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The present invention discloses a method to determine the
lung clearance index (LCI) or other indices of ventilation
inhomogeneity of the lungs by combining two pulmonary gas
exchange techniques; Inert gas rebreathing (IGR) is used for
rapid wash-in of the inert tracer gas and this is followed by
multiple-breath wash-out (MBW). The functional residual
capacity (FRC) can either be determined from the tracer gas
concentration and the gas flow inhaled and exhaled during
multiple-breath wash-out or by gas analysis alone from the
inert gas rebreathing. The cumulative expired volume (V)
required to clear the inert tracer gas from the lungs is deter-
mined from the multiple-breath wash-out, and L.CI is calcu-
lated as the ratio between V- and FRC. The advantages of
the method are i) significant reduction of required test time, ii)
significant reduction of consumed gas mixture for wash-in of
tracer gas, iii) potential for further reduction of the use of
tracer gas, and iv) potential for more accurate determination
of the FRC by gas dilution alone. Furthermore the present
invention relates to a corresponding system and computer-
readable medium.
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COMBINATION OF INERT GAS
REBREATHING AND MULTIPLE-BREATH
WASH-OUT TECHNIQUES FOR
DETERMINATION OF INDICES OF
VENTILATION INHOMOGENEITY

CLAIM OF PRIORITY

[0001] This applicationis a continuation in part application
of U.S. patent application Ser. No. 12/904,543 filed Oct. 14,
2010 which claims priority to European Application No.
09013044 .4 filed Oct. 15,2009, the contents of the foregoing
is incorporated by reference herein in their entirety for any
purpose whatsoever.

FIELD OF THE EMBODIMENTS

[0002] The present invention relates to a combination of
techniques to determine the lung clearance index (LCI) or
other indices of ventilation inhomogeneity of the lungs. Inert
gas rebreathing (IGR) is used for rapid wash-in of the inert
tracer gas and in one embodiment further provides means for
accurate determination of the functional residual capacity
(FRC) by gas analysis alone. This is followed by multiple-
breath wash-out (MBW) for determination of the cumulative
expired volume (V) required to clear the inert tracer gas
from the lungs and calculation of the LCI as the ratio between
Vezand FRC.

BACKGROUND OF THE EMBODIMENTS

[0003] Spirometry, i.e. the measurement of inspired and
expired air flows and volumes at the airway opening of a test
subject, is the commonest means of assessing lung function.
Diseases causing obstruction of larger airways will eventu-
ally result in reduced expiratory flows and volumes as mea-
sured by spirometry. However, spirometry findings are often
normal in the early stages of peripheral airway diseases, and
therefore changes (obstruction or restriction) in the peripheral
airways associated with early cystic fibrosis disease, early
chronic obstructive pulmonary disease or mild asthma cannot
be detected by spirometry until the disease has progressed
considerably because the small airways only contribute to a
very limited extent to the total airway resistance.

[0004] Peripheral airway diseases do, however, affect the
way air mixes within the lungs and thus lead to increased
ventilation inhomogeneity. Ventilation inhomogeneity may
be assessed using the multiple-breath wash-out (MBW) test
performed by washing out either a resident gas (e.g. nitrogen)
from the lungs using e.g. pure oxygen or a previously washed-
in non-resident inert tracer gas during tidal breathing of room
air.

[0005] When using the MBW method to assess ventilation
distribution in the lungs, several indices of overall ventilation
inhomogeneity can be calculated as sensitive tracers of air-
way disease. They all reflect differences in specific ventila-
tion between large and/or relatively small lung regions,
resulting in delayed wash-out of the tracer gas from the poorly
ventilated regions. Examples of indices of overall ventilation
inhomogeneity that can be calculated from the MBW are
mixing ratio (MR), which is calculated as the ratio between
the actual and the estimated ideal number of breaths needed to
lower the end-tidal tracer gas concentration to a certain frac-
tion of the starting value, moment ratios of the wash-out curve
and lung clearance index (L.CI). The LCI can be calculated as
the cumulative expired volume (V ) required to clear the gas

May 12,2016

from the lungs minus the number of wash-out breaths multi-
plied by external dead space outside the lips, divided by the
subject’s FRC (up to the lips). FRC is the amount of air that
stays in the lungs after a normal expiration. In other words,
LCI represents the number of lung volume turnovers (i.e.
FRCs) that the subject must breathe to clear the lungs from the
tracer gas (by convention, to an end-tidal concentration of Yo
of the starting concentration over three subsequent breaths).
Disregarding the correction for external dead space the equa-
tion is:

Vi 1
rcr - VeE (09)]
FRC

[0006] TheLClis simple to calculate and intuitively under-
standable, and it is questionable whether any other index is
more sensitive, reliable and clinically useful.

[0007] For the MBW test using a non-resident inert tracer
gas there are several different gases with low solubility in
blood and tissues that can be used, including helium (He) and
sulfur hexafluoride (SFy). Normally, a respiratory mass spec-
trometer is used for the gas analysis, and a flowmeter, e.g. a
pneumotachometer, is used to record the inspiratory and expi-
ratory flows at the mouth. The pressure gradient measured is
directly related to flow thus allowing a computer to derive a
flow-curve measured in L/minute. The test subject is breath-
ing through a mouthpiece or a face mask connected to the
flowmeter, and a gas sampling tube is connected to the breath-
ing assembly for sidestream gas analysis. When performing
MBW tests by use of a non-resident tracer gas, the tracer gas
must first be washed in to obtain an even concentration in the
lungs before the wash-out can start. A conventional breath-
by-breath system for inert gas wash-out therefore further
consists of a unit for delivering the wash-in gas mixture. This
can be achieved by use of a bias flow of the gas mixture. A
sufficiently long wash-in period is needed to allow the tracer
gas to fully equilibrate in the lungs, which may take quite
some time. Conventional wash-in by use of a bias flow also
results in a significant consumption of gas because the bias
flow must exceed the peak inspiratory flow of the test subject.
Alternative setups, such as a demand valve, can be used but
may lead to increased external dead space and resistance to
breathing.

