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DEVICES, SYSTEMS, AND METHODS FOR AIDING IN THE
DETECTION OF A PHYSIOLOGICAL ABNORMALITY

RELATED APPLICATIONS

The present application 1s a continuation-n-part of U.S. patent apphcation Ser.
No. 12/423 352 enntled Devices, Systems And Methods for Aiding In The Detection OF
A Physiological Abnormality, filed on April 14, 2009, The present application also
claims priority to U.S, Provisional Application No. 617225075 filed on July 13, 2009, the

entire contents of which are incorporated herein by reference.

BACKGROUND OF THE INVENTION
i, Field of the lnvention

The present mvention relates generally to the field of medical devices and
ciagnostics, and more specifically to the field of non-invasive devices, systems and
methods for aiding m the detection of a physiological abnormality 1dentifiable through

analysis of contents of a quantity of breathed air.

2. History of the Related Art

Contents and atrflow characteristics of breathed air vary with physical condition,
Different physical abnormalities manifest certamn detectable and measurable vanations in
those contents. One example of a physiological abnormality identifiable through analysis
of measured contents and flow charactenstios of # quantity of breathed air is a pulmonary
embolism. A pulmonary embolism occurs when an embolus becomes lodged na lung
artery, thus blockimg blood How to tung tissue. An embolus 1s usually a blood clot,
known as a thrombus, but may alse comprise fat, anmiotic fluid, bone marrow, tumor
fragments, or even awr bubbles that block a blood vessel. Unless treated promptly, a
pulmonary embolism may be fatal,

Like many physiological abnormalities, a pulmonary embolism may be difficult
to detect because signs and symptoms may vary depending on the severity of the

occurrence. For instance, a pubmonary embolism may be confased with a heart attack,
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poeumonia, hyperventilation, congestive heart fatlure or a panic attack, In other cases, no
symptoms manifest at all.

A physician will sometimes first elinunate the occurrence of other diseases or
dystunctions before detenmining a true cause of the physiological abnormality. In the
exampie of a pulmonary embolism, traditional diagnostic methods of testing involve
blood tests, chest X-rays, and electrocardiograms. These methods typically may be more
effective in ruling out other possible problems than in actually diagnosing a pulmonary
embolism. For example, a chest x-ray may reveal subtle changes in the blood vessel
patterns after an embolism and signs of pulmoenary farction. However, chest x-rays
may show normal lungs even when an embohs 1s present. Strmlarly, an
electrocardiogram may show abnormalities that are useful mainly 1n establishing the
possibility of a pulmonary embohism.

Yenous thromboembolism {*VTE) ts an mmportant disorder of the vascular
system that involves the formation of bloed clots in veins ("venous thrombosis™), and the
dislodgement and migration of blood clots to the vascular bed of the hungs (“pulmonary
embolism’). Pulmonary embolism s potentally dangerous because blood flow w one or
more vessels supplying the lungs with venous blood retaming from the body s
miterrepted by an obstrocting lesion such as a blood clot (“thrombuz™), Commonldy, the
thrombus nugrates from a vem o the body, passes through the nght side of the heart and
then mio the pulmonary ciraulation. A portion of the blood Howing to the hungs is
mierrupted, resalting 1 reduced off-loading of carbon dioxide from the venous blood
returning from the body, and reduced uptake of oxyveen by the blood betore 1t retarns o
the left side of the heart from the hugs. [fenough pulmonary blood flow s mterrupted
by one or more thrombi, then either the volume of blood or its oxvgen content may be
msutticient to sapport the function of various organs of the body, particularty of the heart
itselfl In its most severe form, a pulmonary embohism mayv lead to shock or even cardiac
arvest. In general, the larger the size of the embolus, the greater the degree of blood flow
reduction m the {ung, and the greater the nisk to a patient. Some have sumused that
emboli causing only a slight reduction in total pulmonary blood flow {e.g., less than 4-

5%) pose little nisk of immediate danger to an indnvidual, and that it 1s most important {o
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be able to detect the presence of larger obstructions {typically mvolving pulmonary
emboli large enough to block the equivalent of one or more entire lung segments}.

As a pulmonary embolism alters the ability of the lungs to oxygenate the blood
and to remove carbon dioxide from the blood, one method of diagnosing the condition
mvolves taking a specimen of arterial blood and measuning the partial pressure of oxyvaen
and carbon dioxide m the arterial blood {1.e., an arterial blood gas analysis). Although a
pulmonary embolism often causes abnormalities in these measurements, an individual
finding or combination of findings from the arterial blood gas analysis does not
necessarily provide a reliable way to exclude or a specific way of diagnosing a
pulmonary embolism. For instance, some patients with a documented pulmonary
embeoelism have normal oxygen and carbonr dioxide contents of the anterial blood.
Accordingly, the arterial blood analysis mayv not reliably include or exchude the diagnosis
of & pulmonary embolism.

The most conumon form of pulmonary embolism is caused by the migration of a
thrombus that has formed withm a vein 1n the body, and that has become dislodged and
nugrated to a segment of the pulmonary circulation, most commonly at a pulmonary
artertal branch point or at a pomt of narrowing m the pulmonary arterial vascular bed.
Thrombus formation involves the coagulation of blood, a process mvolving a cascade of
biochemical reactions. Threads of the protein fibrin are cross-hinked by the enzyme
thrombun to form a mesh that s capable of trappmng platelets from the bloed to form a
chump of cellufar matenial and protein leadmg o a thrombus. Generally soon after
thrombus formation ocours, biochemical reactions are triggered that begin the process of
thrombus breakdown. An mnportant enzyme m this process s plasmin, which helps to
break down fibrin and to decompose the thrombus. A D-dimer 15 a protein fragment that
18 a specific degradation product of fibrn, and normally not detectable in the blood. Its
presence 11 the blood w an indication that thrombosis has occurred somewhere n the
vascular svstem. 1t 1s detectable using assavs that include tagged monoclonal antibodies
capable of bindmng specifically to the D-dimer protem fragment.

D-dimer assays apphed to blood plasma ave reported to be able to detect 93-95%
of cases of thrombosis. Therefore, in patients with suspected venous thromboembolism

{"VTE”), it may be possible to forego more invasive or expensive tests if an tnitial D-
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dimer test results are negative. However, patients will be found to have a positive test
result far move frequently than the actual mcidence of VTE. It has been estumated that of
cases may only be 50% specific for thrombosis. Vanous other conditions can lead to a
positive D-dimer test result, including, for example, liver disease, mflammation,
malignancy, trauma, pregnancy, recent surgery, active theumatoid cisease. and mcreased
age. Thus us usefulness as a screening test for thrombosis and pulmonary thrombo-
embeolism is limited by this high “false-positive” rate.

In an attempt to increase the accuracy of diagnostic procedures for pulmonary
embolisms, plivsicians have recently turned to methods that can produce an mmage of a
potentially afflicted lung. One such method 1s a nuclear perfusion study that mvolves the
mjection of a small amount of radicactive particles into a vemn. The radioactive particles
then travel to the lunps where they highlight the perfusion of blood in the lunp based
upon whether they can penetrate a given grea of the tung. One possible drawback to thus
method, however, is that an abnormal scan does not necessarily mean that g pulmonary
embolism 18 present.

Pulmonary anglograms are another means of diagnosing a pulmonary embolism.
During a pulmonary angrogram, a catheter 15 threaded into the pulmonary artery so that
odine dye can be myected mto the bloodstream. The dye flows into the regions of the
tung, defimng the hug's artenies m an x-ray mage. This technique may mdicate a
pulmonary embolism as a blockage of fow in an artery.  Although a pulmonary
angiogram may be wseful in diagnosing a palmonary embolism, this techmque often
presents health risks w addition to mmposing a burdensome cost.

Spiral volumetric computed tomography 1s another diagnostic tool that has been
proposed recently as a possibly less invastve test for detecting a pulmonary embolism.
This procedure's reported sensitivity has varied widely; Spiral volumetnic tomography
wmay provide utility only for diagnosing an embolism 1 the central palmonary arteries
because of a relatively msensiivity to clot detection i more remote regions of the Jungs.

The palmonary vascular imaging tests described above have several
disadvantages in common. Many of the tests require 1onizing radiation and mvasiveness
of, at a ninimum, an mtravenous catheter. Some tests also typically mvolve costs of more

than $1,000 for the patient, take more than two hours to perform, and require special
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expertise such as g tramed technician to perform the tests and gequure the unages and a
board-certified racdiologist to interpret the images. Notably, many of the tests may be
questionably safe for patients who are pregnant, As a result of these shortconungs, many
of the imaging procedures currently in use are unavailable m many outpatient clinic
settings. Accordingly, there 15 a need 1 the art for a system, device and method that are
readily usable in an cutpatient setting for awding n the diagnosis of physiological
abnormalities including, for example, pulmonary embolisms, whose svptoms manifest

in detectable, measurable variations in the contents and characteristics of breathed air.

SUMMARY OF THE INVENTION

One embodiment of the mvention is a method for identifyving the presence or
potential presence of a pulmounary embolism usig a combination of tests and thresholds.
The method first comprises measuring a D-dimer concentration 1 a blood sample and
determining whether the D-dimer concentration falls at or above a threshold beneath
which pulmonary embolism 1s excluded, thereby producing a positive D-dimer test result
suggestive of pulmonary embohsm. 1f the D-Dimer concentration falls below a threshold
mdicative of concern, the method comprises mdicating that no pulmonary embolism
exists and that no further testing for pulmonary embolism s required. I the D-Damer
concentration falls at or above the threshold, the method next comprises measurmg a
concentration of carbon dioxide in a volume of exhaled air and measuring a concentration
of oxygen in the volume of exhaled aw. In an embodiment, a D-dimer threshold
indicative of concem for the presence of pulmonary embohism falls in a range between
100 and 2000 nanograms per millihiter. Preferably, the D-dimer threshold indicative of
concern falls y a range between 300 and 1000 nanograms per nulhiliter. More
preferably, the D-dimer threshold indicative of concemn 1s about 500 nanograms per
nmulliliter. After these concenirations are measured, the method comprises calculating a
carbox ratio wherein the carbox ratio represents or approximates the concentration of
produced carbon dioxide in relation to the concentration of unconsumed oxyveen. The
method next comprises companng the calculated carbox ratio to a known carbox ratio
mdicating the presence of a pulmonary entbolism to determune whether a pelmonary

embolism exists.  Alternatively, the method comprises comparing the caleulated carbox

P31



1.6

10

—
LA

WO 2011/008774 PCT/US2010/041851

ratio to a known threshold carbox ratio above which pulmonary embolism is unlikelv. In
one embodiment, the known carbox ratio that indicates the presence of a pulmonary
embolism falls within a range o 0.25 to 0.30 and more preferably is 0.28. In another
embodiment, the known threshold carbox ratio above which pulmonary embolism is
unlikely falls within a range of between 0.35 and (.35, and more preferably 1s about (.45,
in an embodument, the method comprises determining whether a pulmonary embolus can
be excluded by measuring a D-dimer concentration at or above a threshold value of about
500 nanograms per nullititer and a threshold carbox ratio of about 0.45. In cases of a
carbox ratio less than the threshold ratio, the method further comprises either outpuiting
an indication that a pulmonary embolism is not excluded, and that addstional diagnostic
testing may be required, or, in cases when the calculated carbox ratio is above the
threshold carbox ratio, ontputting an indication that pulmonary embolism is unlikely.

In gnother embodiment, the method comprises heating the volume of exhaled air
to prevent condensation from forming on or near a measurement device used 1o measure
the exhaled oxygen or carbon dioxide. Another embodiment of the wvention 1s an
mproved method for identifving pulmonary embolism i patients. The method
comprises determuning whether a concentration of D~dimer in a blood sample 1s at or
above a threshold mdicative of concern. The method comprises determuning, m cases
when the D-dimer concentration 1s st or above the threshold indicative of concern, a
carbox ratio of a volame of exhaled air; and outputting an indication, in cases when the
carbox ratio s less than or equal to a carbox ratio threshold, that a pulmonary embolism
18 likely.

