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TRACHEA PRESSURE DETERMINATION
METHOD AND DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This applicationis a continuation of application Ser.
No. 12/477,636, filed Jun. 3, 2009, entitled “Trachea Pressure
Determination Method and Device” in the name of Tockett E.
Wood et al., and assigned to Nellcor Puritan Bennett LLC,
which is incorporated by reference herein in its entirety.

BACKGROUND

[0002] The present disclosure relates generally to medical
devices and, more particularly, to airway devices, such as
tracheal tubes.

[0003] This section is intended to introduce the reader to
aspects of the art that may be related to various aspects of the
present disclosure, which are described and/or claimed
below. This discussion is believed to be helpful in providing
the reader with background information to facilitate a better
understanding of the various aspects of the present disclosure.
Accordingly, it should be understood that these statements are
to be read in this light, and not as admissions of prior art.
[0004] In the course of treating a patient, a tube or other
medical device may be used to control the flow of air, food,
fluids, or other substances into the patient. For example, tra-
cheal tubes may be used to control the flow of air or other
gases through a patient’s trachea and into the lungs, for
example during patient ventilation. Such tracheal tubes may
include endotracheal (ET) tubes, tracheotomy tubes, or tran-
stracheal tubes. In many instances, it is desirable to provide a
seal between the outside of the tube or device and the interior
of the passage in which the tube or device is inserted. In this
way, substances can only flow through the passage via the
tube or other medical device, allowing a medical practitioner
to maintain control over the type and amount of substances
flowing into and out of the patient.

[0005] To seal these types of tracheal tubes, an inflatable
cuff may be associated with the tubes. When inflated, the cuff
generally expands into the surrounding trachea to seal the
tracheal passage around the tube to facilitate the controlled
delivery of gases via a medical device (e.g., through the tube).
For intubated patients, the flow rate and volume of gas trans-
ferred into the lungs, which may vary according to the con-
dition of each patient, may be controlled by the settings of a
ventilator. One factor that is used to determine the ventilator
settings may be an airway pressure measurement, which is
typically obtaining by measuring the pressure along the
breathing circuit (e.g., medical tubing connecting the tracheal
tube to the ventilator) at a point outside the patient. Airway
pressure measured in the breathing circuit at a point outside
the patient may be a useful surrogate for the pressure in the
lungs, which may in turn be used for calculating a number of
ventilator settings, for example settings involving pressure
limits.

[0006] However, in circumstances where the internal diam-
eter of the tracheal tube is diminished, for example through
the buildup of mucosal secretions that may partially block the
airflow passage of the tracheal tube, the lung pressure may be
lower than the airway pressure measurement taken outside
the patient. Accordingly, an airway pressure measurement
may not always serve as a reliable substitute for lung pressure
measurements.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0007] Advantages of the disclosure may become apparent
upon reading the following detailed description and upon
reference to the drawings in which:

[0008] FIG. 1 illustrates a system including an endotra-
cheal tube with a pressure transducer according to embodi-
ments of the present techniques;

[0009] FIG. 2A is a perspective view of an endotracheal
tube that may be used in conjunction with the system of FIG.
1 according to embodiments, and FIG. 2B is a detail view of
the cuff area of the tube;

[0010] FIG. 3 is a perspective view of an endotracheal tube
with a secondary inflation cuff that may be used in conjunc-
tion with the system of FIG. 1;

[0011] FIG. 4isaflow diagram of an exemplary method for
deriving pressure values;

[0012] FIG. 5is a plot of exemplary calibration curves fora
set of cuffs;
[0013] FIG. 6 is a flow diagram of another exemplary

method for deriving calibration factors for a method involv-
ing measuring pressure through a secondary cuff;

[0014] FIG. 7 is a perspective partial cutaway view of a
calibration structure for lung pressure determination;

[0015] FIG. 8 is a flow diagram of another exemplary
method for deriving calibration factors for a method involv-
ing measuring pressure through a primary cuff:

[0016] FIG. 9 is a plot of a family of calibration curves for
a single cuff;
[0017] FIG. 10 is a flow diagram of another exemplary

method for deriving calibration factors for a method involv-
ing measuring pressure through a secondary cuff;

[0018] FIG. 11 is a plot of exemplary calibration curves for
a secondary cuff;

[0019] FIG. 12 is a flow diagram of another exemplary
method for deriving calibration factors for a method involv-
ing measuring pressure through a primary cuff; and

[0020] FIG. 13 is a plot of exemplary calibration curves for
a primary cuff.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

[0021] One or more specific embodiments of the present
disclosure will be described below. In an effort to provide a
concise description of these embodiments, not all features of
an actual implementation are described in the specification. It
should be appreciated that in the development of any such
actual implementation, as in any engineering or design
project, numerous implementation-specific decisions must be
made to achieve the developers’ specific goals, such as com-
pliance with system-related and business-related constraints,
which may vary from one implementation to another. More-
over, it should be appreciated that such a development effort
might be complex and time consuming, but would neverthe-
less be a routine undertaking of design, fabrication, and
manufacture for those of ordinary skill having the benefit of
this disclosure.

[0022] Because direct measurements of the pressure in the
internal space of the lungs is difficult, clinicians and respira-
tory specialists may use surrogate measurements of pressure
along various points of breathing circuit or the patient’s air-
way to estimate the lung pressure. The lung pressure esti-
mates may then be used to determine the efficacy of the
ventilation (e.g., the dynamic intrapulmonary compliance)
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and, in some cases, may be used to control the settings of a
ventilator, either manually or automatically, to provide a
clinical benefit to the patient.