[0008] Thewash-outphaseis initiated by disconnectingthe
bias flow during expiration. The wash-out should continue
until the end-tidal tracer gas concentration has fallen below
Yao of the starting concentration over three successive breaths.
[0009] Guidelines on lung function testing recommend that
the MBW test be repeated in order to obtain at least two tests
in which the difference between two FRC values is less than
10% when comparing the higher to the lower FRC value.
[0010] Inthe conventional MBW test the FRC is calculated
from the net volume of inert gas exhaled divided by the
difference in end-tidal fractional concentration at the start and
end of the wash-out:

Net volume of inert gas exhaled 2)
FRC =

CErstar — CET,end

[0011] The net volume of inert gas exhaled (numerator) is
obtained by integration of the product of time aligned respi-
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ratory flow and fractional tracer gas concentration over time
(i.e. expired minus re-inspired tracer gas volumes on a breath-
by-breath basis). Therefore, accurate determination of the
FRC requires a rapid dynamic response and data acquisition
rate of the gas analyzer. Proper alignment in time of the
respiratory flow signal and fractional tracer gas concentration
prior to the calculation is also critical. This makes demands on
the performance of the gas analyzer and the calibration of the
equipment.

SUMMARY OF THE EMBODIMENTS

[0012] The object of the present invention is to provide a
method to avoid the main problems in the determination of
the lung clearance index.

[0013] This is accomplished by using a method to deter-
mine the lung clearance index (L.CI) of a test subject, said
method comprising the steps of:

[0014] 1in a closed rebreathing assembly, rebreathing an
inert tracer gas mixture having a starting concentration
ofan inert tracer gas until a constant concentration of the
inert tracer gas is reached to wash in the inert tracer gas,
wherein the closed rebreathing assembly comprises a
rebreathing bag filled with a volume of the inert tracer
gas mixture corresponding to the resting tidal volume of
the test subject;

[0015] performing multiple-breath wash-out until end-
tidal tracer gas concentration has fallen below a prede-
termined fraction of the starting concentration; and

[0016] determining the lung clearance index (LCI) by:
[0017] determining via a processor, functional

residual capacity (FRC);

[0018] determining via the processor, cumulative
expired volume (V ) required to clear the inert tracer
gas concentration from the lungs below a predeter-
mined fraction of the starting concentration; and

[0019] calculating via the processor, the LCI as a ratio
between V - and FRC.

[0020] Themethod combines two pulmonary gas exchange
techniques; inert gas rebreathing (IGR) is used for rapid
wash-in of an inert tracer gas, and multiple-breath wash-out
(MBW) is used for determination of the cumulative expired
volume (V) required to clear the inert tracer gas from the
lungs.

[0021] The rebreathing method is a more effective maneu-
ver to obtain good mixing of the gases compared to multiple-
breath wash-in.

[0022] In one embodiment the method uses a gas mixture
containing the inert tracer gas. SF.

[0023] In one embodiment the method uses an oxygen
enriched gas mixture comprising the inert tracer gas to avoid
oxygen deficiency during the rebreathing maneuver.

[0024] A volume of the gas mixture corresponding to the
test subject’s resting tidal volume is filled into a rebreathing
bag. The test subject is connected to the bag via a valve. At the
end of an expiration the valve is opened and the subject then
inhales the gas mixture from the bag and rebreathes the gas
mixture in the closed rebreathing assembly until the inert gas
1s well mixed in the lungs (see FIG. 3 for setup for wash-in/
wash-out tests using inert gas rebreathing).

[0025] Computer simulations have shown that rebreathing
results in 5-10 times faster equilibration of the inert gas than
open-circuit multiple-breath wash-in, and since the tradi-
tional open-circuit wash-in phase lasts longer than the subse-
quent wash-out phase, this means a reduction oftotal test time
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by typically more than 50%. See e.g. FIG. 4 which shows a
comparison of inert gas rebreathing (used in the invention)
and open-circuit multiple-breath wash-in (prior art) using
data from computer simulations.

[0026] Use of rebreathing also reduces the total volume of
gas mixture used. By rebreathing the volume is equal to the
resting tidal volume (V) of the test subject, e.g. 0.6 liters in
an adult. By multiple-breath wash-in the volume exceeds the
peak inspiratory flow times the total wash-in time since the
by-pass flow must exceed the peak inspiratory flow during the
complete wash-in period. As an example, assuming that the
peak inspiratory flow equals three times the tidal volume per
each half breath cycle, the by-pass flow must exceed
V'peak=6xV ;x{, where f; is the respiratory rate (breaths/
minute). For a total wash-in time of e.g. 2 minutes by open-
circuit wash-in the consumption of gas mixture would be 12
minxV ,xf, or, for a breathing frequency of e.g. 15 breaths
per minute this would equal 180xV ;. Thus, the gas consump-
tion by rebreathing would be at least 180 times less than in the
case of open-circuit wash-in. In case the gas mixture was
inspired from a large non-diffusing bag in the open-circuit
mode, the gas usage by rebreathing would be lower by afactor
corresponding to the number of open-circuit wash-in breaths,
i.e. the total wash-in time times the breathing frequency.
Again, for a 2 minute open-circuit wash-in period and a
breathing frequency of 15 breaths per minute, the gas con-
sumption by rebreathing would be 30 times less than in the
open-circuit mode.