Yet another embodiment of the mvention s an inproved method for wdentifyving
or excluding pulmonary embeolism m which the size of the pulmonary embolus exceeds a
threshold size in patients, measured either dimensionally by s size or the size of an
artery that 1t 18 occludmg, anatomically by the amount of lang tissue perfusion it s
mpairng, of proportionally by the percentage of blood flow to the lung tissue 1t is
mpeding. The method comprises the steps of measuring a D-dimer concentration m a
blood sample, determining whether the D-dimer concentration is at or gbove a threshold
value suggestive of thrombosis, and if so performung a respirator test. The respiratory

test comprises measuring a concentration of carbon dioxide in a volume of exhaled air,
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measuring 8 concentration of oxygen m exhaled air, caleulating a carbox ratio comprising
the ratio of the concentration of exhaled carbon dioxide to the concentration of exhaled
oxygen, determuning whether the calculated carbox ratio 1s greater than or equal to a
threshold carbox ratio, and if so indicating that & pulmonary embolism exceeding the
threshold pulmonary embolus size 15 unlikely.

in another embodiment, the mvention comprises a method to aid n the diagnosis
of respiratory dysfunction in an individual using an estimate of that individual's
pulmonary dead space. The volume of air exhaled by the individual in each of a series of
breaths 1s measured. The concentration of exhaled carbon dioxide and oxygen 1s
measured as a funcoion of the vohane of exhaled air. A carbox ratio comprising an
exhaled carbon dioxide concentration divided by a corresponding exhaled oxygen
concentration is then calculated, and the final carbox ratio corresponding to a pre-
determined volume of each exhaled breagth can then be determined. In emhodiment, the
pre-determined volume of exhaled breath 1s set at a multiple of the individual's estimated
pulmonary dead space. An average or median final carbox ratio of the final carbox ratios
from a series of exhaled breaths can then be compared to a known value. I the average
or median final carbox ratio 1s less than the known value, then the presence of respuratory
dysfunction s indicated. 1f the average or median final carbox ratio 1s equal to or greater
than the known value, then the absence of respiratory dysfunction 1s indicated.

The pre-determuned volume of exhaled breath can be within the range of about 2
tmes to about 3 times the indrvidual’s palmonary dead space. It can be within the range
of about 2.5 umes the pulmonary dead space 1o about 4 times the pulmonary dead space.
it can be about 3 times the pulmonary dead space.

The final carbox ratio corresponding to the pre-determuned volume of exhaled
breath can be caleelated by fitting an nth order equation to the carbox ratios derived from
the measured carbon dioxade and oxygen values m the exhaled breath. The final carbox
ratio for the pre-determuned volume of exhaled breath can then be determined from the
fitted equation. In an embodiment, the nth order equation can be a first order eguation.

In another embodiment, an 1™ order equation can be fittied 1o a sevies of carbon
dioxide values measared during an exhaled breath and an n™ order equation can be fitted

to a series of oxygen values during an exhaled breath. A futed value for carbon dioxide

-
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and a fitted value for oxyvgen corresponding to the pre-determined volume of exhaled
breath can be selected. A derived final carbox ratio for each exhaled breath can then be
determined by dividing the fitted value for carbon dioxide by the fitted value for oxypen.
In an embodiment, the n™ order equation for the carbon dioxide values, and the n® order

gquation for the oxygen values can both be first order equations.
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BRIEF DESCRIPTION OF THE DRAWINGS

Frgure 1A 13 a schematic diagrany of a system for aiding in the diagnosis of a
physiological abnormality resulting in detectable, measurable variations in the contents
and characteristics of breathed air 1n accordance with one embodiment of the present
mvention,

Figure 1B is a depiction of a system for aiding in the diagnosis of a physiological
abnormality resulting in detectable, measurable vanations m the contents and
characteristics of breathed air in accordance with an alternate embodiment of the present
mvention.

Figure 1C is a depiction of a system for aiding in the diagnosis of a physiological
abnormality resulting in detectable, measurable vanations m the contents and
characteristics of breathed air in accordance with an alternate embodiment of the present
mvention,

Fipure 11 is g depiction of a portion of a system for aiding 0 the diagnosis of a
physiological abnormahity resulting in detectable, measurable variations m the contents
and characteristics of breathed air in accordance with an alternate embodiment of the
present myvention,

Figure 2 is a representation of a display usable i the system for aiding in the
diagnosis of a physiological abnormality in accordance with one embodiment of the
present mvention.

Fioure 3A 1s a representation of a display usable i the system for mding i the
diagnosis of a phystological abnormality in accordance with one embodiment of the
present invention.

Figure 38 15 a representation of a display usable m the system for aiding w the
diagnosis of a physiological aboormality 1 accordance with one embodirsent of the
present invention.

Frgure 3C 15 a representation of a display asable m the system for arding i the
diagnosis of a physiological abnopmality m accordance with one embodiment of the

present mvention.
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Figure 3D 15 a representation of a display usable i the system for aiding in the
diagnosis of a physiological abnormality n accordance with one embodiment of the
present wvention,

Figure 4 is a representation of a display usable i the system for awding wn the

1.6

diagnosis of a physiological abnormality m accordance with one embodunent of the
present myvention.

Figure 5 15 a representation of a display usable in the system for aiding in the
diagnosis of a physiological abnormality in accordance with one embodiment of the
present mvention,

10 Figure 6A 15 a representation of a display uvsable in the system for siding m the
diggnosis of a physiological abnormality i accordance with one embodiment of the
present mvention.

Figure 6B 15 4 representation of a display usable m the system for atding tn the

diagnosis of a physiological abnormality tn accordance with one embodiment of the

—
LA

present myvention.

Figure 6C i3 a representation of a display usable i the system for aiding w the
diagnosis of a physiological abnormality in accordance with one embodiment of the
present mvention.

Figure 6D 15 a representation of a display usable i the system for mding n the
20 diagnosis of a physiological abnormality i accordance with one embodiment of the

present myvention.
Figure 7 13 a schematic diagram of a handheld wt for aiding i the diagnosia of a
physiofomcal abnormality m accordance with one emthodiment of the present invention.
Figure 8 is a rear parspective view of a removable mouthpiece for arding m the
25 diagnosis of a physiological abnormality in accordance with one embodument of the
present HIvention.

Figure 9 1s a frontal view of a removable mouthpiece for axding i the diagnosis
of a physiclogical abnormality shown i Figure 8.

Figure 10 is a rear view of a removable mouthpiece for aiding 1n the diagnosis of

30 aphysiclogical abnormality shown in Figure 8.

19
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Figure 11 15 g cross-sectional view of a removable mouthpiece for aiding in the
diagnosis of a physiological abnormality taken along section A-A shown in Figure 10,

Figure 12A 1s a cross-sectional view of an altemative embodiment of a removable
mouthpiece for aiding in the diagnosis of a phvsiological abnormality,

Figure 12B 15 a cross-sectional view of another alternative embodiment of a
removable mouthpiece for atdimg i the diagnosis of a phvsiological abnormality,

Figure 12C 1s an end view of an alternative embodiment of a removable
mouthpiece shown in Figure 12b for aiding in the diagnosis of a physiological
abnormality.

Figare 12D 5 an exploded view of an alternative embodiment of a removable
mouthpiece shown i Figure 12b for aiding in the diagnosis of a physiological
abnormality.

Figure 13A is a side view of an alternative embodiment of a removable
mouthpiece for aiding in the diagunosis of a physiological abnormality.

Frgure 138 is a perspective view of another alternative embodument of a
removable mouthpiece.

Figure 13C 15 another perspective view of an alterative embodiment of a
removable mouthpiece shown m Figure 13b,

Figure 13D is an end view of an alternative embodiment of a removable
mouthpiece shown in Figure 13b.

Frgure 14 15 a flowchart of a one exemplary method of diagnosing respiratory
dystunction using the system of the present invention.

Figure 15a 1z a fowchart of another exemplary method of diagnosing respiratory
dysfunction using the system of the present invention.

Frgure {5b s a Hlowchart of another exemplary method of diagnosmg respiratory
dystunction using the system of the present nvention.

Figure 16 1s a depiction of identifying a phase 2 slope on a carbon dioxide versus
vohane curve,

Figure 17 is a scatter plot of clinical study data representing dead space
normalized carbox ratios plotted against raw carbox ratios for patients with pulmonary

embolisms and patients without pulmonary embolisms.
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Figure 18 15 g Spec93 receiver operator curve for dead space normalized carbox
ratios.

Figure 19 is g scatter plot of clinical study data representing respiratory guotient
normalized carbox ratios plotted agamst raw carbox ratios for patients with pulmonary
embolisms and patients without pulmonary embolisms.

Figure 20 is a SpecYs recetver operator curve for respiratory quotient normatized
carbox ratios.

Figure 21 is a scatter plot of clinical study data representing phase 2 slope
normalized carbox ratios plotted against raw carbox ratios for patients with pulmonary
embolisms and patients withoot pulmonary embolhisms.

Figure 22 1s 8 Spec93 receiver operator curve for phase 2 slope normalized carbox
ratios,

Figure 23 15 a scatter plot of chnical study data representing dead space
normalized carhox ratios plotted against nunute volumes for patients with pulmonary
embolisms and patients without palmonary embolisms.

Figure 24 i3 a Spec9s recetver operator curve for dead space and nunute volume
normahized carbox ratios,

Figure 23 1s a scatier plot of clinical study data representing dead space
normahized carbox ratios plotted agamst alveolar minute volhumes for patients with
pulmonary embolisms and patients without pulmonary embohisms.

Figure 26 15 a Spec®3 recerver operator curve for dead space and alveolar minute
volume normalized carbox ratios.

Fiaure 27 15 a scatter plot of mean ratios of exhale heart penod to mhale heart
period plotted against dead space normalized carbox ratios for patients with pulmonary
embolisms and patients without palmonary embolisms.

Figure 28 depicts individual plots showing D-duner sensttivity, specificity,
positive predicted value and negative predicted value as a function of the D-dimer cut-off
threshold.

Figure 29 is a scatter plot of D-dimer scores for 437 patients.
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Figure 30 1s g recetver operating curve based on the data of FIG. 29 and
Hustrating diagnostic performance of a D-Dimer test device as the D-dumer cutoff
threshold is adjusted.

Figure 31 is a plot of the end-tidal CO2/02 ratio as measured by Carboximetry

1.6

against the % pulmonary embolus obstruction estimated from (s size and location in the
lang.

Figure 32 is g plot of the end-tidal CO2/02, normalized to 3 times the pattent’s
pulmonary dead space, aganst the % pulmonary embolus obstruction estimated from its
size and location in the Jung.

10 Figare 33 15 a graphucal illustration of 8 model assipming various regions of the
pulmoenary blood vessels a relative weight as to their impact on being obstructed by a

thrombus.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention mcludes a svstem, a device, and a removable mouthpiece
for aiding in the diagnosis of a physiological abnormality resubting variations of
detectable and measurable contents and characteristics of breathed arr. Various features
and advantages of the present mvention are described below with referance to several
preferred embodiments and variations thereof. However, it should be understood by
those skilled 11 the art that the scope of the present invention is defined by the appended
claims.

As shown tn Figure 1a, the systemn 10 of the preferred embodiment mcludes a
handheld wnt 12 defiming an avway 30 (shown in phantom), wherein the airway 30
mcludes a plurality of sensors adapted to measure a plurality of parameters related 1o the
presence of a physiological abnormality, such as a resparatory dysfunction. Further
details of a preferred handheld unit 12 ave described below with reference to Figure 7.
The system 10 further includes a control wnit 20 remotely connected to the handheld unit
12. The control umt 20 mcludes a controlier 22 (shown in phantom) adapted to recetve
input signals from the handhbeld unit 12 and remit output signals in response thereto. The
output signals ave usable by a user in deternuning the presence or absence of a
physiological abnormality, such as a pulmonary dyvsfunction. The control wnit 20 fusther
can include a display 24 adapted to display the output signals to a user thereby facttating
data analysis. In addstion to mtemally stoning and displaying data, the control unit 20
also may provide ports (not shown), such as USB or Ethernet, for transfernng data
measurements to another device such as a computer, server, PDA, or printer device. In
another embodiment, the controf unit 20 may transfer data wirelessly to an extemal
device.