[0023] Airway pressure may be estimated by using mea-
surements of pressure taken along various points of the
breathing circuit that are proximal to the tracheal tube. For
example, such measurements may be used to assess a
patient’s work of breathing, which may include the airway
resistance during movement of air into and out of the lungs. If
the work of breathing of the patient increases, clinicians may
assess whether the increase is due to increased airway resis-
tance in the patient (e.g., stiffened lung tissue, which may be
related to a clinical condition) or increased resistance in the
tracheal tube due to buildup of biofilms on the inner diameter
of the tube. Because airway pressure measurements taken
proximal to the tracheal tube may not provide information
about resistance built up distally, either in the patient or in the
tube, trachea pressure measurements may provide informa-
tion to the clinician about airway or tube-originated resis-
tance. Trachea pressure may refer to pressure in the airway
space below the cuff or near the distal tip of the cuff. With this
information, when a patient’s work of breathing increases,
the clinician knows if it is due a change in the diameter of the
tracheal tube or a change in the patient’s respiratory system.
If the resistance buildup is at least in part due to the tracheal
tube, he may take action to suction secretions or increase the
peak inspiratory pressure to overcome the increased resis-
tance in the tracheal tube. If the work of breathing increase is
due to the patient’s respiratory system, he may deliver medi-
cation to the patient or change the ventilator settings. Tube-
based increased work of breathing may be associated with
patients who are relatively healthier than patients whose air-
way resistance has increased the work of breathing. Using
such information may allow the clinician to more accurately
assess when a patient is ready to come off of ventilator-
assisted breathing.

[0024] In particular, because the internal diameter of tra-
cheal tube may change during the time that the patient is
intubated, for example through the buildup of patient secre-
tions within the tube, measurements taken upstream of the
tracheal tube in the breathing circuit may not be reliable for
estimating pressure in the lungs. In certain embodiments, a
measurement of tracheal pressure may be used as a surrogate
for lung pressure or other pulmonary pressure measurements.
The tracheal space is contiguous with the lung space, and
tracheal pressure may be a more reliable measurement than
measurements taken far upstream along the breathing circuit.
Trachea pressure may be determined either directly with pres-
sure transducers inserted at the distal end of the endotracheal
tube or indirectly through measurements of pressure inside
the cuff. Direct measurements may be difficult to obtain dur-
ing long-term monitoring situations, because pressure trans-
ducers incorporated into the distal end of a tracheal tube may
become covered in mucus or secretions, resulting in unreli-
able measurements.

[0025] Changes in tracheal pressure may be determined
from changes in the interior cuff pressure (P, 7). Such
determinations may exploit the relationships between
changes in intracuff pressure and tracheal pressure, although
they should account for the complexities of the relationship.
The intracuff pressure may be changed by the pressure
exerted on the underside of the cuff (e.g., against the annular
area of the cuff between the trachea wall and the tube) during
inhalation and exhalation. Cuffs with more surface area
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exposed to the trachea (i.e., around the tube) may be influ-
enced differently than cuffs with less exposed surface area.
The amount of surface area exposed to the sealed space in the
trachea may influence the surface area exposed to the airway.
Other factors that influence measured intracuff pressure may
vary from cuff to cuff (e.g. manufacturing variability, cuff
geometry, cuff materials) and patient to patient differences
(e.g., trachea size).

[0026] Accordingly, the disclosed embodiments provide a
more accurate method and system for determining trachea
pressure by obtaining a measurement of pressure within the
inflated cuff. This measured pressure may be used in conjunc-
tion with predetermined calibration values or predetermined
calibration curves to estimate pressure in the lungs based on
the intracuff pressure. Such calibration coefficients or curves
may account for differences between various cuff sizes and
geometries, which may be related to the amount of exposed
surface area on the underside of the cuff. The resulting cali-
bration may be used to determine a more accurate estimate of
trachea pressure, which in turn may be used to control a
ventilator and provide breathing assistance to a patient.
[0027] Incertain presently contemplated embodiments, the
calculated trachea pressure based on the intracuff pressure
may be used to evaluate, adjust, or correct airway pressure
values obtained along the breathing circuit or tracheal pres-
sure values. For example, if the estimate of trachea pressure
based on intracuff pressure varies significantly from the air-
way pressure measured upstream at a point closer to the
ventilator, a clinician may be able to determine that the tra-
cheal tube is blocked with secretions or other buildup, or that
some other condition has developed, which may involve
action by the clinician.

