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ABSTRACT

An expiratory limb is provided that is adapted to remove humidified gases from a patient and
adapted to provide improved drying performance by providing a tailored temperature profile
along the limb. Limbs for providing humidified gases to and/or removing humidified gases
from a patient are also provided, the limbs having improved gas residence time at constant
volumetric flow rate. The improved residence time can be achieved by providing a limb

comprising multiple lumens.
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COMPONENTS FOR MEDICAL CIRCUITS

[0001] Not applicable.

Field

[0002] This disclosure relates generally to components for medical circuits, and in particular to
components for medical circuits providing humidified gases to and/or removing humidified
gases from a patient, such as in obstructive sleep apnea, neonatal, respiratory humidification, and
surgical humidification systems including insufflation systems.

Background

[0003] In medical circuits, various components transport naturally or artificially humidified
gases to and from patients. For example, in some breathing circuits such as CPAP (continuous
positive airway pressure) or assisted-breathing circuits, gases inhaled by a patient are delivered
from a heater-humidification unit through an inspiratory limb to a patient interface, such as a
mask. As another example, surgical humidification limbs can deliver humidified gas (commonly
CO») into the abdominal cavity in insufflation circuits. This can help prevent “drying out” of the
patient’s internal organs, and can decrease the amount of time needed for recovery from surgery.
[0004] In these medical applications, the gases are preferably delivered in a condition having
humidity near saturation level and at close to body temperature (usually at a temperature between
33°C and 37°C). Condensation or “rain-out” can form on the inside surfaces of components as
high humidity gases cool. A need remains for components that allow for improved
humidification and condensate management in medical circuits. Accordingly, an object of
certain components and methods described herein is to ameliorate one or more of the problems
of prior art systems, or at least to provide the public with a useful choice.

Summary

[0005] Aspects of this disclosure relate to limbs for use in medical circuits. Limb is a broad term
and is to be given its ordinary and customary meaning to a person of ordinary skill in the art (that
is, it is not to be limited to a special or customized meaning) and includes, without limitation,
tubes, conduits, and device components for transporting gases. The limbs disclosed herein can
be applied in a variety of applications that would benefit from increasing the residence time of a

gas flow (that is, the average length of time during which a volume of gas is in the limb).
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[0006] Certain embodiments of this disclosure relate to an expiratory limb leading away from a
patient where the absolute humidity and dew point of the gas stream flowing away from the
patient interface is reduced in a tailored and controlled fashion to eliminate condensation. This
application is suitable for several medical environments including, without limitation, respiratory
humidification and neonatal applications. When used in applications that transfer humidified air
away from a patient, certain limbs described herein are capable of realizing reduced dew points
over commercial products, such as Evaqua 2™ conduits (Fisher & Paykel Healthcare Ltd.,
Auckland, New Zealand).

[0007] Additional embodiments of this disclosure relate to humidifying a gas stream flowing
towards the patient. In particular, at least one embodiment relates to a limb suitable for use in a
humidification unit. This application is suitable for several medical environments including,
without limitation, obstructive sleep apnea (such as CPAP) and surgical humidification
applications. When used in applications that transfer humidified air to a patient, certain limbs
described herein are capable of realizing increased dew points over previous commercial
products.

[0008] The systems, methods and devices described herein have innovative aspects, no single
one of which is indispensable or solely responsible for their desirable attributes. Without limiting
the invention, some of the advantageous features will now be summarized.

[0009] In general, an expiratory limb is adapted to dry a gas as it passes through the expiratory
limb prior to reaching a ventilator. The expiratory limb can be adapted to dry the gas sufficiently
to reduce or eliminate condensation in the ventilator. Drying can be limited at least in part by a
surface area of the limb and/or a residence time of the gas in the expiratory limb at constant
volumetric flow rate. Certain embodiments include the realization that it may be advantageous
to provide a drying expiratory limb that provides a tailored temperature profile of the gas along
the expiratory limb to increase drying, to reduce or prevent rain out along the limb, and/or to
reduce or prevent condensation in the ventilator.