In a vanation of the preferred embodiment, the handheld enit 12 includes a first
port 16 adapied o compuucate with the controf unit 20. Sumilarly, the control unyt 20
can meclude a second port 28 that 1s adapted to comumunicate with the handheld wnt 12,
in one alternative embodiment, the fivst port 16 and the second port 28 arg connected
through wired means, which mayv include, for example, a cable 18 that is extendable
therebetween. Alternatively, each of the first port 16 and the second port 28 may mclude

wireless transmission and receiving antenna, wireless conununications hardware, and
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wireless comnmunications software that facilitate wireless communications of data
between the handheld unit 12 and the control unit 20, In an alternative embodiment,
instead of communicating with the control unit 20, the handheld unit 12 may
communicate directly with an external device, and the external device may be one of any
number of electronic devices having a memory portion and a processor portion for
receiving and analyzing data wransnutted through a wired or wireless communication
means. These devices may include, for example, bandheld personal computing devices,
computer workstations and laptop computers.

In another varation of the preferred embodiment, the control unmit 20 can mclude a
handle 26 that 1s usable m the manual transport of the control umit 20, The handle 26
additionally can function as a receptacie for the handheld unit 12 when the latter is not in
use. In thus variation, the handheld wit 12 generally may define an elongated portion 15
that 1s perpendicular to the atrway 30, wheremn a user holds or grips the handheld wnt 12
by the elongated portion 15 while breathing through the girway 30, In another variation
of the preferred embodiment, the handheld wt 12 can include dentations or gripping
surfaces to aid & patient 1 securing the handheld wiot 12, Additionally, the elongated
portion 13 of the bandbeld unit 12 may be rounded or bulbous so that a user may rest the
handheld wait 12 condortably agamst his chest for added stabihity during ose.

The handle 26 can melude one or more locking mechamsms to retam the
handheld wait 12 when docked or otherwise physically connected to the control umit 20
Although Figure a depicts the handle 26 as disposed on a top surtace of the control unit
20, this configuration 1s changeable and the control unit 20 can bear the handle 26 on any
other surface mchuding, for example, a side surface. To that end, the second port 28
generally may exist on a surface distinet from that upon which the handle 26 is located,
thas providing greater space for managing any cable 1§ that connects the handheld vnit
12 and the control wmt 20,

Figures 1b through 1d show an alternative embodiment of the control unit 20 and
the handheld wnit 12, Like parts are nombered the same between embodiments. As
shown in Figure 1b, the control unit 20 retains the handheld wuit 12 in an upright
position. In an alternative embodiment, the control wmit 20 may retam the handheld unit

in & prone position across the top of the control unit 20 in place of the handle 26. In this
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alternative embodiment, the control umt 20 may comprise a lockmg element for locking
the handheld unit 12 10 place for use as a handle 26.

Figures 1b and ¢ depict an alternative emnbodiment of the handheld vait 12 which
comprises a protective grating 13 over on end of the girway 30 so that the plurality of
sensors remain protected from debris or objects that could cause damage.

As shown i Figare 1b, the control unit 20 also may include a cable management
system, such as a well 17 disposed within the control unit 20, for selectively containing
the cable 18 during usage and storage of the system 10, The cable management system
can include any mechanical or electromechanical means known in the art for minimizing
the amount of cable 18 exposed during usage of the system 10, For example. the cable
18 may be a tenston coil cable, hike those used on telephone handsets, and when a user
docks the handheld unit 12, the user aligns the tension coif cable 18 with the well 17 so
that 1t contracts sutomatically mto the well 17 in the control anit 20 for antomatic storage.

The control unit 20 also may include a pole mount {not shown) for attaching to a
bedraif or IV pole. The pole mouont also may enable hanging the control wnit 20 from a
hook, such as an IV pole hook. Mounting the control unit 20 1o a pole or hook enables a
user to concentrate solely on breathing mstead of simultaneously attempting to hold the
control wait 20,

I an alternative embodiment, the controb wiut 20 also may contain a rechargeable
battery of one of the many types well known in the art of rechargeable battenes for
operating the system 10 free of any power cables. In this alternative embodument, a user
selectively may connect a power cable (not shown) to the control it 20, The power
cable may be one, for example, adapted to mate with an AC currvent standard wall outlet
or a DC current automobile power outlet, for providing a charge to the rechargeable
battery. The rechargeable battery then would store the charge for extended use apart
from a power outlet. The control anit 20 also may operate durmng charging, with the
power cable attached.

In addition to pole mounts and power outlets, an alternative embodiment of the
countrol unit 20 also may comprise several additional elements, such a power indicator 23,
a battery ndicator 23 and cooling vents (no shown) for convective cooling of the central

processing unit {not shown) comtained within the control unit 20, Because the control
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unit 20 may stand upright or rest securely on its sides, the control umit 20 may further
comprise raised nidges for keeping the cooling vents unobstructed when the control unit
20 rests with the cooling vents facing a surface.

In addition 1o the control unit 20 and the handheld unit 12, the system 10 further
meludes a removable mouthpiece 14 selectively connectable to the handheld wnit 12, The
removable mouthpiece 14 can include a filter adapted to substantially prohibit the
passage of germs mto the atrway of the handheld unit. In one vanation of the system 10
of the preferred embodiment, the removable mouthpiece 14 inclodes an integrated
fltration media 70, As shown m Figures 8 through 13d, the removable mouthpiece 14
mchdes a substantially eyvlindrical body portion 60 definmng a substantially evhindrical
passageway 62 baving a first end 64 and a second end 66, The removable mouthpiece 14
further includes a support member 68 disposed at a first end 64 of the body portion 60
and an mtegrated filiration media 70 connected to the support member 68,

The filtration media 70 is substantially conical and defines an open end 74 and a
closed end 72. The filtration media 70 15 disposed within the passageway 62 suach that
the open end 74 1s substantially adjacent to the first end 64 of the body portion 60. The
substantially conical filtration media 70 minimizes airflow resistance during both
exhalation and mhalation by providing a large surface area through which air may flow.
This design provides several benetits. Mininuzing awflow resistance 1s of particular
mmportance when patients suffer from resprratory distress because thew airflow rates are
often higher than those of patients breathmg without respiratory distress. Minmuzing
airflow resistance algo lessens a sensation of breathung through a device, which enables
hghly comiortable use and produces consistent readings for an accuwrate diagnosis.

The removable mouthpiece 14 1s selectively connectable to a handheld wnit 12 of
the type described above, wherein the handheld unit 12 15 adapted to measure a plorality
of parameters that may be indicative of a number of phvsiological abnormalities, for
example, a pulmonary dysfunction. The mtegrated filwation media 70 1s adapted to
substantially prohibit the passage of germs into the ainway 30 of the handheld anit 12, To
that end, the filtranion media 70 may include certain antimicrobial coatings, fibers,
compounds or compositions that are adapted to kil or occlude the passage of germs mito

the atrway 30. In one embodiment of the present mvention, the filtration media 70
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comprises IM® Filtrete ® material and has an arflow resistance n the range of 0-4 cm
20 at 60 liters per minute of flow. Preferably, the filtration media 70 has an anflow
resistance that is less than 2 cm HaO at 60 hiters per munute of flow, and more preferably

the filtration medial 70 has an airflow resistance equal to or less than approximately | cm

1.6

H:0 at 60 liters per minute of flow.

In adduion 1o minnmizing airflow resistance, as described above, the filtration
media 70 further functions to mininuze dead space volume within the removable
mouthpiece 14 and within the atrway 30 of the handheld wut 12, Mmninuzation of the
dead space volume provides a number of benefits, most notably mcreasing precision and
1 reliability of measurements devived by the plurality of sensors disposed within the
handheld unit 12, By minmmizing the overall volume of atr within the atrway 30, the
removable mouthpiece 14 improves the overall measuring capacity of the system 10 and
further provides for a more reliable diagnosis of any phyvstological abnormality, such as,

for example, g pulmonary dysfunction. Preferably, the mouthpiece occupies the entire

—
LA

votame of the arrway 30 withoat toachmg the plurality of sensors. In the embodiment
depicted m Figures 1h through 1d, the mouthpiece 14 occupies aboat 50 % of volume
the airway 30,

Although Figures 1 and 7 show the handheld unst 12 having a particular
configuration, one skifled in the art would recognize readily that the handheld vt 12
20 having the above described airway 30 and removable mouthpiece 14 could adopt any

number of ergonomic configerations. For example, the handheld unit 12 could be egg
shaped or box shaped and provide finger arips for a secure one-handed or two-handed
hold.
Addiionally, in an alternate embodiment, the mouthpiece 14 could mcorporate a
25 mask for covermg a user’s airway. The mask eastly could be designed to prevent aix
leakage, which could ocour espemially with users having facial haw that would prevent a
precise seal between the mask and the user’s face.
The description above generally describes the control unit 20 and handheld unit
12 portions of the system 10, and the following description provides further detail
30 regarding these components of the present mvention, starting with a descuption of the

control unit 20,
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As shown in Figures 1a through lc, the control unit 20 of the preferred
embodiment mcludes a display 24 adapted to present output signals to a user. As shown
it Figures 2a through 64, the display 24 also may function as an mterface between the
control unit 20 and the user such that the user can put and/or select information to be
viewed, tested, or summarized. The display 24 can nclude, for example, a touch screen
or other mterface that presents data and recetves wputs from a user. As shown i Figure
2, the display 24 may inctude a menu from which a user can select for presentation on the
display 24 a type of test or a type of data, such as a spirometry reading or a carboximetry
reading. As shown m Figure 3a, the display 24 also can include an mput panel that
provides 8 means, such as a touch screen keypad, for entermg information usable n
wlentifying a patient.

In other variations of the preferred embodiment, the display 24 can present
graphic or tabular imformation regarding testing results for a particular patient, For
example, Figures 4, 5 and 6 vespectively llustrate a graphical representation of a patient’s
spirometry results, tabular mformation regarding the same, and tabular information
regarding the same patient’s carboximetry results. Figures 6b through 6d depict the
display 24 presenting carboximetry results and an mdication of whether a patient has a
resprratory dysfanction, such as a pulmonary embolism, or whether fuather testing 1s
required. An alternate embodiment of the present invention may provide an mdication of
the absence of a respiratory dysfunction such as a pulmonary embolism. The system 10
and the proprietary software theremn can readily process data and format results for either
graphical or tabular presentation, as well as any other format that s acceptable oy
preferable i the medical field.

The display 24 of the preferred embodiment further can mterface with a user for
other aspects of a patient’s health that may relate to a physiological normality, such as a
pulmonary dysfunction. For example, the display 24 can include menus and/or data
representations related to a patient’s heart rate, tidal volume, dead space volume, as well
as any other diagnostic measure of a physiological abnormality, such as a palmonary
dvsfunction. Additionally, the display 24 may provide an option for nding the
presentation of run time display data during patient use of the system 10, This option

may prevent patients from experiencing any unnecessary stress caused by viewing their
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test results during testing. This option thus may mcrease the accuracy and repeatability
of the diagnostic test by preventing patients from experiencing forms of biofeedback, or
stress-induced fluctuations, which could occur from watching real-time andfor processed
data during thetr test.

The present mvention also includes a handheld unit 12 for aiding s the diagnosis
of a physiological dvsfunction. As shown in Figure 7, the handheld untt of the preferred
embediment includes an airway 30 defined within the handheld unit and a plurality of
sensors disposed within the airway. The plurality of sensors is adapted to measure a
plurality of parameters related to the presence of a physiological abnormality. For
example, sensors may measure parameters mdicative of a resptratory dysfunction,
parameters such as for example the oxygen and carbon dioxide content of a user’s
exhaled breath. The handheld unit 14 further includes a mouthpiece 14 selectively
connectable to the handheld unit 12, The mousthpiece 14 can include a filter 70 adapted
to minimize atrflow resistance and substantially prohibit the passage of germs into the
amrway of the handheld unit.

In a vanation of the preferred embodiment, the handbeld unmit 12 melodes an
oxygen sensor 34 having an emitter/sensor 35a and a fens 35b. The preferred oxygen
sensor 34 is a combination of a hght emiutting diode (LED) and a photodetector that
measures the reflectivity of hight onginating from the LED and reflecting off a selected
surface. In most preferred embodiments, the LED enuts fight in or around the blee
wavelengths that the lens 35b then directs onto a coated surface {not shown) that 18
reactive 1o oxyveen. As the level of oxvgen m the arflow vanies, the fluorescence of the
coated surface also vanes, and the photodetector measures this vartance. The sysiem 10
uses known relationships between the reflective mntensity of the coated surface and the
measured photodetector values to compute an amount of oxvgen n the airfiow.
Additionally, the coating on the sensor 33a 1s thermally stabilized, thereby mmproving
measurement accuracy of the oxygen sensor 34

The handheld wnit 12 also can include a carbon dioxide sensor 32 that 1s disposed
adjacent to the oxveen sensor 34 in the airway 30, The carbon dioxide sensor 32 i3

preferably a non-dispersive infrared sensor (NDIR), of the type known m the art.