[0028] Also provided are tracheal tubes with couplers or
other connectors including information elements, e.g.,
memory devices, for storing the calibration information or for
providing information to an associated memory device relat-
ing to calibration. The tubes may be configured to communi-
cate with appropriately configured (i.e., programmed) medi-
cal devicesto access and use the calibration information in the
determination of lung pressure. Such tubes may allow cali-
bration at the level of an individual tracheal tube to account
for changes in tube geometry and manufacturing variability
factors. In addition, tracheal tubes may be provided with a
primary inflation cuff that may be inflated to seal against the
tracheal walls and one or more distal secondary calibration
cuffs that may be used to determine the tracheal pressure.
[0029] In certain embodiments, the disclosed tracheal
tubes, systems, and methods may be used in conjunction with
any appropriate medical device, including a feeding tube, an
endotracheal tube, a tracheotomy tube, a circuit, an airway
accessory, a connector, an adapter, a filter, a humidifier, a
nebulizer, nasal cannula, or a supraglottal mask/tube. The
present techniques may also be used to monitor any patient
benefiting from mechanical ventilation, e.g., positive pres-
sure ventilation. Further, the devices and techniques provided
herein may be used to monitor a human patient, such as a
trauma victim, an intubated patient, a patient with a trache-
otomy, an anesthetized patient, a cardiac arrest victim, a
patient suffering from airway obstruction, or a patient suffer-
ing from respiratory failure.

[0030] FIG. 1shows an exemplary tracheal tube system 10
that has been inserted into the trachea of a patient. The system
10 includes a tracheal tube 12, shown here as an endotracheal
tube, with an inflatable balloon cuff 14 that may be inflated to
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form a seal against the tracheal walls. The tracheal tube 12
may also include a pressure transducer 16 that is located
within the inflated area of the cuff 14. In certain embodi-
ments, the pressure transducer 16 may be coupled by a cable
18 to a connector 20 that may be coupled to a medical device,
such as a ventilator 22 or a monitor 30. Fluids in the tracheal
space 24 may exert pressure on the cuff 14, for example at an
annular surface 26 ofthe cuff 14 that is exposed to the tracheal
space 24. This in turn may influence the pressure measure-
ments provided by the pressure transducer 16.

[0031] The system 10 may also include devices that facili-
tate positive pressure ventilation of a patient, such as the
ventilator 22, which may include any ventilator, such as those
available from Nellcor Puritan Bennett LL.C. The system may
also include a monitor 30 that may be configured to imple-
ment embodiments of the present disclosure to determine
pressures based upon the pressure detected within the cuff 14
or another cuff. It should be understood that the monitor 30
may be a stand-alone device or may, in embodiments, be
integrated into a single device with, for example, the ventila-
tor 22.

[0032] The monitor 30 may include processing circuitry,
such as a microprocessor 32 coupled to an internal bus 34 and
a display 36. In an embodiment, the monitor 30 may be
configured to communicate with the tube, for example via
connector 20, to obtain signals from the pressure transducer
16. In certain embodiments, the connector 20 may also pro-
vide calibration information for the tube 12. The information
may then be stored in mass storage device 40, such as RAM,
PROM, optical storage devices, flash memory devices, hard-
ware storage devices, magnetic storage devices, or any suit-
able computer-readable storage medium. The information
may be accessed and operated upon according to micropro-
cessor 32 instructions. In certain embodiments, calibration
information may be used in calculations for estimating of
pressure in the lungs. The monitor 30 may be configured to
provide indications of the lung pressure, such as an audio,
visual or other indication, or may be configured to commu-
nicate the estimated lung pressure to another device, such as
the ventilator 22.

[0033] FIG. 2A is a perspective view of an exemplary tra-
cheal tube 12 according to certain presently contemplated
embodiments. The tube 12 may include a cuff 14 that may be
inflated via inflation lumen 42. As shown in more detail in the
detail view in FIG. 2B, the cuff 14 may define an inflated
space 48 that substantially surrounds the pressure transducer
16, which may be embedded in or otherwise attached to an
exterior surface 44 of a wall 45 of the tube 12. Leads 46 may
connect the pressure transducer 16 to connector 20.

[0034] The pressure transducer 16 may be any suitable
pressure sensor that may be integrated into or onto the exte-
rior wall of the tube 12. For example, the pressure transducer
16 may be a piezoelectric pressure sensor. The leads 46 may
be soldered or otherwise coupled to the pressure transducer
16 and may run along the length of tube 12 to connector 20 in
any suitable manner. For example, the leads may be embed-
ded within the wall 45 of the tube 12. In one embodiment, a
lumen may be extruded into the walls 45 of the tube 12 into
which the leads 46 may be inserted. It should be understood
that, while the pressure transducer 16 may be integrated into
or onto the exterior wall of the tube 12, other contemplated
embodiments may involve a proximally located pressure
transducer 16 that is in fluid communication, for example
through a lumen, with the inflated area 48 of the cuff 12.

Mar. 20, 2014

[0035] The connector 20 may be suitably configured to
connect to a receiving port on the monitor 30. The connector
20 may contain an information element, such as a memory
circuit, such as an EPROM, EEPROM, coded resistor, or flash
memory device for storing calibration information for the
cuff 14. The connector may also contain certain processing
circuitry for at least partially processing signals from the
pressure sensor or for interacting with any memory circuitry
provided. When the connector 20 is coupled to the monitor
30, the information element may be accessed to provide cuff
calibration information to the monitor 30. In addition, the
connector 20 may facilitate providing pressure monitoring
information to the monitor 30. In certain embodiments, the
calibration information may be provided in a barcode that
may be scanned by a reader coupled to the monitor 30. Alter-
natively, the pressure transducer 16 may include a passive or
active RFID circuit that may be read wirelessly to convey
pressure monitoring information and cuff calibration infor-
mation to the monitor 30. In other embodiments, tube iden-
tifying data, calibration data, and so forth may simply be
entered manually.