[0010] In some embodiments, an improved or optimized drying of the gas within a drying
expiratory limb is accomplished by controlling the temperature of the gas as it passes along the
drying expiratory limb to maintain a difference between the gas temperature and its dew point
temperature approximately constant. In some embodiments, this temperature difference is less

than about 2°C, less than about 1.5°C, or between about 0.9°C and about 1°C. In some
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embodiments, an improved or optimized drying of the gas within the drying expiratory limb is
accomplished by keeping the relative humidity of the gas between about 90% and about 99%,
between about 95% and about 99%, or between about 95% and about 97%. In some
embodiments, this may be accomplished by keeping the dew point temperature and absolute
humidity approximately linear along the length of the expiratory limb. In some embodiments,
the temperature drop of the gas from the beginning of the limb to about the first 300 mm or
400 mm of the drying expiratory limb is less than 0.01° C/mm or between 0° C/mm and about
0.009° C/mm and the total temperature drop across the expiratory limb length is less than about
10° C, or between about 3° C and about 10° C. Accordingly, the drying expiratory limbs and
temperature control mechanisms disclosed herein can be adapted to tailor a temperature profile
of the gas to increase or optimize drying of the gas, to reduce or eliminate rain out in the limb,
and/or to reduce or eliminate condensation in the ventilator. In some embodiments, a drying
expiratory limb is disclosed that provides an optimal drying of a gas where the optimal drying is
where no condensation occurs in the limb or in the ventilator through a tailored temperature
control process.

[0011] Some embodiments provide for a drying expiratory limb for use in a respiratory circuit
which can include a wall having a first end and a second end separated by an expiratory limb
length. The wall defines a space within and at least a part of the wall comprises a breathable
material adapted to allow transmission of water vapor but substantially prevent transmission of
liquid water. The drying expiratory limb includes a first opening in the first end of the wall, the
first opening adapted to receive a gas at a first temperature and a first relative humidity. The
drying expiratory limb includes a second opening in the second end of the wall adapted to allow
the gas to exit the drying expiratory limb, the gas having a second temperature and a second
relative humidity upon exiting the drying expiratory limb. The drying expiratory limb is adapted
such that a difference between a temperature of the gas and a dew point temperature of the gas
along the drying expiratory limb length is approximately constant.

[0012] In some aspects of the embodiment, the drying expiratory limb further includes an
insulating material attached to an outer surface of the wall. The insulating material can be
adapted to control the temperature drop of the gas to increase drying of the gas along the

expiratory limb length. In some embodiments, an amount of the insulating material is
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substantially constant along the expiratory limb length. The amount of the insulating material
can vary along the expiratory limb length.

[0013] In some aspects, the drying expiratory limb can include a heater wire adapted to
selectively receive electrical power to provide heat to the gas in the drying expiratory limb. In
some aspects, the heater wire is adapted to control the temperature drop of the gas to increase
drying of the gas along the expiratory limb length. In a further aspect, the drying expiratory limb
includes two or more heaters that are adapted to control the temperature of the gas to be above
the dew point temperature by a targeted amount. In another aspect, the heater wire has varying
pitch spacing along the expiratory limb length, and, in some implementations, the pitch spacing
increases with distance from the first end. In some implementations, the heater wire comprises
at least two sections, the two sections being adapted to be independently controlled using control
circuitry.

[0014] In some aspects, a flow rate of the drying expiratory limb is adapted to improve
breathability. For example, a cross-section of the drying expiratory limb can be increased to
improve breathability.

[0015] In some aspects, the residence time is increased to improve breathability. In some
aspects, a profile of an absolute humidity of the gas is substantially parallel to a profile of a dew
point temperature of the gas. In some aspects, the drying expiratory limb is adapted to
substantially eliminate rain out at the first end of the limb and at the second end of the limb. In
some aspects, the drying expiratory limb is adapted to substantially eliminate rain out at a
ventilator positioned at the second end of the limb.

[0016] Some embodiments provide for a drying expiratory limb for use in a respiratory circuit.
The drying expiratory limb includes a wall having a first end and a second end separated by an
expiratory limb length, the wall defining a space within and wherein at least a part of the wall
comprises a breathable material adapted to allow transmission of water vapor but substantially
prevent transmission of liquid water. The drying expiratory limb includes a first opening in the
first end of the wall, the first opening adapted to receive a gas at a first temperature and a first
relative humidity. The drying expiratory limb includes a second opening in the second end of
the wall adapted to allow the gas to exit the drying expiratory limb, the gas having a second
temperature and a second relative humidity upon exiting the drying expiratory limb. The drying
expiratory limb is adapted such that the first relative humidity and the second relative humidity
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are approximately equal and a relative humidity of the gas at any point along the drying
expiratory limb is approximately equal to the first relative humidity.

[0017] In some aspects, the relative humidity of the gas is at least about 95%, or at least about
99%. In some aspects, a decrease in temperature along the expiratory limb length is controlled
according to a drying rate to keep the relative humidity at a targeted humidity value, where the
targeted humidity value is between about 90% and about 99%, between about 95% and about
99%, or between about 95% and about 97%.