24



1.6

10

—
LA

WO 2011/008774 PCT/US2010/041851

According to one embodiment of the present wvention, the oxygen sensor 34 and
the carbon dioxide sensor 32 are arranged for minumizing the potential for error in the
computation of the carbon dioxide to oxyvgen ratio of the airflow. More particularly, the
oxygen sensor 34 and the carbon dioxide sensor 32 are arranged so as to be mutually
orthogonal with a longitudinal axis of the airway 30. Adduionally, because both sensors
can be optical sensors, they can be arranged such that a first ray emanating from the
oxygen sensor 34 and a second ray emanating from the carhon dioxide 32 sensor are
substantially perpendicular. The first and second rays then define an imagmnary plane that
15 substantially normal to the airflow passing through the amwway 30

This orientation provides a number of benefits, meloding synchromzed data
collection over a unique volume of air as it passes through the airway 30. Senal
disposition of these sensors, as practiced in the state of the an, prevents each sensor from
opergting independently and stimultaneously upon the same volume of air. That
limitation creates an opportunity for changes i air temperature, flow direction, pressure
or gaseous concentration to affect adversely the accuracy of measured values of oxvgen
and carbon dioxide. The present immvention solves this problem through the
aforementioned orthogonal onentation of the oxygen sensor 34 and the carbon dioxide
sensor 32

The handbeld unit 12 of the present mvention additionally can contain
temperatare and humidity control means 40 inchuding at least a first thermometer 42 and
a heating element 41, wherein the latter two elements preferably cooperate to mamtam
the temperature of the aivway 30 at a predetermined level. Additionally, the handheld
unit may meorporate a fan (not shown) for removing hamudity from the airway 30,
thereby improving sensor accuracy. A second thermometer 43 also can be disposed
within the airway 30 for measaring an ay temperature there. Variations i the
temperature and relative humdity between mhaled air and exbaled air may caase
unntended errors in the measurement of the carbon dioxide to oxygen ratios as measured
by the present mnvention. The software portion (not shown} exssting within the system
also executes a thermal-correction algorithm on the CPU (not shown). This algorithm
mmproves performance of the oxygen sensor 35 by reducing thermal variation 1 the

oxvgen sensor 35 reading and thereby reduces thermal ervor by a factor of about 2. By
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warming the airway 30, the heating element 41 thermally stabilizes air flowing over any
airway sensors, such as the oxvgen sensor 35 and the carbon dioxide sensor 32, by
normalhizing the relative hunudity and temperature gradient over each respiration cycle.
The heating element 41 also prevents condensation from fornung on critical sensing
surfaces. Elevating the temperature of the alrway sensors o something higher than the
temperature of the humidified gir exhaled through the airway 30 prevents condensation
from interfering with proper operation. The comcal filtration media 70 also may consist
of a material suitable for entrapping humidity, thereby blocking condensation from
entering the airway 30,

The temperatare control means 40 of the present nvention is adapted for
maintaining the temperature of the airway 30 at a range between thirty-three and forty-
three deprees Celsius. More preferably, the temperature control means 40 of the present
mvention 1s adapted for mamtanmng the temperatare of the airway 30 at approximately
thirty-eight degrees Celsius. The temperature control feature of the present invention
provides a namber of benefits including warming the inhaled air so as to decrease the
temperatare gradient over the resprration cyele of a user and ncreasimg the sensiivity of
the oxvgen sensor 34 and the carbon dioxide sensor 32 by normalizing the relative
hunudity and temperature gradient over the respiration eyele. The software portion (not
shown) existing within the systern 10 also mowtors the temperature of the temperatare
control means 40 and prevents use of the system 10 1 the event that the temperature
deviates from a range determined 1o be acceptable for either sensor calibration accuracy
or condensation prevention.

In another vanation of the preferred embodiment, the handbeld wmit 12 can
mclude a bypass channel 38 that connects to the arrway 30, The bypass channel 38
functions to remove a mimimal portion of the airflow from the airway 30 for the purposes
of measuring one oy more parameters associated with the awflow. For example, the
bvpass channel 38 may contain one of more sensors for measurmg one or more of the
temperatore, pressure, carbon dioxide content, or oxvgen content of the airflow.
Addmionally, the bypass channel 38 may contain g thermometer,

In a variation of the preferred embodiment having the oxygen sensor 34 disposed

withm the byvpass channel 38, the bypass channel 38 serves an added benefit of
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preventing stray light from reaching the oxygen sensor gnd corrupting measurement
accuracy. In other vanations of the preferred embodiment, the handheld unit 12 can
mnclude a second bypass channel {not shown) that 1s located opposite or adjacent to the
bypass channel 38, The second bypass channel also may contain one or more sensors.
For example, the second bypass channel mayv contain an oxygen sensor 34 of the type
described above m order to prevent ambient light from entering the airway 30 and
corrupting the oxygen sensor 34, An additional bypass channel (not show) may provide a
bypass to ambient air and thus conduct fresh air into the airway 30 during inhalation. A
plurality of bypass channels 38 may exist containing any number of sensors and each of
those bypass channels 38 may be aranged i any ortentation with respect to one another.

In g preferred embodiment, a first bypass channel 38 contains an oxygen sensor
and a second bypass channel {not shown) contains a volumetric airflow sensor. The tlow
within the bypass channel 38 1 in Huid commumcation with the airway 30. As shown in
Figure 7, a volumetric airflow sensor 36 disposed within the bypass channel 38 measures
the flow within the handheld wat 12, This sensor may be any volametrie airflow sensor
known 1 the art, such as a delta pressure sensor, a hot-wire anemometer, or a twhine
tachometer device. Measuring airflow allows the system 12 1o calenlate a vohume of anr
flowng mto and owt of a user’s lungs. This dertved measuerement 1s eritical i wdentifying
any murober of physiological abnormalies, for example, a respiratory dystunction such
as a pulmonary embolisny

Addstional ambient sensors (not shown) located within the elongated portion 158
of the handheld anit 12 measure ambient temperature, pressure and humudaty for
calibrating the system 10, An open aw Qow channel {not shown) exiis within the
glongated portion 15 of the handheld unut 12 such that ambient aw flows nto the
elongated portion 13 where the ambient sensors lie. This ensures a homogenous
psychrometric condition of the oulside ambient air and the air i contact with the ambient
atr sensors. A thermal barrier {not shown) exists between the portion of the handheld umt
{2 containing the heating element 41 and the portion of the handheld anit containing the
ambient air sensors. This thermal barrier reduces any potential for error in ambient air
sensor readings caused the heating element 41 potentially heating the ambient air sensors

above the temperature of the ambient air cutside of the handheld unit 12, These
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additional sensors i combingtion with sensors i the airway 30 and the bypass channel
38 enable a single pomt cahbration correction. This calibration is a psychrometric
correction that requires no external, active calibration using calibration gases, The
control wait 20 then takes measurements from the sensors in the bypass channel 38 and
compares those to corrected values of known molecular concentrations of oxveen and
carbon dioxide i ambient air. These known ambient concentrations are corrected for
ambient temperature, pressure and bumidity as measured by the additional sensors
posttioned within the elongated portion 15, The systemn 10 uses these derived values to
calibrate the oxvgen sensor 34 and the carbon dioxide sensor 32, The seftware portion
{not shown) existing within the system 10 also montors the ambient sensor
measurements and prevents use of the system 10 in an event that any ambient sensor
measurement deviates from a range deternuned to be acceptable for either sensor
calihration accuracy or general operation.

In one embodiment, calibration also includes the step calibrating the airflow
sensor 36 by restnicting awflow from amrway 30, A user may restrict airflow by docking
the handheld wut 12 on the controller unit 20 wlhich has 8 low pressure seal thereon for
comtacting the handheld unst 12 and sealing the atrway 30 on one end. The geometry of
the handbeld wnit 12 enables correct positioning and a proper seal when docked on the
control unit 20. Restricting airflow enables calibration of the volumetric airflow sensor
36 this zero-tlow condition. Alternatively, connecting removable mouthpiece 14, with
a filter 70 disposed therein, to the handheld anit 12 restricts arrflow with the airway 30
such that accurate calibration 1s possible without dovking the handheld vt 12 on the
control unit 20

In one embodiment, runtime calibration of the handheld vt 12 occurs
automatically prior to each use. This rantivre calibration adpsts sensor measarement for
potential dryft andfor change over tune. Prior to rannmyg the carboximedry runtinge
calibration, the controlier umit 20 mstructs an operator to ensure proper installation of the
removable mouthpiece 14, The controller unit also mstructs the operator to avoid moving
the handheld unit 12 and breathing into the handheld umit 12, and to ensure fresh ambient
ai 13 m the arrway 30, Once an operator acknowledges the instructions, the system 10

runs a carboximetry runtime calibration. The control unit 20 analyzes collected data and
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determines whether a sensor calibration 1s necessary or whether a tundamental sensor
error has occurred.  These deternunations depend on {low conditions and expected
concentrations of oxvgen and carbon dioxade.

In a preferred embodiment, runtime calibration of the handbeld unit 12 occurs
automatically prior to each use, and additionally is repeated with each breath cycle.
Preparatory mstructions can preferably be provided to the user as outlined above, and the
02 andfor CO2 sensors can be re-calibrated 1o the ambient awr concentrations with each
inhaled breath. Thus, the readings of the sensors with each exhaled breath can be
calibrated to the smmediately preceding inhaled breath, mmmizing potennial drift in the
readings over the course of the data collection.  Although re-calibration with each breath
cvele is likely to produce the most rehable sensor data, re-calibration with each second,
third, fourth or fifth breath, for example, may be sufficient, depending on factors such as
the ambient teraperature and hunidity, the sensitivity and precision of the sensors chosen
for the device, and the reliability and robustness of the electronic circuitry used to process
the sensor signals.

Turning now back to the sirway 30 of the handbeld unit 12, the present mvention
further mcludes a removable mouthpiece 14 usable in the detection of a phystological
abnormality, svmptoms of which manifest m measured conponents of a breath of air. As
shown 1o Figores 8 through 11, the removable mouthpiece 14 mcludes a substantially
cvimdrical body portion 60 defining a sabstantially cvlindrical passageway 62 having a
first end 64 and a second end 66. The removable mouthpiece 14 forther includes a
support member 68 disposed at a first end 64 of the body portion 60 and an integrated
filtration media 70 connecied o the support member 68. The filtration media 70 18
substantially conical and defines an open end 74 and a closed end 72. The orientation of
the hiltration media 70 within the passageway 62 i3 sach that the open end 74 1s
substantially adjacent to the first end 64 of the body portion 60.