[0036] The tube 12 and the cuff 14 are formed from mate-
rials having suitable mechanical properties (such as puncture
resistance, pin hole resistance, tensile strength), chemical
properties (such as biocompatibility). In one embodiment, the
walls of the cuff 14 are made of a polyurethane having suit-
able mechanical and chemical properties. An example of a
suitable polyurethane is Dow Pellethane® 2363-80A. In
another embodiment, the walls of the cuff 14 are made of a
suitable polyvinyl chloride (PVC). In certain embodiments,
the cuff 14 may be generally sized and shaped as a high
volume, low pressure cuff that may be designed to be inflated
to pressures between about 15 cm H,O and 30 cm H,O.
However, it should be understood that the intracuff pressure
may be dynamic. Accordingly, the initial inflation pressure of
the cuff 14 may change over time or may change with changes
in the seal quality or the position of the cuff 14 within the
trachea.

[0037] Thesystem 10 may also include a respiratory circuit
(not shown) connected to the endrotracheal tube 12 that
allows one-way flow of expired gases away from the patient
and one-way flow of inspired gases towards the patient. The
respiratory circuit, including the tube 12, may include stan-
dard medical tubing made from suitable materials such as
polyurethane, polyvinyl chloride (PVC), polyethylene ter-
aphthalate (PETP), low-density polyethylene (LDPE),
polypropylene, silicone, neoprene, polytetrafluoroethylene
(PTFE), or polyisoprene.

[0038] While the intracuff pressure may be measured
within a cuff 14 that expands to form a seal against the
tracheal walls of a patient, certain geometric properties of
such a cuff 14 may be influenced by the anatomy of the
patient. For example, depending upon the outer dimensions of
the tube (i.e., the inner dimensions of the cuff), and the inner
dimensions of the trachea, different areas of the surface 26 of
the cuff may be exposed to the tracheal space 24. That is, the
annular area of the cuff between the tube and the trachea may
vary. To reduce the effect of patient anatomy variations on the
intracuff pressure, an embodiment of a tracheal tube 12, as
shown in FIG. 3, may include a secondary cuff 50 that may be
suitably sized and shaped so that, when inflated, the walls 52
of the secondary cuff 50 may not touch the walls of the
trachea. Accordingly, the geometry of the inflated secondary
cuff 50 may be subject to little or no influence of the tracheal
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anatomy. The secondary cuff 50 may include a pressure trans-
ducer 16 that is capable of being coupled to the monitor 30 in
the manner described above, either through connector 20 or
through a wireless connection. When the secondary cuff 50 is
inflated, the pressure in the tracheal space 24 may influence
the sensed pressure within the secondary cuff 50.

[0039] When provided, the inflation volume of the second-
ary cuff 50 may be smaller than that of the cuff 14, which is
large enough to meet the walls of the trachea when inflated. A
typical sealing cuff 14 may be a high volume cuff configured
to have a diameter 54 at a widest point about 1.5x the size of
an average trachea, while the secondary cuff 50 may be con-
figured to have a diameter at a widest point of about 0.5x or
less than the size of an average trachea. For example, an adult
trachea may range in size from 14 mm to 27 mm, with the
average being around 20. Accordingly, a secondary cuff may
have an inflated widest diameter 56 ofless than about 10 mm,
less than about 8 mm, or less than about 5 mm. In embodi-
ments, various sizes of tubes 12 and cuffs 14 may be used for
patients according to their physical characteristics. In one
embodiment, the secondary cuff 50 may be sized up or sized
down in proportion to the size of the tube 12. In one embodi-
ment, because a calibration curve for a secondary cuff 50 may
plateau above 40 cm H,O, the cuff’ 50 may be inflated to 40 cm
H,Oorless in use, or between 40 cm H,0 20 and 60 cm H,0,
which corresponds to the area of the plateau. In other embodi-
ments, the secondary cuff 50 may be inflated to any suitable
pressure, for example between about 10 cm H, O and about 60
cm H,O, to obtain pressure readings.

[0040] As noted, the secondary cuff 50 may experience
reduced effects of patient anatomy on intracuff pressure,
which in turn may reduce patient to patient variability in
tracheal pressure effects on the intracuff pressure. In one
embodiment, a tube 12 may include a primary sealing cuff 14
with afirst pressure transducer 16, and secondary cuff 50 with
a second pressure transducer 16. In such embodiments, the
intracuff pressure of the secondary cuff 50 may be used to
calibrate the effects of individual patient anatomy on the
primary cuff 14. For example, both the primary cuff 14 and
the secondary cuff 50 may be inflated to the same initial
intracuff pressure (e.g., 25 cm H,O). Any subsequent differ-
ences between the intracuff pressure between the primary
cuff 14 and the secondary cuftf 50 may be at least in part
attributable to patient anatomy effects. In certain embodi-
ments, the secondary cuff 50 may be only intermittently
inflated to initially calibrate primary cuff 14 and then for spot
checks of the calibration.

[0041] FIG. 4 is an exemplary process flow diagram illus-
trating a method for determining trachea pressure based upon
cuff pressure. The method is generally indicated by reference
number 60 and includes various steps or actions represented
by blocks. It should be noted that the method 60 may be
performed as an automated or semiautomated procedure by a
system, such as system 10. Further, certain steps or portions
of the method may be performed by separate devices. For
example, a portion of the method 60 may be performed by a
pressure transducer 16, while a second portion of the method
60 may be performed by a monitor 30. In embodiments, the
method 60 may be performed continuously or intermittently
for long-term patient monitoring or at any appropriate inter-
val depending on the particular situation of the intubated
patient.