[0018] Some embodiments provide for a drying expiratory limb of a breathing circuit, the drying
expiratory limb including a wall having a first end and a second end separated by an expiratory
limb length, the wall defining a space within and wherein at least a part of the wall comprises a
breathable material adapted to allow transmission of water vapor but substantially prevent
transmission of liquid water. The drying expiratory limb can include a first opening in the first
end of the wall, the first opening adapted to receive a gas at a first temperature and a first relative
humidity. The drying expiratory limb can include a second opening in the second end of the wall
adapted to allow the gas to exit the drying expiratory limb, the gas having a second temperature
and a second relative humidity upon exiting the drying expiratory limb. The drying expiratory
limb can be adapted such that a temperature of the gas remains above a dew point temperature of
the gas along the drying expiratory limb length. In some aspects, the drying expiratory limb is
adapted such that a difference in temperature of the gas and the dew point temperature of the gas
along the drying expiratory limb length is approximately constant.

[0019] In some aspects, the drying expiratory limb also includes an insulating material on an
outer surface of the wall. In a further aspect, the insulating material is adapted to control the
temperature of the gas to be between about 0.9° C and 1° C above the dew point temperature. In
another aspect, an amount of the insulating material is substantially constant along the expiratory
limb length. In another aspect, an amount of the insulating material varies along the expiratory
limb length.

[0020] In some aspects, a rate of temperature decrease from the first end to a distance of about
300 mm from the first end is less than or equal to about 0.01° C/mm.

[0021] In some aspects, the drying expiratory limb further includes a heater wire adapted to
selectively receive electrical power to provide heat to the gas in the drying expiratory limb. In a

further aspect, the heater wire is adapted to control the temperature of the gas to be between
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about 0.9° C and 1° C above the dew point temperature. In another aspect, the drying expiratory
limb further includes a second heater that is adapted to control the rate of temperature decrease
of the gas. In another aspect, the heater wire has varying pitch spacing along the expiratory limb
length. In a further aspect, the pitch spacing increases with distance from the first end. In
another aspect, the heater wire comprises at least two sections, the two sections being adapted to
be independently controlled using control circuitry.

[0022] In some aspects, a residence time of the drying expiratory limb is adapted to improve
breathability. In a further aspect, a residence time of the drying expiratory limb is decreased to
improve breathability.

[0023] In some aspects, a profile of an absolute humidity of the gas is substantially parallel to a
profile of the dew point temperature of the gas.

[0024] In some aspects, the drying expiratory limb is adapted to substantially eliminate rain out
at the first end of the wall and at the second end of the wall.

[0025] Some embodiments provide for a drying expiratory limb of a breathing circuit and the
drying expiratory limb includes a wall having a first end and a second end separated by an
expiratory limb length, the wall defining a space within and wherein at least a part of the wall
comprises a breathable material adapted to allow transmission of water vapor but substantially
prevent transmission of liquid water. The drying expiratory limb includes a first opening in the
first end of the wall, the first opening adapted to receive a gas at a first temperature and a first
relative humidity. The drying expiratory limb includes a second opening in the second end of
the wall adapted to allow the gas to exit the drying expiratory limb, the gas having a second
temperature and a second relative humidity upon exiting the drying expiratory limb. The drying
expiratory limb is adapted such that the first relative humidity and the second relative humidity
are approximately between about 90% and about 99%.

[0026] In some aspects, the first relative humidity of the gas or the second relative humidity of
the gas or both are at least about 95%. In some aspects, the first relative humidity of the gas or
the second relative humidity of the gas or both are at least about 99%. In some aspects, a
decrease in temperature along the expiratory limb length is controlled according to a drying rate
to keep a relative humidity of the gas along the expiratory limb length within a targeted relative
humidity range. In a further aspect, the targeted relative humidity range is between about 90%
and about 99%.
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[0027] Some embodiments provide for a drying expiratory limb of a breathing circuit and the
drying expiratory limb includes a wall having a first end and a second end separated by an
expiratory limb length, the wall defining a space within and wherein at least a part of the wall
comprises a breathable material adapted to allow transmission of water vapor but substantially
prevent transmission of liquid water. The drying expiratory limb includes a first opening in the
first end of the wall, the first opening adapted to receive a gas at a first temperature and a first
relative humidity. The drying expiratory limb includes a second opening in the second end of
the wall adapted to allow the gas to exit the drying expiratory limb, the gas having a second
temperature and a second relative humidity upon exiting the drying expiratory limb. The drying
expiratory limb is adapted such that a temperature of the gas remains approximately above a dew
point temperature of the gas along the drying expiratory limb length, and a relative humidity of
the gas remains approximately between about 90% and 99%.