The removable mouthpiece 14 1s selectively connectable to a handheld wmt 12 of
the tvpe described above, wherem the handheld amt 12 is adapted to measure a plurabiy
of parameters that may be indicative of a physiological abnormality. The mtegrated
filtration media 70 substantially prohibits the passage of germs mto the airway 30 of the

handheld unit 12. To that end, the filtration media 70 may mclude certain antinticrobial
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cogtings, fibers, compounds or compositions that are adapted to kill or oeclude the
passage of germs mito the arrway 30

The filtration media 70 further functions to minimize the dead space volume
within the removable mouthpiece 14 and within the atrway 30 of the handheld unit 12
ancl, most impaortantly, because of its substantzal surface area available for anrflow
exchange, the filtration media 70 minimizes airflow resistance during both exhalation and
mhalation. Mintnuzing the dead space volume while minmmizing airflow resistance
provides a number of benefits, most notably increased precision and rehiability of
measurements derived by the plurality of sensors disposed within the handheld wnit 12.
in one embodiment, the diameter ratio of the filtration media 76 diameter at the closed
end 72 to the filtration media 70 diameter at the open end 74 is between 1.2 and 1:4 and
more preferably is approxumately 3:8. Based on this preferred diameter ratio, an optimal
range of ratios of preferred length of the filtration media 70 1o the closed end 72 diameter
of the filtration media 70 15 between 4:1 and 5:1. These dimensions provide low
resistance of the filtration media 70 while occupying a volume measuring close to halt of
the mrway 30,

By mumuzng the overall volume of air located within the airway 3, the
removable mouthpiece 14 improves the overall measuring capacity of the system 10 and
provides a more reliable diagnosis of any physiological abnormality. With dead space
vohime minmnnized, the system 10 requires that a user produce only a mummal volume per
breath to properly and consistently operate the sensors of the present invention. With
arflow resistance mintmuzed, & user may breathe more comfortably through the handheld
unit 12 thereby producing more consistent and accurate results. This mcreased control
andl precision of relevant measurement variables (flow, temperature, oxygen, carbon
doxide, and pulse rate) helps to assure an accurate and predictive diagnosis of any
physiological abnormalities detectable m a quantity of breathed air, abnormalities such as
respuatory dysfunction,

The removable mouothpiece 14 mates with the arrway 30 without a need for
additional tools. In one embodiment, the removable mouthpiece 14 maters with the
handheld unit 12 under no more than 1.3 kg of msertion force and no more than .25 N-m

of rotational moment daning erther installation or removal, Additionally, m one
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exemplary embodiment, the assembled removable mouthpiece 14 and handbeld vt 12
maintain a static low-pressure seal of at least 6 emH2O for no less than 3 mimutes, losing
no more than .05 cmHZO of pressure while sabject to a static load no less than +/- 1.2
kg applied in the following two orientations: 1) along the longitudinal axis of the airway
3G and 2) perpendicular to the longitudinal axis of the arway 30 at three distinet, equally
spaced pomts around the diameter of the disposable wnlet, at a distance no grater than 1
cm from the inlet of the removable mouthpiece 14, Under these conditions, the
removable mouthpiece 12 shall not break or form a crack when subject to a static load no
less than +/- § kg applied i the following ortentations: 1) along the longrtudinal axis of
the mirway 30, 2) perpendicudar to the longuudmal axis of the airway 30 at three distinet,
equally spaced points around the diameter of the disposable inlet, at a distance no grater
than 1 cm from the inlet of the removable mouthpiece 14, 3) rotational moment
perpendicular to the longitudinal axis of the away 30, applied at a distance no great than
t em from the mlet of the removable mouthpiece 14, and 4) rotational moment
perpendicular to the longitudinal axis of the arrway 30, applied wathin 0.5 cm of the
largrest cross section diameter of the removable mouthpiece 14

Figures 12a through 13d show views of alternative embodiments of the removable
mouthpiece 14, As shown m detail i Figures 12 a and 12b, these alternative
embodiments of the removable mouthpiece 14, comprise a flared, substantially comcal
spatguard 85 that protects and mamtams cleanhmess of the handheld unst 12 between
users. The spitguard 83 preferably provides diametrically opposed finger grips 90 for
assisting a user with mserting the removable moathpiece 14 tto the handheld wt 12.
Further, as shown m Figures 13b and 13¢, one alternative embodiment of the removable
mouthpiece 14 may provide key indentations 92 for matmg with raised ridges on the
handheld anit 12 s0 that the moothpiece 14 15 properly ortented wathin the auwrway 30,

Thas alternative embodiment of removable mouthpiece 14 requires proper
ortentation because of a flange umt 95 designed for comfortably holding a user’s mouth
open to provide a free flow of air while enabling a comfortable seal. The Hlange unit 93
has thereon bite tabs 100, 105 on which a user comfortably may rest his teeth. Because
the tabs 100, 105 are spaced apart from one another, a user’s mouth then remains spaced

apart. The flange unit 95 also comprises a Hp rest 110 agamst which a user comfortably
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may rest hus lips to provide a proper seal and prevent toss of airflow through the handheld
wt 12, Both the flange unit 93 and an mternal seal 115 that helps the mouthpiece 14
engage securely with the handheld unit 12 may be formed of a thermoplastic elastomer
{TPE)}, such as Mediprene ®, which has a high biocompatibility and lessens the potential
for an allergic response m a user. Addinionally, the internal seal 115 mav exist on the
mouthpiece either within the mouthpiece 14 as depicted clearly 1n Figure 12b or at the
end of the mouthpiece 14 as depicted 1n Figure 13a.

In addition to the flange unit 95 and key indentations 92, Figures 12b through 124
depict an embodiment of the mouthpiece 14 having a filtration media 70 supported by a
sapport member 68 comprising a plurality of fins for surrounding and supporting both
mternal and external surfaces of the filtration media. The support member 68 of this
embodiment of the mouthpiece 14 thereby constrains the filtration media 70 and prevents
the filteation media 70 from balloomng out or collapsing and cutting off atrflow during
exhalation and inhalation respectively,

The number of fins comprising the sapport member 68 and therr placement
divectly affect resistance. Too many fing would merease resistance too much and too few
fins would leave the fltration media 70 unsupported. In the embodiment depicied
Figures 12b through 12d and Figures 130 through 12d, the support member 68 comprises
§ fins arranged svimmetnically and spaced evenly about the substantially comcal filtration
media 78; Any number and arrangement of fins s possible. The size and shape of the
fins 18 also flexible such that the fins may be sculpted to aid arrflow mto the filtration
media 70. In alternative embodiments, mstead of providing fins, the support member 68
may comprise a mesh or mesh-like structure for consirainmng the filiration media.
Alternatively, the support member 68 may support only the exterior surface of the
filtration media 70 and the filtration media 70 may be pleated to resist ballooning and
collapsing during exhalation and whalation,

Use of a disposable removable mouthpiece 14 in the system 10 desciibed above
permits a user to reuse the handhetd vt 12 on different patients without the need for any
stevilization or cleaming procedures, A user of the system 10 and handheld anit 12 of the
present invention readily can athix a new, stenilized removable mouthpiece 14 to the

handheld unit 12 prior to use on a new patient. Following testing of a patient, the user
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can simply remove and discard the removable mouthpiece 14, ncluding the filtration
media 70, and return the handheld unit 12 to its proper storage location. Use of the
removable mouthpiece 14 saves a user any time that otherwise would be dedicated to
cleaning or sterihizing the handheld device 14, As such, the user can have more ime to
dedicate to treatment and diagnosis of potential physiological abnormalities, such as
pulmonary dysfunctions, i one or more patients.

Integration of the filtration media 70 into the removable mouthpiece 14 also can
save significant costs in the design and production of the system 10 and handheld unit 14
of the present mvention. No need exists for cleaning or replacing both a mouthpiece and
a filter. The present mvention provides 8 removable mouthpiece 14 that a user can secure
and remove as needed on a single-use basis. Manufacture of the removable mouthpiece
14 also 1s simplified because the filtration media 70 is integrated within the mouthpiece
14, No need exists for desigming or manufactaring special surfaces, contours or features
that would pernut the cleaning of the removable mouthpiece 14 or the removal of the
filtration media 70. Accordmgly, the removable mouthpiece 14 13 manafacturable at a
lower cost than a more tradittionsl, reusable mouthpiece intended for a simlar or identical
purpose.

Tuming now to Figures 14 and 15, the present mvention also mclades methods
for diagnosing a physiological abnormality and for particularly diagnosing a pulmonary
embolism using the above-described system 10, Because gas exchange decreases when a
pulmonary embolism blocks a pulmonary artery, the ratio of carbon dioxide to oxygen
{carbox) i a volume of exhaled air also decreases. Referning 1o a fiest step $140 of the
method of Figure 14, the sensors of system 10 measure carbon dioxide and oxygen
content of a volume of awr flowing through the atrway 30, The system measures
concentrations of carbon dioxide and oxygen and dertves partial pressure valees from
those measurements. In a second step S150, the system 10 calvulates a carbox ratio and
displays data relating to these measurements. The carbox ratio generally represents a
partial pressure calculation of carbon dioxide produced over a partial pressure calculation
of unconswmed oxygen, Based on predeternuned threshold values indicative of the
presence or absence of a pulmonary embolism, the system 10 identifies whether

measurements are deternunative of respiratory dysfunction.
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Additionally, as mentioned earlier, the system 10 includes a display 24 having
menus andfor data representations not only related to carboximetry measurements but
also related to a number of additional measurements, including for example a patient’s
heart rate, tidal volume, and dead space volume. Some of these additional measurements
and calculations derived therefrom at a third step $160 enable a more accurate
deternunation of the presence or absence of a pulmonary embolism, At a fourth step
S170, the method involves applying these additional measurements to the carbox ratio
thereby refining predictive accuracy of any carboximetry calculations falling near or
between threshold values indicative of the presence or absence of a pulmonary embolism.
These additionad weasurements and caleolated factors, or normalization factors, work
mdependently and i combinagtion to increase the precision with which the system 10
determunes whether a patient exhibits a pulmonary embolism.

Clinical studies of patients using the system 10 yield a cloud of data representing
patients manifesting pulmonary embohisms, patients not manifesting pulmonary
embolisms, and patients whose measerements are meonclusive. Applying normalization
factors to this data pool better separates these measared data points o delmeated groups
falling on either side of a threshold value distinguishing patients with pulmonary
embelisms from those without pulmonary embolisms. This increased delineation awds m
diagnosing patients whose measurements sre otherwise inconclosive,

Statistical data analyses are applicable to this delineation process, and these
analvses may establish sensitivity, or true positive readings, at a certain percentage that
also munmizes specificity, or the number of false positive readings. For example, this
system 10 may successfully catch 93% of patients verably experiencing pulmonary
embolisms while identifying 95% of patients not manifesting pulmonary embolisms.
These linnts dertve from thresholds determimed danng staustical anatyses of climical data,
mcluding comparing discreet values (o values exirapolated from smooth Gaussian
distiibutions. Establishing these percentages and extrapolating plotted studv data
identifies established threshold valses by which to analyze real time climcal
measurements.

Returning now to the method of Figure 14, the fourth step 5170 of the present

method for diagnosing pulmonary embolisms recites emploving normahization factors to

34



1.6

10

—
LA

WO 2011/008774 PCT/US2010/041851

measured data. A fifth step S180 recites comparing that novmalized data to established
threshold values deternuned through the above-deseribed chincal studies and data
analyses. A final step S190 1nvolves diagnosing true mstances of pulmonary embolism
based on the comparison 1 step S180.

In one embodument of the present method, measured dead space in a volume of
exhaled ar functions as a particularly effective normahization factor for refining the
conclusiveness with which the ratio of carbon dioxide to oxygen indicates the presence of
a pulmonary embolism. As is known in the art, the dead space volume refers to the
portien of any tidal breath withount gas exchange. Numerous methodologies known m the
art are available for determuning the dead space volume, mcluding for example the
Fletcher-Fowler method. The Fletcher-Fowler method includes measuring a carbon
dioxide concentration across an exhalation period, resulting in a curve representing the
exhaled carbon dioxide concentration as a function of exhaled volume of air. Integration
of the curve about an equilibrium point results in the caleulation of a dead space volume,
which may or may not be indicative of a resprratory dysfunction such as pulmonary
embolism.

In an embodument, for example, the sigmoidal carve of expired CO2 vs. expired
atr vohume shown m Figure 16 can be considered 1o exhibit three phases. Relatively
CO2-free gas s expired i the fivst phase, followed by a rapid sigmoidally mereasing
concentration of expired CO2 n the second phase, finally followed by a more gradual
mereasing CO2 concentration m the third phase, which may be considered to represent
the CO2 derived from expired alveolar gas. A method of estimating anatonmceal dead
space can mclude extrapolating a linear regression line of the phase I CQO2 curve
backwards toward phase M1, and dropping a vertical line at a point at which the excess
volame of CO2 defined by the regression function over the sigmodal curve 13 equal o
the vohane of CO2 provided by the sigmoidal curve io the left of the vertical line. The
expired air volume indicated by the vertical line can be considered to be the estimated
anatonuical dead space. In an embodiment, the control anit can be programmed to
perform this computation of the anatomical dead space based on the expired CO2 and

expired air volume data acquired by the hand held wmt.
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Dead space alone functions effectively as a normalization factor for separating
true posttive readings mdicative of the veritable presence of pulmonary embolism from
false positive readings that falsely indicate the presence of pulmonary embolisim, One
way to apply the dead space normalization factor to the carboximetry ratio of carbon
dioxide to oxygen in an exhaled volume of air is {irst to measure dead space over a
collection of breaths and then to caloulate a median dead space value for that collection
of breaths, Then, using measurements from a single breath, multiply the carbox ratio hy
a ratio of the expected dead space value to the median dead space value for the patient’s
collection of breaths. Expected dead space value may be a textbook valug for a certain
population. Other factors may floence this determined value, such as a pattent’s
medical history and metabolism. Comparing the resulting dead space normahzed carbox
valoe to a threshold value deternuned through chnical studies identifies carbox ratio
values that otherwise falsely mdicate the presence of pulmonary embolism.
Aliernatively, dead space may be used to gualify a single breath as usable for vahd
carboximetry caleelations. For example, 1t exhaled volume exceeds 1.5 times the dead
space vohane, a breath may be considered to be valid for caleulating a carbox ratio.