[0027] Combining the inert gas rebreathing technique with
the use of a sensitive gas analyzer (i.e. one with a high signal-
to-noise ratio), for example based on photoacoustic spectros-
copy (PAS) instead of a mass spectrometer as most frequently
used in the known art, the consumption of gas would be
minimized drastically. In one embodiment the inert gas
rebreathing technique is combined with a sensitive SF¢ ana-
lyzer whereby the consumption of SF, would be minimized
drastically. A PAS analyzer exists which has a unique sensi-
tivity to SF andis able to measure SF ; accurately in the range
0-0.05% during wash-out. A typical concentration used in the
inspired gas mixture for open-circuit wash-in when applying
mass spectrometry for gas analysis is 4%. Thus, comparing
inert gas rebreathing with e.g. 0.2% SF  as the initial concen-
tration in the rebreathing bag and open-circuit multiple-
breath wash-in using 4% SF, in the inspired gas mixture (i.e.
a 20 times lower concentration) would result in >3,000 times
less SF consumed.

[0028] The fact that the open-circuit multiple-breath wash-
in technique requires much more inert gas mixture than
rebreathing makes the equipment more bulky and adds con-
siderably to the overall cost of performing the procedure.

[0029] In one embodiment the method uses the conven-
tional MBW calculation of FRC from the net volume of inert
gas exhaled divided by the difference in end-tidal fractional
concentration at the start and end of the wash-out period
according to equation 2. The main advantage of using this
calculation is that it is in line with recommendations given in
the scientific literature.

[0030] In one embodiment the method uses the inert gas
rebreathing method to calculate FRC by inert gas dilution
alone according to the equation below:
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Crpi 3
FRC:V,b-(Cb' —1] &

eq,i

in which
[0031] V,,=Initial rebreathing bag volume
[0032] C,, ~Initial fractional concentration of insoluble

gas in the rebreathing bag
[0033] C,, ~Equilibrium fractional

insoluble gas obtained after mixing
[0034] Inthe interestofbrevity, dead spaces on each side of
the valve are not accounted for, but these can easily be incor-
porated.
[0035] V.. is determined by integrating the part of the
wash-out flow curve which has a sign corresponding to expi-
ration (e.g. all positive flow signals) over time. By integrating
flow (I/s) over time (s) a volume (1) is obtained.
[0036] All mathematical expressions and illustrations
throughout this document are made using fractional concen-
trations of dry inert gas. Fractional concentrations can be
replaced by partial pressures using appropriate conversion
factors as known in the art.
[0037] Volumes can be expressed at different gas condi-
tions using appropriate conversion factors as known in the art.
[0038] The gas dilution technique by inert gas rebreathing
may be more robust than the traditional wash-out technique
for determination of FRC, because it is independent of the
critical time alignment between gas analyzer and flowmeter
signals. Further, it relaxes the requirements to rise time of the
gas analyzer because only end-tidal concentrations are
needed in determining the gas dilution, whereas in the open-
circuit method a short rise time and accurate time alignment
prior to integrating the product of flow and gas concentration
signals are important in order to obtain accurate values of the
flux of SF in the rapid transitions during the beginning of
expiration (phase II of the breath) and inspiration.
[0039] According to another aspect, the present invention
also relates to a system adapted to determine the lung clear-
ance index (LCI) of a test subject, said system comprising:

[0040] a closed rebreathing setup configured to allow a
test subject to rebreathe an inert tracer gas mixture hav-
ing a starting concentration of an inert tracer gas until a
constant concentration of the inert tracer gas is reached
to wash-in the inert tracer gas during a rebreathing
period, wherein the closed rebreathing setup comprises
at least a rebreathing bag prefilled with a volume of the
inert tracer gas mixture corresponding to the resting tidal
volume of said test subject to rebreathe to and from
during the rebreathing period;

[0041] at least one gas analyzer for obtaining fractional
concentration of said inert tracer gas inhaled and exhaled
by said test subject;

[0042] a flowmeter for monitoring gas flow inhaled and
exhaled by said test subject;

[0043] processing means for determining LCI of the
lungs of said test subject by determining functional
residual capacity (FRC) and using said gas flow to deter-
mine cumulative expired volume (V ~z) required to clear
said inert tracer gas concentration from the lungs below
a predetermined fraction of the starting concentration,
wherein LCI is determined as the ratio between V . and
FRC.

concentration of
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[0044] Hereby asystem can be constructed that can achieve
the same advantages as described above.

[0045] The gas analyzers could be any apparatus suitable
for obtaining the fractional concentration of the inert gas.
Such apparatus could for instance be a mass spectrometer or
an infrared photoacoustic multi-gas analyzer, etc. In one
embodiment of the invention the gas analysis is performed by
a sensitive gas analyzer with a high signal-to-noise ratio for
examplebased on photoacoustic spectroscopy (PAS). The gas
analyzers can measure the end-tidal partial pressures or con-
centrations or a continuous partial pressure or concentration
curve of the inert tracer gas.