[0028] In some aspects, the drying expiratory limb is adapted such that the temperature of the
gas remains approximately 1° C above the dew point temperature of the gas along the drying
expiratory limb length.

[0029] Some embodiments provide for a drying expiratory limb of a breathing circuit and the
drying expiratory limb includes a wall having a first end and a second end separated by an
expiratory limb length, the wall defining a space within and wherein at least a part of the wall
comprises a breathable material adapted to allow transmission of water vapor but substantially
prevent transmission of liquid water. The drying expiratory limb includes a first opening in the
first end of the wall, the first opening adapted to receive a gas at a first temperature and a first
relative humidity. The drying expiratory limb includes a second opening in the second end of
the wall adapted to allow the gas to exit the drying expiratory limb, the gas having a second
temperature and a second relative humidity upon exiting the drying expiratory limb. The drying
expiratory limb is adapted such that a temperature of the gas remains approximately 1° C above a
dew point temperature of the gas along the drying expiratory limb length.

[0030] Some embodiments provide for a limb having a multi-lumen design for delivering
humidified gas to or from a patient. Such a limb is particularly useful for delivering and drying
humidified gas from a patient. The limb includes a multi-lumen configuration, each lumen
having a first end and a second end and a space within the lumen defined by a wall, and at least a

part of the wall comprises a breathable material adapted to allow transmission of water vapor but
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substantially prevent transmission of liquid water. The limb includes a gas entry port adapted to
receive a gas at an entry temperature and an entry relative humidity for transmission along the
limb. The limb includes a gas exit port adapted to allow the gas to exit the limb, the gas having
an exit temperature and an exit relative humidity upon exiting the limb. The limb can be adapted
to increase a drying of the gas as it passes through the limb as compared to an expiratory limb
comprising a single lumen of a similar size and a similar material. The limb can be adapted such
that a difference between a temperature of the gas and a dew point temperature of the gas along
the limb length is approximately constant.

[0031] In some aspects, the multi-lumen configuration comprises a plurality of conduits. In a
further aspect, the plurality of conduits is adapted to increase residence time of gas in the limb at
constant volumetric flow rate.

[0032] In some aspects, the limb further includes a heater wire adapted to provide heat to the gas
passing through the expiratory limb. In some aspects, the heater wire is adapted to deliver a
greater amount of heat to the gas near the entry port of the limb than to the gas near the exit port.

[0033] Some embodiments provide for a limb having a multi-lumen design for delivering
humidified gas to or from a patient in a medical circuit. As discussed above, such a limb is
particularly useful for delivering and drying humidified gas from a patient. The limb includes a
multi-lumen configuration, each lumen having a first end and a second end and a space within
the lumen defined by a wall, and at least a part of the wall comprises a breathable material
adapted to allow transmission of water vapor but substantially prevent transmission of liquid
water. The limb includes a gas entry port adapted to receive a gas at an entry temperature and an
entry relative humidity for transmission along the limb. The limb includes a gas exit port
adapted to allow the gas to exit the limb, the gas having an exit temperature and an exit relative
humidity upon exiting the limb.

[0034] In some embodiments, the limb is adapted to increase a drying of the gas as it passes
through the limb as compared to an expiratory limb comprising a single lumen of a similar size
and a similar material. The limb can be adapted such that the first relative humidity and the
second relative humidity are approximately equal and a relative humidity of the gas at any point
along the limb is approximately equal to the first relative humidity.

[0035] Some embodiments provide for a limb of a medical circuit and the limb includes a multi-

lumen configuration, wherein each lumen has a first end and a second end and a space within the
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lumen defined by a wall, at least a part of the wall comprises a breathable material adapted to
allow transmission of water vapor but substantially prevent transmission of liquid water. The
limb includes a gas entry port adapted to receive a gas at an entry temperature and an entry
relative humidity for transmission along the expiratory limb. The limb includes a gas exit port
adapted to allow the gas to exit the expiratory limb, the gas having an exit temperature and an
exit relative humidity upon exiting the expiratory limb. The multi-lumen design can be adapted
to increase a drying of the gas as it passes through the expiratory limb as compared to an
expiratory limb comprising a single lumen of a similar size and a similar material. The limb can
be adapted such that a temperature of the gas remains above a dew point temperature of the gas
along the limb length.