In an alternative embodiment, dead space functions as an effective normalization
factor either 1 combination with or mdependently of additional normalization factors.
One such factor that operates independently 15 respwatory quotient (RQ). Calculating RQ
reqpares an addittonal measurement of the amount of oxygen consumed n a volume of
mhaled air. Dreiding this measured value of oxygen by the measured amount of carbon
dioxide produced i a volume of exhaled air produces the RO value. RO is useful
normalizing reacdings based on what a patient 18 metabolizing, for example fats,
carbohydrates and protems. Applying RQ as a normalization factor helps sort patients
whose metabolic changes may mfluence carboximetry readings and produce misleading
results around and between threshold carbon dioxide to oxygen ratio values.

In yet another embodunent of the present method, applying nunute vohume
calculations to dead space normahized carboximetry values further refines data analvsis.
Minute volume is a volume of mhaled air measured over a period of one minute, and this
volume increases when a patient manifests a pulmonary embohism. High mmute

volumes, however, are particularly useful discriminators for identifying patients without
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pulmonary embolisms who nonetheless produce low carbox ratio values because they are
hyperventilating. Wheo apphed to the dead space normalized carbox rativ as a
normalization factor, minute volume identifies patients who merely are hyperventilating
and producing carboximetry readings mimicking those indicative of pulmonary
embolism. Negalive pulmonary embolism readings for patients with low carbon dioxide
to oxygen ratios falling below a threshold validly identify patients without pulmonary
embeolisms.

In an alternative embodiment of this method of diagnosing a pulmonary embolism
using system 10, minute volume also functions an effective normalization factor when
applied to the dead space normahized carbox ratio 1 conjunction with another
normahization factor, uptake rate. Applying an uptake rate value to a minute volume
measurement produces an improved gross indicator of hyperventilation. Uptake rate is
the amount of oxygen absorbed by 4 patient’s lung over a period of one mimute. Oxygen
levels in a breath of air decrease over a length of time that air remains in a patient’s
tengs. Because a pulmonary embolism blocks artenial flow, more oxygen remamns m a
vohune of ar exhaled by a patent manufesting a pubmonary embolism. By measuring
oxygen levels over the duration of an exhaled breath, system 10 determunes the rate at
which oxygen levels decrease during that exhaled breath, and this rate 15 determinative of
the rate with which a patient’s lungs absorb oxyeen. Thus rate of change 15 low for
patients with pulmonary embolisms whose longs are anable to absorb oxygen effectively.
Calcufating the ratio of mumste volume to uptake rate produces a value indicative of
vertdation rate to perfusion rate, and comparing that caleulated value o a known
threshold value identifies patients who are hypervenitlating rather than manifesting
respiratory dysfunction indicative of pulmonary embolism.

In vet another alternative embodiment, applymg alveolar minute volume to the
carbox ratio produces useful normalized values. Alveolar ninute volame 1s measured
minute volume less calculated dead space. This derived normalization factor further
refines the deternunative value of a carbon dioxide to oxygen ratio to diagnose a
pulmonary embolism.

Phase 2 slope normalization provides vet another altemative method for

diagnosmg pulmonary embolism using data collected by the system 10, The system 10
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measures carbon dioxade and oxvgen content 1n a volume of exhaled air. During the
duration of a single exhalation, the ratio of these measurements varies sharply at an
wdentifiable point of change when the rate of molecular exchange varies sharply. Phase 2
slope normalization entails identifyving this point of change that leads into a second slope
phase, the phase 2 slope, and calculating the carbox ratio at this point of change. Svstem
1) then diagnoses pulmonary embolism by further applying the above-described
normalization methods to this phase 2 slope ratio.

In another embodiment, the method of diagnosing pulmenary embolism
comprises calcnlating an expected ratio of carbon dioxide to oxygen and comparing this
value to actual measared ratios of carbon dioxide to oxygen. In this alternative method,
the svstem 10 displays actual and expected carbox ratios for analysis by a clinician.
Calculating an expected ratio depends on a number of physiological factors, such as
height, weight, gender, and age. The system 10 calculates an expected carbox ratio based
on a clinician’s inputting these patient-specific factors, The clinician then determines
whether a patient’s exhaled air measorenmients divert from expected ratios and thereby
mdicate the presence of respivatory dysfunction. Addwionally, this comparison of
measured data to expected data may be useful in conpunction with data analyses using
methods for diagnosing respiratory dysfanction that mvolve normalization factors.

In another alternative embodiment, plethsmograph measurements aid i
diagnosing palmonary embolisms using dead space normalized ratios of carbon dioxide
to oxygen 1 a volume of exhaled air. Plethsmographs measure variation in a patient’s
heartbeat between an wnhale portion of a breath and an exhale portion of that breath.
Generally, breathang alters chest cavity pressure and effects rhvthmic beating of a heart.
Patients experiencing pulmonary embolisms exhibit an altered pressure regulation of thewr
hearts wheremn theirr heartbeats respond less to deviations i chest cavity pressure between
each inhalation and exhalation. In other words, because patients with pulmonary
embolism have already-pressurized hearts, they also have a more consistent heartbeat
between inhalation and exhalation than healthy mdividuals.

Applying plethsmograph readings to normalized ratios determined by the system
10 operating simultaneously with the plethsmograph mproves specificity by conclusively

identifying patients without pulmonary embolisims who nonetheless exhibit low dead
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space normalized carbon dioxide to oxygen ratios. This method uses plethsmograph
readings to calculate a heart period ratio of mean exhale period to mean mhale heart
pericd. Comparing this value and/or inhalation and exhalation heart period measurement
vatiability values to known threshold values then identifies patients without pulmonary
embolisms who exlubit low dead space normalized carbox ratios.

Although normalization factors are useful m determining the presence of
pulmonary embolism, other methods of deternunation also exist. For example,
combining a blood based measurement such as D-dimer with an end-uidal carboximetry
measurement can provide a non-invasive, rapid, and reliable bedside method to screen for
pulmonary embolism. Turning now to Figure 154, the present invention includes a
method for determining the presence of a pulmonary embolism comprising combining a
D-dimer measurement with a carboximetry measurement to determine the presence or
absence of pulmonary embohsm,

in one embodiment, a first step S1505 and second step S1510 respectively
comprise analyzmg a blood sample for D-dimer concentration and comparing the D-
dimer concentration to a threshold valae for mdicating a potential presence of pubmonary
embolism. D~dimer concentration 1s a reliable negative predictor for pulmenary
embolism. H the D-dimer conceniration falls below a threshold value, that result 1
satisfactory evidence that pulmonary emboliso is not present. A D-dimer concentration
falling at or above the threshold for a negative pulmonary embolism resalt, however,
provides no absolute evidence of pulmonary embolism, and determuning a positive result
recpsires additionat testing. I the D-dimer concentration falls below a threshold indicative
of concern, a third step S1512 indicates that no pulmonary embolism extsts and that no
further testing 1s required. If the D-dimer concentration falls at or above the threshold
mdicative of concern, additional testmg 1s required to deternune whether a pelmonary
embolism 13 present.

A switable threshold value for this purpose 1s a D-dumer concentration falling m a
range of 100 to 2000 nanograms per nulithiter {(ng/mi), and move particularly S60-1000
ng/ml. In one embodiment the threshold value equals the VIDAS® D-dimer value of 500
ng/ml or thergabout. Figures 28 through 30 demonstrate these ranges apphied during a

chintcal trial of 437 patients. Figure 28 depicts four individual plots showing D-dimer
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sensitivity, spectficity, positive predicted value and negative predicted value as g function
of the D-dimer threshold value. Three example thresholds, 200 ng/ml, 300 ng/mi, and
1000 ng/ml, are shown on each plot: to provide a graphical indication of how each
performance metric is affected as the cutoff threshold is changed. Figure 29 depicts a
scatter plot of D-dimer scores for 437 patients, and the 500 mg/m} D-dimer threshold
value is indicated. Patients above this line were diagnosed as having pulmonary
embelism based on the D-dimer test alone. This group represents the patient population
requiring carboximetry screening, using a device such as the system 10 disclosed herein,
for example. Patients below the 300ng/nil threshold value line were diagnosed as having
no pulmonary embolism and therefore requiring no additional testing. Figure 30 depicts
an example receiver operating curve for the data a set of Figure 29, This is a standard
chart ysed 1o relate the diagnostic Specificity and Sensitivity performance of a device.
An area under the curve of 1 would be a perfect diagnostic. Heve, the area under the
curve {AUC) 15 082517, The area under the curve of this chart and the shape of the
curve tustrate the diagnostic performance as the D-dimer catoff threshold is adpsted.

In an exemplary embodiment of the present invention, one such method of
additional testing comprises a fourth step S1515 and a fifth step S1320 respectively
directed toward measuring a concentration of carbon dioxide and a concentration of
oxygen i a volume of exhaled air and directed toward caleulating a carboximetry ratio
based on the measured values. The exemplary system 10 and exemplary methods
described above with regard to the system 10 ave soitable for performing the fourth step
S1515 and the fifth step S1520 of the present analviical method.

To evaluate a patient further for the presence of pulmonary embolism, a sixth step
S1525 comprises comparing a catboximetry ratio to a threshold value that indicates the
presence of a pulmonary embolism. For example, such a value may be between 025 and
G.30, and preferably may be 028 or thereabout, as presented m US Patent No. 6,573,918,
herein incorporated by reference. The method thus comprises deternuning whether a
pulmonary embolism exists or whether a patient requires additional testing. In cases
when the caleulated carbox ratio 1s less than or equal to the carbox ratio threshold. a
pulmonary embohism hikely 1s present, and the method comprises a seventh step S1530A

of indicating the presence of a pulmonary embolistn. For example, m one embodiument, if
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the carboximetry ratio indicates the presence of pulmonary embolism, the contvol unit 20
of the exemplary system 10 described above may nstruct an operator o treat the patient
for pulmonary embolism. If the carbox ratio 15 greater than the threshold value, thereby
indicating that a pulmonary emboelism likely is not present, then an alternate step S1530B
comprises mdicating that additional testing is required. For example, m one embodiment,
the control umit 20 described above may instruct an operator to conduct further testing. In
summary, a posttive D-dimer test result and positive carboximtery test result therefore
together indicate the presence of pulmonary embolism, and a positive D-dimer test result
combined with a negative carboximetry test result indicates a need for addittonal testing,

Turning now to Figure 15b, the present mventton inchsdes a method for
determining whether pulmenary embolism can be excluded comprising combming a D-
dimer measurement with a carboximetry measurement. In one embodiment, a first step
S1603 and second step S1610 respectively comprise analyzing a blood sample for D-
dimer concentration and comparing the D-dimer concentration to a threshold value for
mdicating a potential presence of pulmonary embolism. H the D-dimer concentration {alls
below a threshold value, that result 15 satisfactory evidence that pulmonary embolism s
not present {51612). A D-dimer concentration falling at or above the threshold for a
negative pulmonary embolism result, however, saggests the need for additional testing.