[0046] The flowmeter could e.g. be a pneumotachometer,
and is used to record the inspiratory and expiratory flows at
the mouth. The pressure gradient measured is directly related
to flow thus allowing a computer to derive a flow-curve mea-
sured in I/minute.

[0047] The processing means for determining LCI of the
lungs of a test subject is comprised in the control system of the
measuring system.

[0048] In one embodiment the system uses a gas mixture
containing the inert tracer gas, SF, which has very low solu-
bility in blood and tissues and which is a good choice when
using infrared gas analysis techniques.

[0049] In one embodiment the system uses an oxygen
enriched gas mixture comprising the inert tracer gas to avoid
oxygen deficiency during the rebreathing maneuver.

[0050] In one embodiment the system comprises a carbon
dioxide (CO,) scrubber. When the test subject rebreathes in a
closed system, an accumulation of CO, will take place in the
system. This buildup of CO, can be experienced as uncom-
fortable by the test subject even though there is no lack of
oxygen (0O,). This buildup of CO, can be reduced by imple-
menting a CO, scrubber in the flow way e.g. close to the
rebreathing port right above the rebreathing bag or by imple-
menting a small circuit using recirculation of gas through the
CO, scrubber to avoid adding extra dead space.

[0051] In one embodiment the system comprises a small
cylinder for containing the inert tracer gas mixture. Since the
system has incorporated a sensitive gas analyzer with a high
signal-to-noise ratio and because rebreathing is the method of
choice instead of open-circuit wash-in, a much smaller
amount of inert gas is necessary for performing the test. The
small cylinder contains approx. 150 ml of pressurized inert
gas mixture which corresponds to 18 1 of inert gas mixture at
ambient pressure. In normal open-circuit wash-in the gas
cylinder contains e.g. 1500 1 of inert gas or more. The high
concentration of inert gas inside the gas cylinder means that
only approx. Vo™ of the inhaled gas comes from the cylinder,
the rest is atmospheric air or oxygen. The system can in one
embodiment also comprise means to dilute the inert tracer gas
mixture with air or oxygen. By using this dilution principle a
much more compact system is obtained.

[0052] In one embodiment of the system, said processing
means for determining LCI comprises processing means for
determining FRC based on the conventional MBW calcula-
tion using the net volume of inert gas exhaled divided by the
difference in end-tidal fractional concentration at the start and
end of the wash-out period according to equation 2. Hereby
the same advantages as described above are achieved.
[0053] In one embodiment of the system, said processing
means for determining LCI comprises processing means for
determining FRC based on gas analysis alone and processing
means for determining V . required to clear the inert tracer
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gas concentration from the lungs below 4o of the starting
concentration. Hereby the same advantages as described
aboveare achieved. The processing means is comprised in the
control system of the measuring system.

[0054] In one embodiment of the system, at least one gas
analyzer for obtaining the fractional concentration of said
inert tracer gas inhaled and exhaled by said test subject under
the inert gas rebreathing comprises means for obtaining the
partial pressure of said inert tracer gas.

[0055] One embodiment of a system comprises:

[0056] a breathing assembly which can switch (manu-
ally or automatically) between an open circuit mode and
a closed rebreathing mode (e.g. as illustrated in FIG. 3).

[0057] agasdose facility enabling filling of the rebreath-
ing bag to aknown volume with a gas mixture containing
the inert tracer gas. Alternatively, the rebreathing bag
can be prepared manually.

[0058] Consider a test sequence where the test subject is
performing first one rebreathing test followed by a wash-out
period as the test sequence sketched in FIG. 5. The test peri-
ods do not have to be of equal length or of an equal number of
breaths. The concentration of the inert tracer gas is monitored
and when the concentration is constant (below a predeter-
mined threshold value regarding the fluctuation of the con-
centration), the first time period called wash-in, is over. Here-
after the wash-out period begins where the concentration of
the inert tracer gas is monitored until the concentration has
reached Y40 of the concentration in the beginning of the wash-
out period.

[0059] According to one aspect, the multiple-breath wash-
out (MBW) period is used both for determination of the
functional residual capacity (FRC) and the cumulative
expired volume (V) required to clear the inert tracer gas
from the lungs.

[0060] According to another aspect, the wash-in period is
used for accurate determination of the functional residual
capacity (FRC) and the multiple-breath wash-out (MBW) is
used for determination of the cumulative expired volume
(V cg) required to clear the inert tracer gas from the lungs.
[0061] According to another aspect, the present invention
also relates to the use of the method according to the above to
determine the lung clearance index (LCI) of a test subject.
[0062] According to another aspect, the present invention
relates to a non-transitory computer readable medium having
stored therein instructions for causing a processing unit of a
system switchable between an open circuit configuration and
aclosed rebreathing configuration to execute the determining
of a lung clearance index (LCI) of a test subject through the
following steps:

[0063] initiating the flow of an inert tracer gas at a start-
ing concentration in the closed rebreathing configura-
tion for rebreathing wash-in of the inert tracer gas by a
test subject until a constant concentration of the inert
tracer gas is reached;

[0064] determining when an end-tidal concentration of
the inert tracer gas has fallen below a predetermined
fraction of the starting concentration during multiple-
breath wash-out in the open circuit configuration; and

[0065] determining the lung clearance index (LCI) by:

[0066] determining, via the processing unit, func-
tional residual capacity (FRC);

[0067] determining, via the processing unit, cumula-
tive expired volume (V ~z) required to clear the inert

May 12,2016

tracer gas concentration from the lungs below a pre-
determined fraction of the starting concentration; and

[0068] calculating, via the processing unit, the LCI as
a ratio between V . and FRC.