[0036] In some aspects, the multi-lumen configuration comprises a plurality of conduits. In a
further aspect, the plurality of conduits is adapted to decrease a flow rate in each lumen.

[0037] In some aspects, the limb further includes a heater wire adapted to provide heat to the gas
passing through the expiratory limb. In a further aspect, the heater wire is adapted to deliver a
greater amount of heat to the gas near the entry port of the expiratory limb than to the gas near
the exit port.

[0038] In some aspects, the number of lumens is less than or equal to 5. In a further aspect, the
number of lumens is equal to 3.

[0039] Some embodiments provide for a limb of a medical circuit and the limb includes a multi-
lumen configuration, wherein each lumen has a first end and a second end and a space within the
lumen defined by a wall, at least a part of the wall comprises a breathable material adapted to
allow transmission of water vapor but substantially prevent transmission of liquid water. The
limb includes a gas entry port adapted to receive a gas at an entry temperature and an entry
relative humidity for transmission along the expiratory limb. The limb includes a gas exit port
adapted to allow the gas to exit the expiratory limb, the gas having an exit temperature and an
exit relative humidity upon exiting the expiratory limb. The multi-lumen design is adapted to
increase a drying of the gas as it passes through the expiratory limb as compared to an expiratory
limb comprising a single lumen of a similar size and a similar material. The limb is adapted such
that the first relative humidity and the second relative humidity are approximately between about

90% and about 99%. In some aspects, the number of lumens is less than or equal to 5.
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[0040] Some embodiments provide for a limb for use in a respiratory circuit and the limb
includes a multi-lumen configuration comprising less than six lumens, wherein each lumen has a
first end and a second end and a space within the lumen defined by a wall, at least a part of the
wall comprises a breathable material adapted to allow transmission of water vapor but
substantially prevent transmission of liquid water. The limb includes a gas entry port adapted to
receive a gas at an entry temperature and an entry relative humidity for transmission along the
expiratory limb. The limb includes a gas exit port adapted to allow the gas to exit the expiratory
limb, the gas having an exit temperature and an exit relative humidity upon exiting the expiratory
limb. The multi-lumen design is adapted to increase a drying of the gas as it passes through the
expiratory limb as compared to an expiratory limb comprising a single lumen of a similar size
and a similar material.

[0041] According to a broad aspect, the invention provides a limb suitable for use in a medical
circuit, the limb comprising a first opening adapted to receive a gas at a first temperature and a
first relative humidity; a second opening adapted to allow the gas to exit the limb, the gas having
a second temperature and a second relative humidity; and a plurality of conduits each comprising
a first end proximal the first opening, a second end proximal the second opening, and a wall
extending between the end and the second end and defining a lumen within through which, when
in use, gas flows in the direction of the first end toward the second end, and wherein at least a
part of the wall comprises a breathable material adapted to allow transmission of water vapor but
substantially prevent transmission of liquid water.

[0042] In various embodiments, the foregoing limb has one, some, or all of the following
properties, as well as properties described elsewhere in this disclosure. The breathable material
can be foam. The material can have a substantially uniform thickness. The limb can comprise
three conduits. The plurality of conduits can be corrugated. The void fraction of the foam
material can be greater than 40%. The pneumatic compliance of the limb can be less than 10
mL/kPa/m. The void fraction of the foam material can be about 45%. The pneumatic
compliance of the limb can be less than 3 mL/kPa/m. The plurality of conduits can be twisted or
braided between the first opening and the second opening. The limb can further comprise one or
more securing mechanisms adapted to hold the plurality of conduits together. Each securing
mechanism can comprise a plurality of lobes, and each of the conduits can pass through one of

the lobes. Each securing mechanism can be a trefoil comprising a plurality of rings, and each of

-10-
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the conduits can pass through one of the rings. The limb can further comprise a connector
comprising a unitary portion comprising an aperture defining the first opening or the second
opening, a multipartite portion comprising a plurality of passages, each adapted to connect to one
of the plurality of conduits, and an internal ogive comprising a base attached to or formed on the
multipartite portion between the plurality of passages, the ogive extending in the direction of the
unitary portion and adapted to direct the flow of gas from the multipartite portion to the unitary
portion or from the unitary portion to the multipartite portion. The limb can further comprise at
least one heater wire adapted to provide heat to the gas passing through the limb. The wall of at
least one of the conduits can encompass or have embedded thereon a heater wire adapted to
provide heat to the gas passing through the lumen. The lumen of at least one of the conduits can
encompass a heater wire adapted to provide heat to the gas passing through the lumen. The limb
can be an expiratory limb and the first opening can be adapted to receive gas from a patient
interface.