A surtable threshold value for this purpose 15 a D-dimer concentration falling ina
range of 100 to 2000 nanograms per nulliliter {(ng/mi}, and more particularly 3060-1000
ng/ml. In one embodument the threshold value equals the VIDASE D-dimer value of 500
ng/ml or thereabouis. In an exemplary embodiment of the present mvention, one such
method of addional testing comprises a fourth step S1615 and a fifth siep S1620
respectively directed toward measuring a concentration of carbon dioxide and a
concentration of oxygen 1 a volame of exhaled air and directed toward calculating a
carboximetry ratio based on the measured values. The exemplary system 10 and
exemplary methods described above with regard to the system 10 are suitable for
performung the fourth step S1615 and the fifth step 51620 of the present analytical
methad.

To evaluate a patient further for the presence of pulmonary embolism, a sixth step

S1625 comprises comparing a carboximetry ratio to a threshold value that indicates the
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likely absence of & pulmonary embolism. For example, such a value may be between
0.35 and 0.55, and more preferably 1s about 0.45 or thereabouts. In cases when the
calculated carbox ratio 1s greater than or equal to the carbox ratio threshold, a chinically
stgnificant pulmonary embolism is not likely to be present, and the method comprises a
seventh step S1630A of mdicating this information to the chinician or operator. For
example, 1 one embodiment, 1f the carboximetry ratio 15 above the selected threshold
value, the control unit 20 of the exemplary system 10 described above may tnstruct an
operator that chinically significant pulmonary embohsin is not likely, If the carbox ratio
18 lower than the threshold value, thereby indicating that a pulmonary embolisnm may be
present, then an alternate step S1630B comprises indicating to the climictan or operator
that additional testing may be required, which can be performed, for example, by the
control wt 20 described above. In sununary, a positive D-cimer test result and negative
carboximetry test result therefore together indicate that despite a positive D-dimer result,
a chinically significant pulmonary embolism is not likely 1o be present, and a positive D-
dumer test resalt combined with a positive carboximetry test result indicates a potennial
need for additional testing.

In another embodiment of the method, the D-dimer and Carboximetry test steps
nay be performed sinndtaneously or in reverse order. Because these two tests are
mdependent of one another, the particular order of testing could be reversed or data could
be collected simultaneously and compared to threshold values simultaneously.
Furthermore, adjusting the D-duver threshold value and carboximetry ratio threshold
value withmn the disclosed ranges mayv himit the number of falsely wdentified pulmonary
embolisms.  Chnicians may elect to adjust these thresholds based on lustorical data

collected with a particular D-dimer and/or carboximetty measurement device.

Exemplification of Normalization

Purppse of normalization

The carbox value, the partial pressure of carbon dioxide divided by the partial
pressure of oxygen n an exhaled breath, 13 a metnic with value in diagnosing pulmonary
embolism. Companing a patient’s carbox value to threshold values deternunes whether

the patient almost certamly has a pulmonary embolism, whether the patient almost
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certainly does not have a pulmonary embolism, or whether the results are inconclusive
and that the patient requires further testing. The thresholds are determunable through
chincal testing, which testing also determines the distribution of carbox values n a
pattent population.

The quantities making up the carbox value are partial pressure of oxvgen and
partial pressure of carbon dioxide in an exhaled breath. These quantities vary with other
physiological parameters. Additionally, other measurable phystological parameters are
affected by the presence of a pulmonary embolism. Normalization measures these other
physiological parameters and combines them mathematically with the carbox value. This
process compensates for the confusing effects of other parameters that may obscure the
carbox value’s diagnostic unility by combining the predictive value of g parameter with

the carbox value to strengthen the data’s diagnostic nulity.

Daita used to evaluate normalization fechyiaues

These normalization techniques were evaluated in 8 92 patient study using an
Alpha Prototvpe 1 of the system 10, The study determined carbox values for a
population with a clinical suspicion of pulmonary embolism and a baseline nisk for
elevated D-cimer. Twenty patients 1n the study were considered to have a pulmonary

embaolism.

Progess for evaluating the daia

Al Data available

Each patient in the study produced data collected over approximately four periods
of tidal breathing followed by a deep inhalation and exhalation. The data collected
during this nme included partial pressure of oxygen, partial pressure of carbon dioxade,

atr flow (L.7s), and a plethsmographic signal.

B. Data reduction

Data evaluation transpired in the followmng sequence of steps: A first step
mvolved determining when each patient was inhaling and exhaling. A second step

mvolved determining when distinct exhalations occurred for each patient’s
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measurements.  An exhalation occurred when the volume of air produced exceeded 0.1L
and when the length of exhale was at least one second. With exhalations dentified, a
third step included deternunmg the dead space volume for each patient. The dead space
for each breath was determined using the above-described Fletcher-Fowler method. The
median dead space volume for the collection period was used as a patient’s dead space
measurement. Lastly, a fourth step ivolved determining representative carbox values for
the patient. The breaths during which the exhaled volume exceeded the dead space
volume while measuring less than 1.7L deternuned a representative carbox value. In
addition to the volune requirement for determining representative breaths, the carbon
dioxide level and the oxygen level of these representative breaths changed by at least 5
torr.

For all qualifving breaths, a hnear fit was made to the carbon dioxide versus
volame curve and to the oxvgen versas volume curve. The linear it was an asymptotic
line drawn at a point on the curve located between the knee, of each partial pressure
versus volome curve and a L measurement on the volume axis. In ths study, when the
exhaled volume exceeded 1.5 times the dead space vohume, 1.5 times the dead space
volame represented the knee of each curve. When the exhaled volume did not exceed 1.5
times the dead space volume, then the halfway point between the dead space volume and
the maxamum exhaled volume represented the knee of each curve. With asymptotic
linear fits placed on each partial pressure versas volume curve, the data reduction then
myolved identifying the partial pressures of carbon dioxade and oxygen at the point
where each respective inear it reached exther T or the waimum exhaled volume,
whichever was a smaller valae. The data reduction then meluded dividing the
extrapolated carbon dioxide value by the extrapolated oxygen value o calculate a carbox
value for each representative breath. The median carbox value for all of a patient’s
breaths then represented the patient’s carbox value.

Because of the vanation in the breathing patterns of individual subjects, 1t may be
advantageous to use a value of the end-tidal carbox ratio ("ETCR™) corresponding to a
consistent target end-tidal volume that is g pre-determined multiple of the subject’s
estimated anatomical pulmonary dead space. In an embodiment, the ETCR measurement

is taken at an end-ndal volume that is between gbout 2 times to about 5 times the
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mdividual subject’s estimated pulmonary dead space. In a preferred embodiment, the
end-tidal volume 15 chosen to be between about 2.5 times to about 4 times the individual
subject’s estimated pulmoenary dead space. In another preferred embodiment, the end-
tidal volume at which the ETCR is megsured is chosen to be about 3 times the individual
subject’s estimated pulmonary dead space. Afer a series of breaths by the subjectina
test, the individual ETCR s can be averaged to vield a single representative value of
ETCR for that subject’s test. I the number of breaths in a test is relatively small, it may
be preferable to select the median ETCR value of the collected single-breath ETCR
values.

For a short-breath stuation, in which the target end-tidal volume has not been
reached, an estimated ETCR can be extrapolated from the measured values for CO; and
O {or the FTCR s caleulated from those values), using a linear- or higher-order
mathematical regression function applied to the phase HI portion of the CQ; andfor Oy
curves generated during that breath.  For example, the CO, measurements can be fitted
to a lme or curve, and the O measwrements can be fitted 1o a hine or carve. The fitted
CO; value and fitted Oy value corresponding to the destred target end-tidal vohame can
then be calculated, vielding a fitted ETCR value. In another embodiment, the CO;
measurements can be divided by the corresponding O: measurements, and a “measured’
ETCR curve can be generated. The measared ETCR values can then be fitted to a line or
curve, and a “fitted ETCR’ vahue correspondmg to the target end-tidal volume can then be
calcalated trom the regression function, whether or not the subject achieved the target
end-tidal volume ¥ any of hus or her breaths. A hited line or curve using a regrassion
funciion can be generated with each individual breath, and an average ETUR can be
calculated from the values dernived for gach breath. In one preferred embodiment, a
median ETCR 1s calcalated form the vatues denived for each breath. In other
embodiments, the {itted line or curve can be a composite function representing an average
fitted hine or curve drawn from a senies of successive breaths taken by the subject, and the
resulting composite ETCR calculated from the target end-tidal volume can be ased as that
subject’s ETCR for the series of breaths during a test. In one aspect, the ETCR value
taken from a fitted hine or curve of the €O and/or (O, data can correspond to a target end-

tidal volume within the range of end-tidal volumes achieved by a subject, such as, for
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example, a target end-tidal velume of about three times that subject’s estimated
anatonucal pulmonary dead space. in other aspects, the target end-tidal volume can be
any volume for which the regression function can yvield a fitted ETCR value. In gither
case, the selected target volume should remain consistent across a series of breaths used
to make a final deternunation of a subject’s overall ETCR {e.g. average or median ETCR)
during a test.

Several other choices were available for determining the patient’s carbox value.
The fit could have had the form of a linear portion combined with an exponential portion.
Although this stady used 1.5 times dead space volume, the evaluation volume could have
been a different value. The requivements for a legitimate breath could have been another
value, Other methods of extracting a representative carbon dioxide and oxygen value
could have worked as well. The particular method used for thas study, however, was
simple and effective. Additionally, for the data ssed mn this study, no appreciable
differences resulted from the style of fit selected or from the poiat at which oxygen and

carbon dioxide values were determuned from their representative curves.

C. Evgluating normalization effectiveness
1. Determining the normalization factor

Next, the clinical study involved identifving the above-described normalization
factors such as a patient’s dead space, respivatory quotient {RQ), phase 2 slope, uptake
rate and minute volume, The dead space-normalization factor represents the patient’s
dead space volume as already described. The respiratory quotient is defined as a ratio of
oxveen consumed to carbon dioxide produced by a panent. In this study, RO value was
determined by mtegrating the change n oxygen and the change m carbon dioxide forall a
patient’s vahid breaths. The phase 2 slope 15 defined as the maximuom slope measared n
the carbon dioxide versus volume curve. The depiction in Figure 16 ehucidates this point.
In the study, the phase 2 slope determination mvolved fitting 100 hines to the carbon
dioside versas volume curve over 8.02L1 sections of each breath and determining a
maximum slope from this set of hinear fits. A patient’s phase 2 slope then represented a
median value of all the maximum slopes determined for breaths constdered valid for the

purpose of evaluastion.
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2. Applying the normalization factors
pplymg

The chaical study’s data analysis then mvolved normabizing each patient’s
carboximeter value by various normalization factors. Dead space normalization mvolved
dividing that carbox ratio by a patient’s dead space value. Similarly, when normalizing
using RQ, the study mvolved dividimg patient’s carbox value by their RQ value. The
patient’s phase 2 slope was multiplied by the carbox value to normalize carbox by this
parameter. In all cases, the data analvsis involved applying the mean value of each
normalization parameter for all patients in the study in an opposite fashion to the
application of the normahization factor. For example, the data analysis included
multiplying a patient’s dead space normalized carbox ratio by the mean dead space value
calculated over the entire population of evaluated patients. This application of the mean
values created a comparison of the novmalized carbox value with the non-novmabzed
carbox value. Applying this constant term, the mean value of a normalization factor, to
calculated normalized carbox ratios produces no affect on the caloulated sensitivity and
specificity directly, but instead affects thresholds for data analysis performed by the

system 10,

3. Normahizer effectiveness measurement

The study next mcluded evaluating each normalization factor’s effectiveness
using graphucal methods. The normahized carbox values and the onginal carbox value for
the patient population comprised a recetver operator curve. A threshold for separating
patients with pulmonary embolism and patients without pulmonary embolism was
chosen. This threshold value drove a deternmimation from the data of how many patients
were correctly identified as having pulmonary embolism, 1.e. the sensityvity, and how
many patients were correctly dentified as having no pulmonary embolism, 1.e. the
specificity. By varving the threshold, a plot of sensitivity versus (1 - specificity) was
generated. This corve was the recetver operator curve.

The primary metnie for evalaating each normalization factor was the spectficaty
when 93% of pulmonary embolisms were properly diagnosed, 1.e., the Spec®s or the

specificity when the threshold was set so that the sensitivity was 95%. All of the
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normalization factors described above have the charactenstic that the Spec9S 1s larger for
the normalized data than for the onigimal, non-normalized carbox value.

