, and
moles of O, and CO, occupy the same volume so that
substitution of CO, in the exhaled gas for O, in the inhaled
gas changes the gas mass but not the volume.

[0008] The system of the present invention preferably
makes the flow measurements of the inhaled and exhaled
volumes with known ultrasonic pulse transit time techniques
and determines gas density with measurements such as
acoustic impedance, speed of sound, or temperature. The
same apparatus can measure the masses and flow volumes of
the inhaled and exhaled gases.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The invention will be further described in conjunc-
tion with the accompanying drawings, in which:

[0010] FIG. 1 is a perspective drawing of a preferred
embodiment of the invention, being used by a subject to
allow determination of the subject’s respiratory parameters;

[0011] FIG. 2 is a cross sectional view of the flow tube
forming part of the preferred embodiment of the invention,
illustrating the associated electronics in block form;
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[0012] FIG. 3 is a schematic drawing of an alternative
embodiment of the invention; and

[0013] FIG. 4 is a drawing of an ultrasonic transducer
capable of measuring the acoustic impedance of the flowing
gas.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0014] Referring to FIG. 1, a preferred embodiment of the
invention comprises a calorimeter, generally indicated at 10,
having a mask 12 formed at one end which is adapted to
engage the face of a user 14 so as to cover the nose and
mouth. The mask connects via a conduit 16 to a test body 18
incorporating a flow tube 20. One end of the flow tube 20
connects to the ambient air. As the user 14 inhales during a
breathing test, which may last from two to ten minutes,
ambient air is drawn in, passes through the flow tube 20 and
to the user 14 through the mask 12. As the user exhales, air
moves from the mask 12, through the conduit 16, through
the flow tube 20, to the ambient air. In alternative embodi-
ments of the invention, the source and sink for the respira-
tory gases may be conditioned air as used in forced respi-
ratory apparatus.

[0015] A cable 22 connects to the test body 18 and carries
electrical signals between the test body and a computation
unit 24. The computation unit preferably includes a display
26 which may be switched to display the various results of
the test and instructions to the user such as “start test” and
“stop test.” The flow tube 20 and the mask 12 are preferably
formed as a disposable unit so that they may be replaced
between uses for hygienic purposes. The balance of the
system including the test body 18 and computation unit 24
are preferably reusable. The breath under test only passes
through the disposable portions of the system.

[0016] FIG. 2 illustrates the disposable flow tube 18 in
cross section. The flow tube and its associated components
are of the type illustrated in U.S. Pat. No. 2,911,825 which
is operative to calculate the flow rate of the inhaled and
exhaled respiratory gases through the tube 18 and to calcu-
late the density of the gases via a determination of the
acoustic impedance of the flowing gases. As illustrated in
FIG. 2, the left end of the flow tube 18 connects to the
atmosphere so that ambient air 1s drawn into the flow tube
when the user inhales and exhaled air is returned to the
ambient. The right hand end of the flow tube connects to the
mask 12. Thus, inhalations pass through the tube to the right
and exhalations pass through the tube 18 to the left.

[0017] A pair of piezoelectric crystals 30 and 32 are
mounted on opposite sides of the flow tube 18 at an angle to
the central axis of the flow tube so that they face one another
and ultrasonic pulses may be sent from the crystal 30 to the
crystal 32 in the direction of the arrow 34. Similarly, a pair
of crystals 36 and 38 are supported on opposite sides of the
tube so that they face one another, at an angle to the central
axis of the tube, in the direction of the arrow 40. Electrical
connections are made from each of the crystals to an
electronic control and computation circuit 42 which may be
generally of the type illustrated in FIG. 1 of U.S. Pat. No.
2,911,825.

[0018] Additionally, another piezoelectric crystal trans-
ducer 52 is mounted in a wall of the flow tube 18 so as to
contact the gases flowing through the tube. Signals from the
transducer 30 are also provided to the computation and
control unit 42. Essentially, the control unit controls the
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crystals 30 and 36 to transmit ultrasonic pulses to the
crystals 32 and 38 respectively. The circuitry for generating
the pulses and to receive the detected pulses is contained in
the unit 42. Since the time of flight of these pulses between
the transmitting and receiving crystals is a function of their
separation and the rate of flow of gases through the tube, the
flow rate may be calculated as a function of the difference
between the transit times of the pulses between the two sets
of crystals.

[0019] The transducer 52 forms one part of a resonance
circuit controlled by an oscillator in the unit 42. The
frequency of the oscillator is adjusted until the transducer 30
is tuned to series resonance and the voltage drop across the
transducer 52 is measured by circuitry contained in the unit
42. This voltage is a measure of the acoustic impedance of
the fluid. The density of the fluid is equal to the acoustic
impedance divided by the wave propagation velocity
through the fluid as fully explained in U.S. Pat. No. 2,869,
357. Thus, the computation unit receives signals propor-
tional to the flow rate of gases through the flow tube and the
density of those gases and the mass can be calculated. Since
the interior diameter of the flow tube 18 is known, the flow
volume may be calculated.