[0043] According to another broad aspect, the invention provides a device suitable for use with a
limb of a medical circuit, the device comprising a unitary portion comprising an aperture adapted
to connect to a patient interface or a humidification device, a multipartite portion comprising a
plurality of passages, each adapted to connect to one of the plurality of conduits, and an internal
ogive comprising a base attached to or formed on the multipartite portion between the plurality
of passages, the ogive extending in the direction of the unitary portion and adapted to direct the
flow of gas from the multipartite portion to the unitary portion or from the unitary portion to the
multipartite portion.

[0044] In various embodiments, the foregoing device has one, some, or all of the following
properties, as well as properties described elsewhere in this disclosure. The multipartite portion
can comprise three passages.

[0045] According to a further broad aspect, the invention provides a limb suitable for use in a
medical circuit, the limb comprising a first opening adapted to receive a gas at a first temperature
and a first relative humidity; a second opening adapted to allow the gas to exit the limb, the gas
having a second temperature and a second relative humidity; and means for increasing the
residence time of gas flow within the limb between the first opening and the second opening.
[0046] In various embodiments, the foregoing limb has one, some, or all of the following

properties, as well as properties described elsewhere in this disclosure. The residence-time-
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increasing means can comprise a plurality of conduits between the first opening and the second
opening, each of the conduits comprising a wall extending between the first opening and the
second opening and defining a lumen within through which, when in use, gas flows in the
direction of the first opening toward the second opening. At least a part of the wall can comprise
a breathable foam material adapted to allow transmission of water vapor but substantially
prevent transmission of liquid water.

[0047] According to another broad aspect, there is provided a limb suitable for use in a medical
circuit, the limb comprising: a first opening adapted to receive a gas at a first temperature and a
first relative humidity; a second opening adapted to allow the gas to exit the limb, the gas having
a second temperature and a second relative humidity; and a plurality of conduits each comprising
a first end proximal the first opening, a second end proximal the second opening, and a wall
extending between the first end and the second end and defining a lumen within through which,
in use, gas flows in a direction of the first end toward the second end, and wherein a part of the
wall comprises a breathable material adapted to allow transmission of water vapor while
preventing transmission of liquid water.

According to a further broad aspect, there is provided a connector suitable for use with a
limb of a medical circuit comprising a plurality of conduits, the connector comprising: a unitary
portion comprising an aperture adapted to connect to a device of the medical circuit; a
multipartite portion comprising a plurality of passages, each passage being adapted to connect to
one of the plurality of conduits; and an internal ogive comprising a base attached to or formed on
the multipartite portion between the plurality of passages, the ogive extending in a direction of
the unitary portion and being adapted to direct the flow of gas from the multipartite portion to the
unitary portion or from the unitary portion to the multipartite portion.

According to another broad aspect, there is provided a limb suitable for use in a medical
circuit, the limb comprising: a first opening adapted to receive a gas at a first temperature and a
first relative humidity; a second opening adapted to allow the gas to exit the limb, the gas having
a second temperature and a second relative humidity; and a conduit comprising a first end
proximal the first opening, a second end proximal the second opening, and a wall extending
between the end and the second end and defining a lumen within through which, when in use,
gas flows in the direction of the first end toward the second end; wherein a part of the wall

comprises a breathable material adapted to allow transmission of water vapor while preventing
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transmission of liquid water; and wherein a portion of the conduit is shaped to increase a surface
area of the wall in contact with the gas.

According to a further broad aspect, there is provided a limb suitable for use in a medical
circuit, the limb comprising: a first opening adapted to receive a gas at a first temperature and a
first relative humidity; a second opening adapted to allow the gas to exit the limb, the gas having
a second temperature and a second relative humidity; and means for increasing a residence time
of gas flow within the limb between the first opening and the second opening.

According to another broad aspect, there is provided a drying expiratory limb of a
breathing circuit, the drying expiratory limb comprising: a wall having a first end and a second
end separated by an expiratory limb length, the wall defining a space within and wherein a part
of the wall comprises a breathable material adapted to allow transmission of water vapor but
substantially prevent transmission of liquid water; a first opening in the first end of the wall, the
first opening adapted to receive a gas at a first temperature and a first relative humidity; and a
second opening in the second end of the wall adapted to allow the gas to exit the drying
expiratory limb, the gas having a second temperature and a second relative humidity upon
exiting the drying expiratory limb, wherein the drying expiratory limb is adapted to control a
decrease in temperature along the expiratory limb length according to a drying rate to keep a
relative humidity of the gas along the expiratory limb length within a targeted relative humidity
range.