[0042] According to a presently contemplated embodi-
ment, the method 60 begins with a measurement of intracuff
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pressure at step 62 by a transducer 16 associated with a
tracheal tube 12 that has been inserted into a patient. The
pressure may be communicated to the monitor 30 for further
analysis. At step 64, the monitor also receives calibration
information from an information element or other storage
device associated with the connector 20. It should be noted
that the monitor may, of course, receive data or signals
directly from the pressure transducer. At step 66, trachea
pressure is estimated from the intracuff pressure calibrated
based on the calibration information.

[0043] As noted, the relationship between the intracuff
pressure and the tracheal pressure may be used to estimate the
trachea pressure. For example, a trachea pressure value may
be determined by the relationship:

\
PrracuedPcurr)

where the trachea pressure is a function of the pressure in the
cuff. In one embodiment, the function may be solved to yield
a calibration factor, r, that represents the “gain” of the indi-
vidual cuff (e.g., cuft 14 and/or secondary cuft 50) and P .,
is the monitored (e.g., sensed) intracuff pressure as measured
by the pressure transducer 16. In one embodiment, r may be a
ratio that defines the relationship between sensed cuff pres-
sure peak to peak and trachea pressure peak to peak, where the
peak to peak measurements are taken at a peak pressure of the
respiratory cycle. The value of the coefficient r may be deter-
mined during a calibration phase of deployment of the tube,
or may be a known value or set of values determined for
individual tubes, cuffs, or tube products incorporating spe-
cific tube and cuff dimensions and materials. As noted above,
such values may be automatically acquired from the tube
(e.g., from information stored in the connector), or may be
entered by scanning a barcode, or by manual input. Other
techniques for determining such values may include referenc-
ing from a lookup table stored in the tube connector or in the
monitor or ventilator, or even remote from these (e.g., in a
network-accessible device).

[0044] In one embodiment, the Peyzr gzrerencs), Which
may be the initial inflation pressure in the cuff or a reference
pressure measurement taken at a minimum pressure point in
the respiratory cycle, may be used to determine which coef-
ficient r to select from a calibration curves for an individual
cuff. Because the pressure exerted on the cuff from the trachea
may change over the respiratory cycle of inhalation and exha-
lation, the Poypp (rprerencs May represent the minimum
pressure exerted on the cuff after exhalation. The P,
reFERENCE) may be a rolling average of a minimum pressure
during a predetermined number of peaks (e.g., five peaks).
Because the pressure in the cuff may also change as a cuff
moves within the trachea, using the Pryrr rprzrevcr) 23 @
reference point may account for such orientation and/or
movement effects on the cuff. For example, FIG. 51is a plot 70
that shows examples of calibration curves for a set of cuffs of
the same geometry. The Peyrp rererencs on the x-axis 72
is plotted against the gain r. As shown in FIG. 5, the y-axis 74
may be plotted against 1/r, from which r may be determined.
By using the Py rr rprzrencs, that corresponds to the par-
ticular cuff being used, the coefficient r may be determined.
The coeflicient r may then be used to determine a ratio rela-
tionship for the trachea pressure and the monitored pressure
in the cuff. In one example, the Py , crrr4/P curr atio, or the
gain factor r, may be 1.2 Accordingly, for a monitored intra-
cuff pressure of 30 cm H,O, the Trachea pressure achieved in
the lungs may be 36 cm H,O. In a presently contemplated
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embodiment, for example, the trachea pressure may be a
function of the initially detected cuff pressure, which may be
considered as an offset value, and the continuously or peri-
odically determined cuff pressure, such as by the relationship:

PrracaeaP currF curr ®erERENCE)

wherein P,y 44 15 the trachea pressure, Py o 1s the cuff
pressure sensed, and P, zr rererevcs 1S an offset reference
cuff pressure taken either right after inflation or right after a
breath cycle, and r is the calibration ratio of sensed trachea
pressure to cuff pressure (which, again, may be a fixed or
varying value).

[0045] In practice, a series of relationships, which may be
considered as “gain” surfaces, may be defined in advance for
a particular tube and cuff combination, where each surface
may be considered as “gain” curves. Fach such combination
may be presented as a tube product available for use by a
physician or technician. The gain curves may establish rela-
tionships between the cuff pressure and the trachea pressure,
and may be stored and accessed in any suitable manner, such
as those discussed above. These curves may be derived from
data such as that represented in FIG. 5. Based upon the ini-
tially detected cuff pressure, then, one of these curves or
relationships is selected from among several available for an
individual tube and cuff combination. This selection, then,
may determine the coefficient r used subsequently to deter-
mine trachea pressure from measured cuff pressure. In certain
embodiments, this process may be simplified by simplifica-
tion of the relationship defining the “gain” coefficient (e.g.,
assigning a fixed value, linearization of non-linear relation-
ships, and so forth). In certain cases it may also be possible to
use a single coefficient for a tube product, and thus avoid
selection of the gain relationship upon initial intubation.