[0020] The computation unit 42 thus measures the flow
volume of the inhalations, the flow volume of the exhala-
tions, and the mass of the exhaled volume.

[0021] The unit may incorporate a conventional artificial
nose 60 which passes both the inhalations and exhalations
and accumulates moisture from the exhalations and gener-
ally equalizes the temperature and humidity of the inhala-
tions and exhalations. Alternatively, these temperatures and
humidities may be measured or they may be conditioned by
active elements such as a thermistor and humidifier.

[0022] Assuming that the temperature and humidity of the
inhalations and exhalations are equal, the O, and CO,
composition of the exhalation may easily be computed. The
mass of the exhalations is first equalized on the basis of the
flow volumes of the inhalations and exhalations. The mass
of nitrogen in the inhalations is computed and that mass is
subtracted from the mass of the exhaled gas. The remaining
mass composed of O, and CO, and the mass will vary
linearly depending on the proportions of those components
so they can be computed or determined from a look-up table.
The remaining mass is linearly related to the percentages of
CO, and O, in the exhalation.

[0023] FIG. 2 illustrates the flow tube and associated
circuitry of a second embodiment of the invention which
uses the method and apparatus disclosed in U.S. Pat. No.
5,214,966 for the determination of the flow velocity and the
sound velocity of the respiratory gases passing through the
flow tube. The mass of the flowing gas may be calculated
using the flow velocity and the sound velocity in the manner
set forth in that patent. The flow tube 80 of the second
embodiment of the invention is U-shaped with two legs 82
and 84 extending parallel to one another and at right angles
to a central connecting section 86. The leg 82 connects the
central section 86 to a source and sink for respiratory gases
which is preferably the ambient air. The leg 84 connects the
other end of the section 86 to the mask 12 illustrated in FIG.
1 or another respiratory connector such a mouthpiece.

[0024] A first ultrasonic transducer 88 is disposed in the
wall of the tube 80 at one end of the connecting section 86
in direct opposition to a second ultrasonic transducer 90
which is disposed at the opposite end so that the two face one
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another. Each of the two transducers 88 and 90 is formed
with a piezoelectric crystal acting as both a transmitter and
receiver of ultrasonic pulses. The transducer 90, which is
illustrated in detail in FIG. 4, is especially designed for
measuring the density of the gases flowing through the flow
tube 80. As illustrated in FIG. 2, the transducer 90 consists
of a piezoelectric transducer 92, a first block 94 of a material
having an acoustic impedance Z, and a length X_, and a
second block 96 having an acoustic impedance Z; and a
length X;. The two blocks 94 and 96 are disposed in such a
manner that an ultrasonic pulse transmitted from the crystal
92 will transverse the two blocks 94, 96 before reaching the
gas. The first block 94 being disposed between and in
contact with the crystal 92 and the second block 96, and the
second block 96 is disposed between and in contact with the
first block 94 and the gas flowing through the tube 80. The
two transducers 88 and 90 are connected to a computation
and control unit 100 which contains control and computation
electronics. The unit 100 includes sing-around electronic
circuitry of a well known type and includes a microproces-
sor that calculates the flow velocity of gases passing through
the section 86 of the flow tube 80.

[0025] Simultaneously, the signals from the crystal 90 are
used to determine the density of the gas flowing through the
section 86 based on the reflection of pulses generated by the
transducer 92 from the interface between the crystals 94 and
96, the interface between the crystal 96 and the flowing gas,
and the amplitude of those reflections. This is all done in the
manner described in U.S. Pat. No. 5,214,966 and will not be
repeated. Again, the mass of the exhalations may be calcu-
lated from the integrated flow volume density measure-
ments. The flow volume of the inhalation may also be
computed and used along with the exhaled volume to
analyze the mass reading. The normalized mass will be a
function of its complementary O, and CO, constituents.

[0026] In another embodiment only the expired mass and
volume are measured. The expired O, concentration [O,],
and the expired CO, concentration [CO,]. are calculated
from the expired mass and volume, and, knowing the
inspired O, concentration [0, ];, then Vo, is calculated by the
following formula:

_1-10,], - [COs];

Vo, =
% 1 -[0,];

X ([02]; = [02],) Ve xk

[0027] where k is a non-adiabatic correction constant to
compensate for the non-ideal nature of the gases, determin-
able from the van der Waals equation.

[0028] The expired volume Ve is a summation of partial
volumes attributable to each of the constituent gas making
up the expired volume. Since the inhaled oxygen concen-
tration is known or determinable independent of the present
invention, the volume of oxygen in the exhalant is related to
the exhalant mass change associated with the molar con-
centrations of oxygen and carbon dioxide relative to inhalant
gas. CO, volume is calculated as:

Veor=lCO,].x Ve
[0029] Where Ve is the total expiration volume.