According to a further broad aspect, there is provided a drying expiratory limb suitable
for a medical circuit, the drying expiratory limb comprising: a wall having a first end and a
second end separated by an expiratory limb length, the wall defining a space within and wherein
a part of the wall comprises a breathable material adapted to allow transmission of water vapor
but substantially prevent transmission of liquid water; a first opening in the first end of the wall,
the first opening adapted to receive a gas; and a second opening in the second end of the wall
adapted to allow the gas to exit the drying expiratory limb, wherein the drying expiratory limb is
adapted to control a temperature of the gas passing along the expiratory limb length to maintain a
difference between the temperature of the gas and a dew point temperature approximately
constant.

According to another broad aspect, there is provided a drying expiratory limb suitable for

a medical circuit, the drying expiratory limb comprising: a wall having a first end and a second
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end separated by an expiratory limb length, the wall defining a space within and wherein a part
of the wall comprises a breathable material adapted to allow transmission of water vapor but
substantially prevent transmission of liquid water; a first opening in the first end of the wall, the
first opening adapted to receive a gas; and a second opening in the second end of the wall
adapted to allow the gas to exit the drying expiratory limb, wherein the drying expiratory limb is
adapted to control a profile of an absolute humidity along the expiratory limb length to be
substantially parallel to a profile of a dew point temperature of the gas.

According to a further broad aspect, there is provided a drying expiratory limb of a
breathing circuit, the drying expiratory limb comprising: a wall having a first end and a second
end separated by an expiratory limb length, the wall defining a space within and wherein a part
of the wall comprises a breathable material adapted to allow transmission of water vapor but
substantially prevent transmission of liquid water; a first opening in the first end of the wall, the
first opening adapted to receive a gas at a first temperature and a first relative humidity; and a
second opening in the second end of the wall adapted to allow the gas to exit the drying
expiratory limb, the gas having a second temperature and a second relative humidity upon
exiting the drying expiratory limb, wherein the drying expiratory limb is adapted to keep the first
relative humidity and the second relative humidity substantially equal and to keep a relative
humidity of the gas at any point along the drying expiratory limb approximately equal to the first
relative humidity.

According to another broad aspect, there is provided a drying expiratory limb of a
breathing circuit, the drying expiratory limb comprising: a wall having a first end and a second
end separated by an expiratory limb length, the wall defining a space within and wherein a part
of the wall comprises a breathable material adapted to allow transmission of water vapor but
substantially prevent transmission of liquid water; a first opening in the first end of the wall, the
first opening adapted to receive a gas at a first temperature and a first relative humidity; and a
second opening in the second end of the wall adapted to allow the gas to exit the drying
expiratory limb, the gas having a second temperature and a second relative humidity upon
exiting the drying expiratory limb, wherein the drying expiratory limb is adapted to control a
temperature of the gas approximately to remain above a dew point temperature of the gas along
the drying expiratory limb length, and a relative humidity of the gas to remain approximately
between about 90% and 99%.
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According to a further broad aspect, there is provided a multi-lumen expiratory limb, the
limb comprising: a first securing mechanism comprising a first plurality of interconnected lobes;
and a plurality of breathable conduits each having a lumen, wherein each breathable conduit of
the plurality of breathable conduits extends through one lobe of the first securing mechanism,
wherein the first securing mechanism is adapted to prevent each breathable conduit of the
plurality of breathable conduits from separating away from an adjacent conduit of the plurality of
breathable conduits while also spacing each breathable conduit of the plurality of breathable
conduits enough from the adjacent conduit for maintaining breathability of each breathable
conduit.

According to another broad aspect, there is provided an expiratory limb suitable for use
in a breathing circuit, the expiratory limb comprising: a first opening adapted to receive a gas at a
first temperature and a first relative humidity; a second opening adapted to allow the gas to exit
the limb, the gas having a second temperature and a second relative humidity; a conduit
comprising a first end proximal the first opening, a second end proximal the second opening, and
a wall extending between the first end and the second end and defining a lumen within through
which, when in use, gas flows in the direction of the first end toward the second end, and
wherein a part of the wall comprises a breathable material adapted to allow transmission of water
vapor but substantially prevent transmission of liquid water; and a heating element provided
along the conduit, the heating element being adapted to generate or apply more heat to a section
of the conduit near the first end compared to heat generated or applied to another section of the
conduit closer to the second end such that a temperature drop of the gas between the first end and
the second end of the conduit is controlled.