[0069] Hereby the same advantages as described above are
achieved.
[0070] In one embodiment the steps for determining LCI

further comprise controlling, via the processing unit, a respi-
ration valve.

BRIEF DESCRIPTION OF THE DRAWINGS

[0071] In the following, preferred embodiments of the
invention will be described referring to the figures, where;
[0072] FIG. 1 (prior art) is a schematic diagram illustrating
a conventional setup for multiple-breath inert gas wash-in/
wash-out tests for determination of FRC and ventilation dis-
tribution (e.g. LCI) as known 1in the art.

[0073] FIG. 2 (prior art) illustrates a curve from a conven-
tional multiple-breath wash-in/wash-out test.

[0074] FIG. 3is a schematic diagram illustrating a setup for
wash-in/wash-out tests using inert gas rebreathing for wash-
in of inert tracer gas as used in conjunction with the disclosed
invention.

[0075] FIG. 4 is an example comparing the wash-in of an
inert tracer gas by inert gas rebreathing as used in conjunction
with the disclosed invention (solid curve) and by conven-
tional wash-in as known in the art (dashed curve), respec-
tively. The simulation in the example is performed using the
following input values: FRC=3.01, dead space V,,=0.2 1, bag
volume V equal to tidal volume V,=0.8 1. Ratio between
wash-in breaths n, /0 ;=6;

[0076] FIG. 5 is an example of a test sequence as used in
conjunction with the disclosed invention comprising an inert
gas rebreathing maneuver and a subsequent wash-out period.
[0077] FIG. 6 is an example of a flow chart illustrating a
possible sequence of test preparations, measurements, calcu-
lations and displays used in the software of the processing
means in conjunction with the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0078] The preferred embodiments of the present invention
will now be described with reference to the drawings. Iden-
tical elements in the various figures are identified with the
same reference numerals.

[0079] Reference will now be made in detail to each
embodiment of the present invention. Such embodiments are
provided by way of explanation of the present invention,
which is not intended to be limited thereto. In fact, those of
ordinary skill in the art may appreciate upon reading the
present specification and viewing the present drawings that
various modifications and variations can be made thereto.
[0080] FIG. 1 (prior art) is a schematic diagram illustrating
a conventional setup for multiple-breath inert gas wash-in/
wash-out tests for determination of FRC and ventilation dis-
tribution (LCI) as known in the art. The setup includes a bias
flow of amixture containing a non-resident inert tracer gas for
wash-in in the flowpast assembly 107. A test subject 101
having the nose occluded with a nose clip 102 breathes
through a mouthpiece 103, a bacterial filter 104, a respiratory
flowmeter 105 and a non-rebreathing valve assembly 106.
The gas reservoir 108 is coupled to a flowpast assembly 107
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via a gas line. Flowmeter connection(s) 109 and a gas sample
line 110 are also part of the setup.

[0081] To perform a multiple-breath inert gas wash-in/
wash-out test, the test subject 101 inspires the non-resident
inert tracer gas from the flowpast assembly 107 through the
non-rebreathing valve assembly 106. The non-rebreathing
valve assembly 106 is constructed by one-way valves allow-
ing gas to flow in one direction only. Because of the construc-
tion of the valve 106, the test subject does not breathe the
non-resident inert tracer gas back to the flowpast assembly
107 during exhalation. Instead the test subject expires to the
surrounding air. The test subject 101 may use a face mask
instead of nose clip 102 and mouthpiece 103. The analyzer
unit 111 consists of a measuring apparatus comprising flow-
meter electronics and at least one gas analyzer.

[0082] A typical test consists of a period where the test
subject inspires from the flowpast and exhales to the sur-
rounding air a number of times until the concentration of the
tracer gas is constant e.g. below a predetermined threshold
fluctuation (wash-in period) followed by a period where the
test subject is breathing fresh air (wash-out period). During
the testing (both during the wash-in and the wash-out period)
the concentration in the inhaled and/or exhaled air of the inert
gas in the mixture is measured by a fast responding gas
analyzer. Instead of gas concentration the gas analyzer may
equally well measure the partial pressure of the gas. The
partial pressure can be obtained from the fractional concen-
tration of dry gas or any other measure of gas concentration or
pressure using appropriate conversion factors as known in the
art. Also the flow of the inhaled and/or exhaled air is measured
by means of the flowmeter 105. These measurements are
made continuously.