[0046] It should also be noted that in alternative embodi-
ments, such as those using a tube with a secondary cuff of the
type described above, the process for trachea pressure deter-
mination may be further simplified. For example, in certain
cases, the transducer within a secondary cuff that does not
contact the trachea walls may be considered to represent the
actual trachea pressure (or airway pressure) at the location of
the cuff offset by an inflation pressure of the secondary cuff.
That s, the pressure read by a transducer within the secondary
cuff may be a sum of the cuff pressure and the pressure
exerted on the cuff by the air in the surrounding airway.
However, even when such secondary cuffs are employed, the
actual airway pressure may be attenuated somewhat by the
mechanical operation of the cuff, and a “gain” relationship
may nevertheless be employed, as summarized above, to
provide a more accurate estimation of the airway pressure.

[0047] Monitor 30 may use the estimated trachea pressure
to determine whether the breathing system 10 is achieving
compliance. In certain embodiments, the estimated trachea
pressure may be used to correct or adjust settings on a venti-
lator 22. For example, compliance may be associated with
achieving target pressures in the airway during ventilation. If
the target pressures in the airway are not achieved, the venti-
lator settings may be adjusted to increase or decrease the
inspiratory pressure. Further, the estimated trachea pressure
may be used to determine whether there is a blockage along
the tube 12 by calculating the tube resistance using the pres-
sure measurements and flow measurements taken at points
closer to the ventilator 22, where a resistance increase may be
indicative of a blockage or change in diameter of the tube 12.
The monitor 30 may be configured to provide a graphical,
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visual, or audio representation of the estimated lung pressure.
For example, ventilation compliance may be indicated by a
green light indicated on a display, while a drop in pressure
indicating a blockage in the tube 12 may trigger an alarm,
which may include one or more of an audio or visual alarm
indication. In one embodiment, the alarm may be triggered if
the change in pressure is substantially greater than a prede-
termined value, substantially less than a predetermined value,
or outside of a predetermined range.

[0048] The information encoded on an information ele-
ment, for example associated with the connector 20, may be
encoded during a tracheal tube manufacturing process. FIG. 6
is a process flow diagram illustrating a method for determi-
nation of such information, for example in conjunction with a
secondary cuff 50. The method is generally indicated by
reference number 80 and includes various steps or actions
represented by blocks. At step 82, atracheal tube is coupled to
a device that inflates the attached cuff 50 over a series of
inflation pressures. The device may include a pneumatically
sealed chamber or other surrogate for determining the pres-
sure in the space outside the cuff. At step 83, the cuff 50 and
the device may be set so that the pressures are substantially
equal. At step 84, the pressure in the calibration device is
cycled (e.g., incrementally) through a range of pressures (for
example, ranging from about 20 to about 100 cm H,O) while
the pressure inside the cuff is measured during the cycling.
[0049] At step 86, the cuff is inflated to a new equal pres-
sure with the calibration device (e.g., an increment of 5 cm or
10em H, O greater than the pressure used at step 83). Pressure
measurements inside the cuff are taken while the calibration
device is cycled through a range of pressures at step 88. Steps
86 and 88 may be repeated any number of times with different
cuff pressures used each time. A secondary cuff 50 may be
inflated up to 60 cm H,0, in particular because the cuff 50
does not contact the trachea walls, so higher inflation pres-
sures relative to a sealing cuff 14 may beused. In this manner,
the cuff 50 may be calibrated for a range of pressures inside
the cuff as well as for a range of trachea pressures.

[0050] FIG. 7 is a perspective partial cutaway view of an
example of such a calibration chamber 92. The calibration
chamber may define a space 94 that may be enclosed and kept
at a known pressure. One or more tracheal tubes 12 may be
installed within the space. The cuffs 50 may be inflated via
inflation lines 42 to a series of pressures. At step 86, the
pressure inside the cuff 50 may be monitored and, at step 88,
the relationship between the known pressure in the space 94
and the sensed pressure for an individual cuff 50 may be
determined or, alternatively may be stored as raw data for
subsequent processing or analysis. The relationship informa-
tion over a series of cuff pressures may be stored on a memory
circuit associated with the tube 12 (or otherwise, as described
above), as indicated at step 90. In such an arrangement, the
relationship between cuff pressure and outside pressure may
be determined on an individual tube basis. Similar calibra-
tions may be made for products or families of tubes, such as
by size, or by combinations of particular tubes and cuffs. By
obtaining information about the r factor for different tracheal
pressures as well as intracuff pressures, r may be extrapolated
even in situations were the calibration factor is non-linear.
[0051] For calibration information relating to a cuff 14 that
contacts a trachea, the calibration information may take the
form of a family of empirically determined calibration
curves, with each curve relating to a particular cuff/tube com-
bination within a particular tracheal diameter. The family
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may involve curves for a number of different tracheal diam-
eters. FIG. 8 is a process flow diagram illustrating a method
for determination of such information for a cuff 14. The
method is generally indicated by reference number 100 and
includes various steps or actions represented by blocks. At
step 101, a tracheal tube is coupled to a calibration device that
may include a pressurized chamber and a plurality of model
tracheas of different diameters. At step 102, a tracheal tube is
inserted into a model trachea (e.g., a glass or acrylic tube) of
a given diameter and coupled to a device that is capable of
inflating the attached cuff 14 over a series of inflation pres-
sures within the model trachea ofa given size. At step 103, the
cuff 14 and the device may be set so that the pressures are
substantially equal. At step 104, the pressurized chamber is
cycled through a range of pressures and measurements of the
cuff pressure are taken, for example at predetermined incre-
ments, via pressure transducer 16. At step 106, the pressure
inside the cuff 14 and the calibration device may be reset to
equal pressure, starting at an incrementally larger cuff pres-
sure as compared to the pressure used in step 103. Pressure
measurements inside the cuff 14 are taken while the calibra-
tion device is cycled through a range of pressures at step 108.
The method 100 may loop back to step 106 any number of
times to repeat the process at different starting equal pressures
of the cuff 14 and the calibration device. The relationship
information over a series of cuff pressures may be stored on a
memory circuit associated with the tube 12 (or otherwise, as
described above. The process may return to step 102 one or
more times to repeat the process for the tube 12 for a model
trachea of a different diameter. In this manner, the cuff 14 may
be calibrated for a range of pressures inside the cuff 14 and the
trachea as well as for a range of tracheal diameters.