Having thus described my invention I claim:

1. The method of determining factors relating to oxygen
consumption of a subject during a multi-breath test of the
subject, comprising:
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measuring and integrating the instantaneous values of
inhaled flow rate and exhaled flow rate and a factor
relating to the exhaled flow density, over the time of the
test to compute inhaled and exhaled flow volumes and
exhaled mass and computing oxygen consumption as a
function of the exhaled mass equalized by the differ-
ence between inhaled and exhaled flow volumes.

2. The method of claim 1 which uses the transit time of
ultrasonic pulses through the inhaled and exhaled gases to
determine flow rates.

3. The method of claim 1 in which the mass of nitrogen
in the inhaled gas is computed and subtracted from the mass
of exhaled gas to determine the mass of the oxygen and
carbon dioxide in the exhaled gas.

4. The method of claim 3 in which the proportion of
carbon dioxide and oxygen in the exhaled gas is calculated
based on the combined mass of those components.

5. The method of claim 1 in which the constituents of the
inhaled gases are known.

6. The method of claim 1 in which the constituents of the
inhaled gases are unknown and the mass of the inhaled gas
is determined from measurements of the flow rate and
density of the inhaled gas.

7. The method of claim 1 further comprising equalizing
the temperature and humidity of the inhaled and exhaled
gases.

8. The method of claim 1 further comprising measuring or
assuming the temperature and humidity of the inhaled and
exhaled gases.

9. An indirect calorimeter of the type in which the
inhalations and exhalations of a subject over a multi-breath
test are passed through a flow tube, comprising:

means for passing ultrasonic pulses through both inhaled
and exhaled gases passing through the tube in a direc-
tion having a component parallel to the direction of
flow of gases through the tube;

means for measuring the transit times of the pulses;

means for calculating the instantaneous flow rates of the
inhaled and exhaled gases from the transit times;

means for calculating the inhaled and exhaled flow vol-
umes from the instantaneous flow rates;

means for calculating the density of the exhaled gases;

means for calculating the mass of the exhalation from the
density of the exhaled gas and the exhaled flow vol-
ume; and

a computation unit for determining the oxygen consump-
tion based on the mass of the exhalation and the inhaled
and exhaled flow volumes.

10. The indirect calorimeter of claim 9 further including

a transducer having a surface and contact with the flowing
exhaled gases for measuring the acoustic impedance of the
gases and a computation circuit operative to receive the
signals proportional to the flow rate and the acoustic imped-
ance for calculating the mass of the exhaled gases.

11. The calorimeter of claim 9 further including a tem-
perature probe for sensing the temperature of the exhaled
gases and a computation means operative to receive the
output of the temperature probe and means for measuring
the transit time of the pulses for computing the mass of the
exhaled gases.



patsnap

TRAFROE) fERA M HSARENEMNIRSED T ENEE
NIF(2E)E US20020013536A1 K (2E)R 2002-01-31
RS US09/933515 iR 2001-08-20

AR E(ERR)AGE) BREIRESH
B (T M) A(F) MAULT JAMES R.

HHTEHE (TR AGGE) MAULT JAMES R.

[FRIRBAA MAULT JAMES R
RBAAN MAULT, JAMES R.
IPCH %S GO01F1/66 A61B5/00 A61B5/08 A61B5/083 A61B5/087 A61B8/00 A61M16/00 GO1H15/00 GO1K17/00

GO01N25/20 GO1N29/024 GO1N33/497

CPCH¥S A61B5/01 A61B5/083 A61B5/087 A61M2016/0042 GO1N29/024 Y10T436/207497 GO1N2291/02836
G01N2291/02881 GO1N2291/02818 Y10T436/204998 GO1F1/66

LR 09/674897 2000-11-07 US
PCT/US1999/017553 1999-09-03 WO
60/095092 1998-08-03 US

H AN FF 3Tk US6506608
SNEBEEHE Espacenet  USPTO
HEGF)

FHSENESHN S S BRI N EF HSER R EN ARk
Eo RFEALMRIRHNEHNRASEH RS , AJAHERSERNR
B, AEBHTRSAFSFRISHERENES , HHSENESHN
—%Mﬁ BULEE, TH %Emgmﬁﬂmru%fﬁlﬂﬁ [
EERENEER , SE 7 AET RALSER R E T E L ERA
MFHERENEERMAEE, FRINRENERURBRANERRE
HEERERNERENIFEERBRREE,

26



https://share-analytics.zhihuiya.com/view/017c30b5-3393-46c8-9c01-e601eeefb933
https://worldwide.espacenet.com/patent/search/family/022249510/publication/US2002013536A1?q=US2002013536A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220020013536%22.PGNR.&OS=DN/20020013536&RS=DN/20020013536