[0083] FIG. 2 (prior art) outlines a curve from a conven-
tional multiple-breath wash-in/wash-out test from where LCI
can be determined. The insoluble gas, SF,, has become the
gas of choice for measurement of LCI. The concentration of
SF, is monitored and when the concentration is constant
(below a predetermined threshold fluctuation) 201, the first
time period called wash-in 202 is over. Hereafter the wash-out
period 203 begins where the concentration of SF is moni-
tored until the concentration has reached /4o of the concen-
tration in the beginning of the wash-out period 204. The
cumulative expired volume (V ~z) required to clear the lungs
of the gas down to Y4o of its start concentration can then be
used in combination with the functional residual capacity
(FRC) to determine the LCI of the test subject. In the conven-
tional MBW test the FRC is calculated from the net volume of
inert gas exhaled divided by the difference in end-tidal con-
centration at the start and end of the wash-out:

Net volume of inert gas exhaled 2
FRC =

CET start — CET, end

[0084] The net volume of inert gas exhaled (numerator) is
obtained by integration of the product of time aligned respi-
ratory flow and tracer gas concentration (i.e. expired minus
re-inspired tracer gas volumes on a breath-by-breath basis).
Therefore, accurate determination of the FRC requires a rapid
dynamic response and data acquisition rate of the gas ana-
lyzer. Proper alignment in time of the respiratory flow signal
and tracer gas concentration prior to the calculation is also
critical. This makes demands on the performance of the gas
analyzer and the calibration of the equipment.
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[0085] FIG. 3 is a schematic diagram illustrating a setup for
wash-in/wash-out tests using inert gas rebreathing for rapid
wash-in of the inert tracer gas as used in conjunction with the
disclosed invention. A test subject 301 having the nose
occluded with a nose clip 302 breathes through a mouthpiece
303, abacterial filter 304, arespiratory flowmeter 305 and one
port 306 of a rebreathing valve assembly 307. A rebreathing
bag 308 is connected to the valve assembly and evacuated and
pre-filled with a gas mixture from a gas reservoir 309 via a gas
line 310. Flowmeter connection(s) 311 and a gas sample line
312 are also part of the setup.

[0086] To perform a rebreathing test the valve assembly
307 is switched (e.g. automatically by controlling line 313) to
allow the test subject 301 to inspire and rebreathe to and from
the bag 308 for a certain amount of time until the valve
assembly 307 is switched back again. The test subject 301
may use a face mask instead of nose clip 302 and mouthpiece
303. The control system 314 of the measuring apparatus
consists of flowmeter electronics 315, at least one gas ana-
lyzer 316, a valve control unit 317 (unless the valve assembly
is manually driven) and a gas control unit 318 (unless the bag
is prepared manually). A control unit 319 is also included,
comprising a computing/processing unit (CPU) 320 with
control interfaces 321, one or more program and data storage
devices 322 and user interfaces for example comprising a
display 323 and a keyboard, touch screen or similar input
device 324. A data input/output module 325 may also be
included.

[0087] The processing unit (CPU) can e.g. comprise pro-
cessing means for determining LCI of the Iungs of a test
subject using the obtained fractional concentration of the
inert tracer gas measured by the gas analyzer(s) and the gas
flow measured by the flowmeter and associated flowmeter
electronics. Also, the processing unit comprises processing
means for determining FRC based on the gas concentrations
and flow obtained during wash-out or on gas concentrations
alone obtained during rebreathing. The processing unit also
comprises processing means for determining V .. required to
clear the inert tracer gas concentration from the lungs below
Vao of the starting concentration.

[0088] Prior to the rebreathing tests the rebreathing bag is
filled with a known volume of an inert gas mixture. During the
testing the test subject is breathing through the respiration
valve, which allows switching from breathing air to rebreath-
ing the inert gas mixture from the bag and switching back
again.

[0089] A typical test consists of a period where the test
subject is breathing to and from the bag (rebreathing period)
followed by a period where the test subject is breathing fresh
air (wash-out period). During the testing (both during the
rebreathing and the wash-out period) the concentration in the
inhaled and/or exhaled air of the inert gas in the mixture is
measured by a fast responding gas analyzer 316. Instead of
gas concentration the gas analyzer may equally well measure
the partial pressure of the gas. The partial pressure can be
obtained from the fractional concentration of dry gas or any
other measure of gas concentration or pressure using appro-
priate conversion factors as known in the art. Also the flow of
the inhaled and/or exhaled air is measured by means of the
flowmeter 315. These measurements are made continuously.
[0090] FIG. 4 is an example comparing the wash-in curve
of an inert tracer gas by conventional multiple-breath wash-in
401 (dotted line) with the wash-in curve of an inert tracer gas
by rebreathing wash-in 402 (solid line) as used in conjunction
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with the disclosed invention, respectively. The simulation is
based on the single compartment lung model and the example
is performed using the following input values: FRC=3.0 |,
deadspace V,=0.2 1, and bag volume V. equal to tidal vol-
ume V,=0.8 1. Tt can be seen that the rebreathing wash-in
method 402 reaches equilibration 404 much faster, 5-10times
(ratio between wash-in breaths n,,;,/n =6 in this example),
than the conventional multiple-breath wash-in 401, 403, and
since the conventional open-circuit wash-in phase lasts
longer than the subsequent wash-out phase this means a
reduction of total test time by typically more than 50%.
[0091] FIG.5isatypical example of atest sequenceas used
in conjunction with one embodiment of the disclosed inven-
tion comprising two pulmonary gas exchange techniques for
determination of LCI. LCI represents the number of lung
volume turnovers (i.e. FRCs) that the subject must breathe to
clear the lungs from the tracer gas (by convention, to an
end-tidal concentration of Y40 of the starting concentration
over three subsequent breaths). Disregarding the correction
for external dead space the equation is:

_ Ve M

[0092] Inert gas rebreathing maneuver 501 is used for rapid
wash-in of the inert tracer gas followed by a subsequent
multiple-breath wash-out period 502. The concentration of
the inert tracer gas is monitored and when the concentration is
constant 503 (below a predetermined threshold value regard-
ing the fluctuation of the concentration), the first time period
called wash-in 501, is over. Hereafter the wash-out period 502
begins where the concentration of the inert tracer gas is moni-
tored until the concentration has reached /4o of the concen-
tration in the beginning of the wash-out period 504.