[0052] For example, FIG. 9 shows a plot of a family of
calibration curves with the gain on the y-axis 122 and the
reference pressure on the x-axis. The curves are specific to an
individual tube 12 for different diameters of model tracheas.
Curve 126 corresponds to a tracheal diameter of 20 mm while
curve 128 corresponds to a tracheal diameter of 25 mm. A
given tube size may be calibrated with model trachea of
diameters corresponding to a recommended trachea range for
that size. For example, a 7.5 mm tube may be recommended
for use with trachea of diameters ranging from 20 mm-25
mm. Accordingly, the calibration information for a 7.5 mm
tube may include a calibration curve at 20 mm and one at 25
mm and may also include curves for intervening tracheal
sizes in that range.

[0053] The tube 12 may be inserted into a patient and the
information stored on the memory circuit may be accessed.
While the diameter of a patient’s trachea may not be known,
comparing the reading of airway pressure directly after intu-
bation to the measured cuff pressure should allow a monitor
30 to select the appropriate curve. The airway pressure should
be relatively close to (e.g.. within 2% of) the tracheal pressure
at early points in the intubation life of the cuff 14, before any
buildup has accumulated on the tube 12. Based on the mea-
sured pressure in the cuff and the airway pressure, the monitor
30 may select the trachea surface corresponding to a closest
tracheal diameter for the individual patient, or may interpo-
late between two tracheal inner diameter curves. The selected
curve may then beused for the entire intubation with that tube
12 for that patient.

[0054] The above calibration techniques assume that the
gain for each individual cuff/tube combination is linear over
a range of pressures. In certain embodiments, such an

Mar. 20, 2014

assumption may have a negligible impact on the calculated
trachea pressure (e.g., less than 10% variation from actual
trachea pressure when assuming the gain is linear). However,
the relationship between the gain of a particular cuff and the
cuff pressure may be more complex, and the complexity may
be accounted for when calculating the trachea pressure based
on measured pressure inside a cuff.

[0055] For the case of a secondary cuff 50 that is assumed
not to contact the walls of the trachea, a calculation that may
take into account variations in gain over a range of cuff
pressures is illustrated by the method 130 shown in FIG. 10.
At step 132, a reference pressure, the Peppr wurerence):
may be obtained by measuring the pressure in the inflated cuff
50 at expiration. At step 134, the Py yore (ripprener) may be
used to select a set of potential gain values. For example, such
values may be selected from a plot 150 of gain curves (shown
as curves 152, 154, and 156) shown in FIG. 11, that corre-
spond to the particular tube/cuff combination. The plot 150
shown is a plot of gain on the y-axis and Perr (rzrerencs)
on the x-axis. The set of gain values 158, each of which
represents a different gain, may correspond to particular
Peyer pressures during the breath cycle. At step 136, the
Poyrr pressure during the breath cycle may be sampled.
From the measured P -, - pressure, the gain is selected from
the set of points 158 at step 137. After the gain is know, the
tracheal pressure may be estimated as discussed herein at step
138. The method 130 may cycle between steps 136 and 138.
In one embodiment, the method 130 may also return to step
132 to reestablish the P pr rprerencr, 8t any point during
respiration of the patient. The information in the gain curves
152, 154, and 156 (which may be any suitable number of
curves) is collected during calibration of the cuff 50. For
example, the measured P CUFF (REFERENCE) may be mea-
sured as 20 cm H,O. The gain points (e.g., points on the plot
150 corresponding to 20 cm H,O) may represent different
inflation pressures of the cuff 50 gathered while the calibra-
tion device chamber was set to a tracheal pressure corre-
sponding to the Prprr merrrence of 20 cm H,0. Further,
the correspondence of the gain values 158 to measured P,
pressures may also be established during calibration. The
correspondence of the calibration information (e.g., the gain
values) to the measured P ;- pressures may be calculated
from a previously determined (and/or stored) function, or
may be established by using a lookup table or plot.

[0056] Forthe case of a cuff 14 that is inflated to contact the
walls of the trachea, a calculation that may take into account
variations in gain over a range of cuff pressures is illustrated
by the method 160 shown in FIG. 12. At step 162, which may
take place directly after intubation, a patient may go through
at least one-two breath cycles.