Figures 17 through 27 represent normalization factor data for this exemplary
study using the Spec9s metnic,

In ancther embodiment, the relationship between the measured end-tidal carbox
ratio ("ETCR™Y (1.e. the ratio of exhaled CO2 to 0O2) and the size of the pulmonary
embolism may be hetter defined by applying a correction factor. Because of the variation
in the breathing patterns of a subject during ETCR measurement, it may be helpful to
apply 2 regression function to the phase I portion of the CO; andfor O; carve in order 1o
extrapolate the ETCR value corresponding o a consistent target end-tidal volume for
each breath taken in a series during a test. For example, the target end-tidal volume can
be a pre-determined multiple of the individual subject’s estimated anatomical pulmonary
dead space. As described above, the target end-tidal volume can be between about 2
times to about 5 times the individual subject’s estimated pulmonary dead space, or
between about 2.5 times to about 4 tumes the indrvidual sebyect’s estimated pulmonary
dead space, or 11 one example, preferably about 3 times the mdividual subject’s estimated
pulmonary dead space. Normalizing the ETCR according to a consistent target end-tidal
vohume may umprove the overall correlation of ETCR with the size of the pelmonary
embolhism as measured on CTPA. A hnear extrapolation of the ETCR to obtain a value
for ETCR corresponding to 3 times dead space 1s only one of several possible
normalization protocols that can be used to correct for vanations in each patient’s
breathing patterns while andergoing carboximetry. In other embodiments, the ETCR
extrapotation can be based on a second- or higher-order regression function applied to the
measured CO; anddor Oy values, as discussed above. Furthermore, one can select any
convenient target end-tidal volume for which an ETCR can be calculated from the

regression funciion, whether or not an mdnvadual subject was able to achieve that volume.

series of breaths by a subject during a test. Figare 31 shows an exemplary relationship
between the ETCR and the estimated size of the PE ebstruction, hased on the thrombus
size and location determined from each patient’s CTPA. In this case, each patient’s

measured ETCR 15 plotted against estimnated %6 pulmonary embolism obstruction,  As
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shown m the graph, the ETCR can vary widely in the absence of a PE (%6PE Obstruction
= (). There 1s also a sigmficant variation i ETCR, whether the patients had a Borg
score greater than or less than 1. Although most of PE{+) patients with a history of prior
venous thromboembolism (VTE) had ETCR s less than 0.45, at least one patient had a
significant PE with ETCR greater than 0,45, Figure 32 shows a similar plot of data
gathered from the same subjects, this time using for each patient a corrected ETCR
normahized to 3 times that patent’s pulmonary dead space and devived from a linear fit of
the measured phase 1 €O, and O; values. By using a normalization protocol to reduce
the effects of a patient’s breathing patiern on lus or her measured ETCR, a tighter
statistical relationship can be obtained between the ETCR and the size of the pulmonary
embolus nvolved. In this case, all of the patients with a normalized ETCR of 0.45 or
areater had etther no PE, or a PE significantly less than 5%.

In gnother embodiment of the method, having subjects undergo Carboximetry
testing in addition to D-dimer testing can increase the accuracy with which one can
exclude the possibility of a large palmonary emboles. A stedy was performed m which i3
was possible to discern whether the finding of a relatively high Carboxtmetry vesult in the
setting of a posttive D-dimer result can increase the proportion of patients judged not to
have pulmonary embolism ("PE”) of a size that would pose an wrgent threat, and in
whom rmomediate timaging studies nught safely be wathheld. A four-center prospective
study was conducted, collecting data on 493 patients, half of whom presented to the
Emergency Department, and hall of whom were inpatients. Patients enrolled in the study
all had one or more predefined svmpiloms and one or more predefined signs compatible
with the clinical diagnosis of PE. All had blood samples drawn for D-dimer assay and
were studied with Carboximetry within twelve hours of heparnn adnunistration. Blood
was centrifaged yeithin one hour of collection, and a VIDAS plasma D-dimer test yas
subsequently performed m batches on thawed plasma. Carboxmmetry peak CO2/02 ratios
were averaged from at least 7 breaths with a tidal volume of at least 1. 5X[airway
deadspace] (Fletcher) . All patients underwent 64-channel CT Pelmonary Angrograms
{(“CTPA"), and the images were interpreted hy expernt radiclogists. For those imaging
studies that were judged to be indetermunate between positive and negative, the final

determunation of PE status was made at 45 days using standard criteria. The embolt were
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wdentified based on their location i the pulmonary vessels, and were graded as to the
degree of occlusion of the artenial branch involved. The threshold value for a positive D-
dimer was set at =499 ng/mL., and the threshold value for a positive CO2/02 ratio was set
at <0.28. Al PE{+) scans were later graded for total percent vascular occlusion
{("TPVO™), based on the anatomical location of the thrombus and an estimate of the
contribution to total blood flow made by the involved artery. A TPVO of greater than
2%% was considered to be chnically signmificant PE justifinng further imaging studies, such
as CTPA.

Of the patients m whom a complete set of data was obtammed {495), 79 were
PE(+)}, 364 were PE(-), and 4 of 52 nttally indeternunate resalts were ater judged to be
PE(+).

547 patients were originally enrolled in the study. of which five voluntarily
withdrew from the stady, and 11 were considered to be screening failures. Of the
remanung 331 patients, health care personnel were unable to collect blood in nine, unable
to collect adequate breath samples in seven, and unable to collect blood or breath in
eleven patients. There were ewght study protocol violations, and fouor pattents fatled to
undergo CT scanning. Thuos a relatively complete data set was obtained from 493
patients.

In order to estimate the degree of total pulmonary vascalar occlusion TPV,
the vascular focation and size of thrombi seen on the €7 scans can be converted to a
value representing the percentage by which blood flov to the lung has been reduced
through the occlusive effects of the thrombi, There are several models known m the art
that can be used to obiain an estimate of the degree of TPVQ. In one example, the
thrombi identified on CT scans were converted to a “percent flow occlusion™ value based
on the chart shown m Figare 33, Figure 33 represents an exemplary model for estimating
the obstructing effect of thrombi of various sizes 1 various locations on the overall
circudation through the tang. Thus, for example, a clot detected 1n the left upper lobe
pulmonary artery, and occupying 1-49% of the diameter of the artery would be assigned a
TPVO value of 2%. A sinularly located thrombus occupying 50-100% of the diameter of

the artery would be assigned a TPVO value of 4%.

46



WO 2011/008774 PCT/US2010/041851

361 patients had no evidence of PE on CTPA. 84 patients were ultimately found
to have PE on CTPA. Of the 84 patients with PE, about 38% were deternmuned to have a
TPV of 2% or less.

The efficacy of a negative D-dimer test is shown in Table 4. Only three cases

3 were positive for PE n the setting of a negative D-dimer, and all of these cases had a
TPVO of 2% or less. The utihity of the Carboximetry CO2/02 ratio n helping to exclude
the possibitity of a PE is also shown 1n Table 1. Selecting a threshold CO2/02 value of
0.45 or greater vields a false negative rate sinular to that of the D-dimer {(two cases out of
63}, and the TPVO in these cases was also less than 2%.

10
Use of D-dimer and Carbox ratio to exclude PE
Test Valug PE+ PE- Sensitivity | Specificity Post-test
{n=84) (=4 123 probability
D-dimer < 300 3 125 96%% 30% 2.3%
CO2/02 =045 2 63 8%y 15% 31%
Ddimer < 500 or s 172 Q4% 42% 2 8%
CO2/02 » 045
Table 1
18 Combming the use of the D-dimer test with Carboximetry can increase the

number of patients in whom a chnically significant PE can be excluded. As shown in
Table 4, i the study population, 128 patients had a negative D-dimer (<5300 ng/ml), three
{2.3%) of whom had a small PE. However, this only accounts for 29% of the 444
pattents {412 negative PE plus 32 with PE causing TPVQ <2%) who arguably would not
20 have required immediate further testing (such as CTPA). A CO2/02 ratio of »0.45 was
able to exclude fewer total patients {65/444 = 13%), but a significant percentage of these
were in patients who had a pasirive D-dimer. Of the 63 patients with CO2/02 »0.45_47
were 1 patients with positive D-dimer. Thas in this study group, combining a positive

D-dimer finding with a Carboximetry CO2./02 ratio of >0.45 adds an addiional 47 cases

o
LAy

to the 128 cases exchuded by negative D-dimer, yielding an exclosion rate of 175/444 =

39%. Increasing the PE exclusion rate from 29% to 39% can have a substantial impact

47




1.6

10

1§

WO 2011/008774 PCT/US2010/041851

on reducing the costs of diagnostic testing i a group of patients whoe ultmately may not
benefit from such testing.

Table 2 shows how the positive predictive value of D-dimer test combined with
the Carboximetry test can be higher than either test alone.  21.8% of patients with a
positive D-dimer test were found to have a PE. 26.2% of patients with a CO2/02 ratio
less than 0.28 were found to have a PE. In the study population, 96 patients were found
to have both a positive D-dimer and a CO2/02 ratio <0.28. 34.4% of these patients were

ultimately found to have a PE on CTPA.

Potential use to increase probability of PE

Test Valoe PE+ PE- PRV 95% 1
D-dimer > 499 30 287 21.8% 17.7-26.4
CO202 <028 33 93 26.2% 18.8-34.8
Dedimer > 499 and | 33 63 34 4% I50~44 8
CO2/02 <0 28

Tabie 2

The present invention has been described herein with reference to its preferred
embodiments, inchuding several ifostrative vanations thereof. However, # should be
understood that those skilled in the art readily could devise many obvious and trivial
modifications of those preferred embodiments that nevertheless do not depart from the

scope of the present vention, which is set forth 1n the following clauns.
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CLAIMS

We clamy:

1. A method to aid m the diagnosis of respiratory dysfunction i an mdividaal,
COMprisng:
a) estimating the pulmonary dead space n the individual;
b} measuring the volume of ar exhaled w each of a series of breaths by
the individual;
¢) measuring a concentration of carbon dioxide and a concentration of
oxveen in each of the exhaled breaths;
dy calculating 3 final carbox ratio comprising an exhaled carben dioxide
councentration divided by an exhated oxygen concentration at a pre-detenmined volume of
gach exhaled breath, the pre-determined volume bemng a multiple of the mdividual's
pulmonary dead space; and
&) comparing an average or median value of the final carbox ratios from
the series of breaths to a knovwn value:; wherein
the presence of respivatory dysfunction 1s indicated if the average or median value
is below the known value, and the absence of respiratory dysfunction is indicated if the

average or median vatue s at or above the known value.

2. The method of claam 1, wherem the pre~-determined volume of exhaled breath
o ~ A gl . - o1y . . £ g eycas §
is within the range of about 2 times the pulmonary dead space to about 5 times the

pulmonary dead space.
3. The method of claim 1, wherein the pre-determined volwme of exhaled breath
18 within the range of about 2.5 times the pulmonary dead space to about 4 times the

pulmonary dead space.

4. The method of claim 1, wheremn the pre-determined volome of exhaled breath

1s about 3 tirnes the pulmonary dead spage.
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5. The method of clamm 1, wherem calculating the final carbox ratio for an
exhaled breath comprises dividing the measured carbon dioxide concentration by the
measured oxygen concentration corresponding to each of a series of exhaled breath
volumes to generate a series of measurement-based carbox ratios, fitting an o™ order
equation to the series of measurement-based carbox ratios, and selecting the final carbox
ratio for the pre-determined volume of exhaled breath from the fitted equation, wherein n

is equal to or greater than 1.
6. The method of claim S, wherein the n™ order equation is a first order equation,

7. The method of claim 1, wherein calculating the final carbox ratio for an
exhaled breath comprises fitting a first n™ order equation to a series of measured catbon
dioxide concentrations in each of a series of exhaled breaths, fitting a second n™ order
equation to a series of measured oxygen concentrations i each of the series of exhaled
breaths, selecting a fited value for carbon dioxide and a fitted value for oxygen
corresponding to the pre-determined volume of exhaled breath, and dividing the fitted
value tor carbon dioxide by the fitted value tor oxygen to yield a derved final carbox
ratio for each exhaled breath, wherein n for the first equation 15 equal to or greater than
{, and n for the second equation iz equal to or greater than 1

8. The method of claim 7, wherein the first o™ order equation and the second a®

order equation are both first order equations.
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