[0093] In one embodiment the method uses the conven-
tional wash-out calculation of functional residual capacity
(FRC) from the net volume of inert gas exhaled divided by the
difference in end-tidal fractional concentration at the start and
end of the wash-out period according to equation 2. The main
advantage of using this calculation is that it is in line with
recommendations given in the scientific literature.

[0094] In another embodiment the wash-in period is used
for accurate determination of the functional residual capacity
(FRC) which is calculated by inert gas dilution alone accord-
ing to the equation below:

Cpoi 3
FRC:V,b-( b —1] &

€q,i

in which

[0095] V,,=Initial rebreathing bag volume

[0096] C,, ~Initial fractional concentration of insoluble
gas in the rebreathing bag

[0097] C,, =Equilibrium fractional
insoluble gas obtained after mixing

[0098] Inthe interest of brevity dead spaces on each side of

the valve are not accounted for, but these can easily be incor-

porated.

[0099] The gas dilution technique by inert gas rebreathing

may be more robust than the traditional wash-out technique

for determination of FRC, because it is independent of the

concentration of
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critical time alignment between gas analyzer and flowmeter
signals. Further, it relaxes the requirements to rise time of the
gas analyzer because only end-tidal concentrations are
needed in determining the gas dilution, whereas in the open-
circuit method a short rise time and accurate time alignment
prior to integrating the product of flow and gas concentration
signals are important in order to obtain accurate values of the
flux of SF, in the rapid transitions during the beginning of
expiration (phase I1 of the breath) and inspiration.

[0100] The multiple-breath wash-out (MBW) is used for
determination of the cumulative expired volume (V)
required to clear the inert tracer gas from the lungs prior to
calculation of LCI. V . is determined by integrating the part
of the wash-out flow curve which has a sign corresponding to
expiration (e.g. all positive flow signals) over time. By inte-
grating flow (I/s) over time (s), a volume (1) is obtained.

[0101] FIG. 6 is an example of a flow chart illustrating a
possible test sequence used in the software of the processing
means in conjunction with the present invention. Prior to the
test the equipment may need to be calibrated 601 in order to
measure flows, gas concentrations and flow-gas delay times
accurately. When the equipment is ready the user can enter
patient data 602 which may include data to be used for cal-
culation of normative data for subsequent comparison with
measured values. Thereafter, preparation of the rebreathing
bag 603 begins with the patient being connected to the valve
assembly via mouth piece or mask. The tidal breathing vol-
ume may be monitored to determine the volume to be filled
into the bag for rebreathing. The software controls the equip-
ment and initially prepares the filling of the bag and the
opening and closing of the rebreathing valve assembly. Dur-
ing the test the patient may be asked to breathe as indicated or
guided on the screen or it may be preferred to distract the
patient by e.g. showing a video film on a second screen. Once
the measurements are initiated, rebreathing 604 will start at
the end of an expiration and continue until the software
detects that gases are adequately mixed between bag and
lungs and an equilibrium is obtained. Then the software con-
trols the valve assembly to close the bag and wash-out begins
605. The software detects when the end-tidal concentration of
inert tracer gas has fallen to Y40 of the starting (equilibrium)
concentration and the test can stop. FRC, V- and LCI are
then determined sequentially 606, 607, 608 as described
above. If the test is the first test 609 performed on the patient
the results are displayed 611. The test may be repeated 612 to
achieve two or more data sets, ideally where two sets have
FRC values, which differ less than 10% when comparing the
higher to the lower FRC value. If the test is repeated, average
values of LCI and FRC are calculated 610 and displayed 611
as clinically more useful data. Once satisfactory results are
obtained the test can be terminated 613. The above test
sequence may be described and explained in detail in the
instructions for use accompanying the equipment. The soft-
ware may run on an integrated computer, a separate computer
or a wirelessly connected tablet computer or similar device.

[0102] It should be noted that the above-mentioned means
of implementation illustrate rather than limit the invention,
and that those skilled in the art will be able to suggest many
alternative means of implementation without departing from
the scope of the appended claims. Rather, the words used in
the specification are words of description rather than limita-
tion, and it is understood that various changes may be made
without departing from the scope of the invention. The word
‘comprising’ does not exclude the presence of other elements
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or steps than those listed in a claim. The invention can be
implemented by means of hardware and software comprising
several distinct elements, and by means of a suitably pro-
grammed computer. In a device claim enumerating several
means, several of these means can be implemented by one and
the same item of hardware or software. The mere fact that
certain measures are recited in mutually different dependent
claims does not indicate that a combination of these measures
cannot be used to advantage.

[0103] While this disclosure refers to exemplary embodi-
ments, it will be understood by those skilled in the art that
various changes may be made and equivalents may be sub-
stituted for elements thereof without departing from the scope
of the disclosure. In addition, many modifications will be
appreciated by those skilled in the art to adapt a particular
instrument, situation or material to the teachings of the dis-
closure without departing from the spirit thereof. Therefore, it
is intended that the disclosure not be limited to the particular
embodiments disclosed.