[0057] The relationship between the pressure at the venti-
lator and the pressure in the trachea may be expressed as
Prrscrri~P venr/C. The pressure in the airway at the venti-
lator may be used to estimate the tracheal pressure (where o
is a constant that is known and may be stored by the tube 12
or the monitor 30). Once tracheal pressure is determined, the
Pcyrr pressure may be used at step 166 to estimate the tra-
cheal diameter and select from among groups of gain curves.
At this point, the P oy zp rzrrrives) may be sampled at step
167. Using the P o (rererizner), the set 182 of gain values
may be selected at step 168 from the plot 180, shown in FIG.
13, of groups of gain curves, whereby each group is associ-
ated with a different tracheal diameter. As shown, group 184
is associated with 20 mm, group 186 is associated with 23
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mm, and group 188 is associated with 25 mm. When the
group is selected, for example group 184, the set 182 may
correspond to particular P, .- pressures for the cuff 14 dur-
ing the breath cycle. At step 169, the P, ... pressure during
the breath cycle may be sampled. From the measured P, -
pressure, the gain is selected from the set of points 182 at step
170 and the trachea pressure is determined at step 172 based
on the gain and the P,z pressure as discussed herein.
Curves 190 192, and 194 represent the gains at different
calibration pressures for a single tracheal diameter. As in the
calibration for the secondary cuff 50, the method 160 may
cycle between steps 169 and 172. In one embodiment, the
method 160 may also return to step 167 to reestablish the
Povrr rererevcs at any point during respiration of the
patient. Further, the calibration information for the cuff 14
may be collected, stored, and processed as provided herein.
[0058] While the disclosure may be susceptible to various
modifications and alternative forms, specific embodiments
have been shown by way of example in the drawings and have
been described in detail herein. However, it should be under-
stood that the embodiments provided herein are not intended
to be limited to the particular forms disclosed. Indeed, the
disclosed embodiments may not only be applied to measure-
ments of tracheal tube pressure, but these techniques may also
be utilized for the measurement and/or analysis of the cuff
pressure for any medical device inserted into a patient’s air-
way. Rather, the various embodiments may cover all modifi-
cations, equivalents, and alternatives falling within the spirit
and scope of the disclosure as defined by the following
appended claims.

What is claimed is:

1. A monitor for determining trachea pressure comprising:

amemory storing instructions configured to:
determine a monitored cuff pressure in an inflated cuff of a
tracheal tube disposed in the trachea of a subject;

select a relationship from a plurality of relationships
between the monitored cuff pressure and the trachea
pressure;

determine the trachea pressure based upon the selected

relationship;

determine a lung pressure from the tracheal pressure and an

offset, wherein the offset is a reference cuff pressure;
and

a processor configured to execute the instructions.

2. The monitor of claim 1, wherein the selected relationship
is a function of the monitored cuff pressure, and wherein the
instructions are configured to determine a current cuff pres-
sure during respiration of the subject, and determine the tra-
chea pressure based upon the relationship and the current cuff
pressure.

3. The monitor of claim 2, wherein the instructions for
determining the trachea pressure comprise instructions for
multiplying a sensed cuff pressure by a ratio of the empiri-
cally determined lung pressure to the cuff pressure deter-
mined by the selected relationship.

4. The monitor of claim 3, wherein the instructions for
determining the lung pressure comprise instructions for sub-
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tracting a reference cuff pressure from the product of the
sensed cuff pressure and the ratio.

5. The monitor of claim 1, wherein the instructions for
determining the lung pressure comprise an algorithm that
implements an equation generally of the form:

Pr=rP.~Pc,

wherein P is the trachea pressure, P, is a cuff pressure
monitored during respiration of the subject, P, is the
reference cuff pressure, and r is a ratio of the lung pres-
sure to a sensed cuff pressure.

6. The monitor of claim 5, wherein the ratio is a non-
constant value.

7. The monitor of claim 6, wherein the ratio varies with the
monitored cuff pressure, and wherein the memory storage
unite determines the current cuff pressure during respiration
of the subject and determines the ratio based upon the moni-
tored cuff pressure.

8. The monitor of claim 6, wherein the ratio is a function of
arelationship between the tracheal tube and the trachea of the
subject.

9. The monitor of claim 1, wherein the reference cuff
pressure is the initial pressure of the cuffor the lowest trachea
pressure seen in the breathing cycle after ventilation has
begun.

10. The monitor of claim 1, wherein the monitor is coupled
to a tracheal tube comprising a conduit configured to be
inserted into the trachea of a patient, wherein the tracheal tube
comprises:

an inflatable cuff coupled to the conduit;

a pressure transducer disposed within the inflatable cuff;

and

an information element comprising a memory circuit con-

figured to store the plurality of relationships between the
monitored cuff pressure and the trachea pressure.

11. The monitor of claim 10, wherein the inflatable cuff is
configured to contact the trachea of the patient when inserted.

12. The monitor of claim 10, wherein the memory circuit is
disposed on a connection or cable configured to couple the
tracheal tube with the monitor.

13. The monitor of claim 1, wherein the selected relation-
ship comprises a calibration factor representative of a physi-
cal characteristic of an inflatable cuff coupled to a conduit of
a tracheal tube.

14. The monitor of claim 1, wherein the selected relation-
ship comprises a calibration factor representative of a physi-
cal characteristic of a tracheal tube.

15. The monitor of claim 1, wherein the relationship is
determined by selecting a point on a calibration curve repre-
sentative of a reference inflation pressure of an inflatable cuff
coupled to a conduit of a tracheal tube and disposed in the
trachea of a patient.

16. The monitor of claim 1, comprising a display config-
ured to display the lung pressure.
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