[0104] When introducing elements of the present disclo-
sure or the embodiment(s) thereof, the articles “a,” “an,” and
“the” are intended to mean that there are one or more of the
elements. Similarly, the adjective “another,” when used to
introduce an element, is intended to mean one or more ele-
ments. The terms “including” and “having” are intended to be
inclusive such that there may be additional elements other
than the listed elements. Therefore, it is intended that the
disclosure not be limited to the particular embodiments dis-
closed.

What is claimed is:

1. A method of determining a lung clearance index (LCI) of
a test subject, said method comprising the steps of:

in a closed rebreathing assembly, rebreathing an inert

tracer gas mixture having a starting concentration of an
inert tracer gas until a constant concentration of the inert
tracer gas is reached to wash-in the inert tracer gas,
wherein the closed rebreathing assembly comprises a
rebreathing bag filled with a volume of the inert tracer
gas mixture corresponding to the resting tidal volume of
the test subject;

performing multiple-breath wash-out until end-tidal tracer

gas concentration has fallen below a predetermined frac-
tion of the starting concentration; and

determining the lung clearance index (LCI) by:

determining, via a processor, functional residual capac-
ity (FRO);

determining, via the processor, cumulative expired vol-
ume (V) required to clear the inert tracer gas con-
centration from the lungs below the predetermined
fraction of the starting concentration; and

calculating, via the processor, the LCl as a ratio between
Vgand FRC.

2. The method according to claim 1, wherein the inert
tracer gas is SF,.

3. The method according to claim 1, wherein the inert
tracer gas mixture is an oxygen enriched gas mixture.

4. The method according to claim 1, wherein the gas analy-
sis is performed by a photoacoustic spectroscopy (PAS) sen-
sitive gas analyzer.

5. The method according to claim 1, wherein the FRC is
determined from the tracer gas concentration and a gas flow
inhaled and exhaled during multiple-breath wash-out.
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6. The method according to claim 1, wherein the FRC is
determined by gas analysis alone from the inert gas rebreath-
ing.

7. A system adapted to determine a lung clearance index
(LCT) of the lungs of a test subject, said system comprising:

aclosed rebreathing setup configured to allow a test subject

to rebreathe an inert tracer gas mixture having a starting
concentration of an inert tracer gas until a constant con-
centration of the inert tracer gas is reached to wash-in the
inert tracer gas during a rebreathing period, wherein the
closed rebreathing setup comprises at least a rebreathing
bag prefilled with a volume of the inert tracer gas mix-
ture corresponding to the resting tidal volume of said test
subject to rebreathe to and from during the rebreathing
period,;

at least one gas analyzer for obtaining fractional concen-

tration of said inert tracer gas inhaled and exhaled by
said test subject;

a flowmeter for monitoring gas flow inhaled and exhaled by

said test subject; and

a non-transitory computer readable medium having stored

therein instructions for causing a processing unit of a
system to execute said instructions, comprising: deter-
mining, via said processing unit, the LCI of the lungs of
the test subject by determining functional residual
capacity (FRC) and using said gas flow to determine, via
said processing unit, cumulative expired volume (V)
required to clear said inert tracer gas concentration from
the lungs below a predetermined fraction of the starting
concentration, wherein LCI is determined as a ratio
between V- and FRC.

8. The system according to claim 7, wherein the inert tracer
gas is SF.

9. The system according to claim 7, wherein the inert tracer
gas mixture is an oxygen enriched gas mixture.

10. The system according to claim 7, wherein the at least
one gas analyzer comprises a photoacoustic spectroscopy
(PAS) sensitive gas analyzer.

11. The system according to claim 7, wherein the FRC is
determined from the tracer gas concentration and the gas flow
inhaled and exhaled during multiple-breath wash-out.

12. The system according to claim 7, wherein the FRC is
determined by gas analysis alone from the inert gas rebreath-
ing.

13. The system according to claim 7, wherein the closed
rebreathing setup further comprises a CO, scrubber.

14. The system according to claim 7, wherein the closed
rebreathing setup further comprises a cylinder for containing
a pressurized inert tracer gas mixture.

15. The system according to claim 7, wherein the at least
one gas analyzer for obtaining the fractional concentration of
said inert tracer gas inhaled and exhaled by said test subject
comprises means for obtaining the partial pressure of said
inert tracer gas.

16. The system according to claim 7, wherein the closed
rebreathing setup further comprises a respiration valve
assembly which allows switching from breathing air to
rebreathing the inert tracer gas mixture.

17. A non-transitory computer readable medium having
stored therein instructions for causing a processing unit of a
system switchable between an open circuit configuration and
aclosed rebreathing configuration to execute the determining
of a lung clearance index (LCI) of a test subject through the
following steps:
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initiating the flow of an inert tracer gas at a starting con-
centration in the closed rebreathing configuration for
rebreathing wash-in of the inert tracer gas by a test
subject until a constant concentration of the inert tracer
gas is reached;

determining when an end-tidal concentration of the inert

tracer gas has fallen below a predetermined fraction of
the starting concentration during multiple-breath wash-
out in the open circuit configuration; and

determining the lung clearance index (LCI) by:

determining, via the processing unit, functional residual
capacity (FRC);

determining, via the processing unit, cumulative expired
volume (V) required to clear the inert tracer gas
concentration from the lungs below a predetermined
fraction of the starting concentration; and

calculating, via the processing unit, the LCI as a ratio
between V. and FRC.

18. The non-transitory computer readable medium accord-
ing to claim 17, wherein the steps for determining LCI further
comprise: controlling, via the processing unit, a respiration
valve.
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