According to a further broad aspect, there is provided an expiratory limb suitable for use
in a breathing circuit, the expiratory limb comprising: a first opening adapted to receive a gas at a
first temperature and a first relative humidity; a second opening adapted to allow the gas to exit
the limb, the gas having a second temperature and a second relative humidity; a conduit
comprising a first end proximal the first opening, a second end proximal the second opening, and
a wall extending between the first end and the second end and defining a lumen within through
which, when in use, gas flows in the direction of the first end toward the second end, and
wherein a part of the wall comprises a breathable material adapted to allow transmission of water

vapor but substantially prevent transmission of liquid water; and two heater wire sections
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provided along the conduit, the two heater wire sections being adapted to generate or apply more
heat to a section of the conduit near the first end compared to heat generated or applied to
another section of the conduit closer to the second end.

Brief description of the drawings

[0048] Throughout the drawings, reference numbers may be reused to indicate general
correspondence between reference elements. The drawings are provided to illustrate example
embodiments described herein and are not intended to limit the scope of the disclosure.

[0049] FIG. 1 illustrates an example respiratory system for delivering humidified gas to a user,
the respiratory humidification system having a breathing circuit that includes a drying expiratory
limb adapted to have a linear temperature profile as a function of distance along the drying
expiratory limb.

[0050] FIG. 2 illustrates a plot of a temperature of a gas as a function of position along an
expiratory limb.

[0051] FIG. 3 illustrates a drying expiratory limb with varying insulation to control the
temperature of the gas along the limb.

[0052] FIG. 4 illustrates a drying expiratory limb with two sections that include breathable
insulation to control a temperature drop at a beginning of the limb and at an end of the limb.
[0053] FIG. S illustrates a drying expiratory limb having multiple heater wires that have a pitch
spacing that is different in different sections.

[0054] FIG. 6 illustrates a drying expiratory limb having a coiled heater wire that has a pitch
spacing that is different in different sections.

[0055] FIG. 7 illustrates a drying expiratory limb having a straight heater wire with zones of
varying pitch spacing within the wire.

[0056] FIG. 8 illustrates a drying expiratory limb having multiple sections wherein a system is
adapted to independently control the different sections of heater wire.

[0057] FIG. 9 illustrates a drying expiratory limb having a heater wire that is folded back upon
itself at a patient end to control a temperature drop at a front end of the drying expiratory limb.
[0058] FIG. 10 illustrates a drying expiratory limb combining a varying insulation layer with a
heater wire with a varying pitch.

[0059] FIGS. 11A-11B illustrate various multi-lumen configurations for a drying expiratory
limb.
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[0060] FIGS. 11C-11D illustrate drying expiratory limbs adapted to increase a surface area
using different cross-section shapes.

[0061] FIG. 12 illustrates a drying expiratory limb combining multiple lumens and varying
insulation.

[0062] FIG. 13 illustrates a drying expiratory limb with a cross-section similar to the drying
expiratory limbs illustrated in FIG. 11D and a heater wire with a varying pitch spacing along its
length.

[0063] FIG. 14 illustrates a drying expiratory limb with a multi-lumen design in conjunction
with heater wires in each lumen.

[0064] FIG. 15 illustrates various multi-lumen configurations for a limb for conveying
humidified gas in a medical circuit.

[0065] FIG. 16 illustrates a securing mechanism for use with a multi-lumen limb.

[0066] FIGS. 17A-17D illustrate a connector for use with one or both ends of a multi-lumen
limb. FIG. 17E illustrates the connector in use on a multi-lumen limb.

Detailed description of embodiments

[0067] Variants, examples and preferred embodiments of the invention are described
hereinbelow. More particularly, certain embodiments and examples of limbs for conveying
humidified gas in medical circuits are described herein. Those of skill in the art will appreciate
that the disclosure extends beyond the specifically disclosed embodiments and/or uses and
obvious modifications and equivalents thereof. Thus, it is intended that the scope of the
disclosure not be limited by any particular embodiments described herein.

[0068] 1t is desirable to provide a breathable limb for use in a medical circuit. Breathable is used
herein to mean appreciably permeable to water vapor and substantially impermeable to liquid
water and the bulk flow of gases. Breathability can be desirable to reduce or prevent rain out.
“Rain out,” or condensation, can be a problem when high humidity gases within a limb come
into contact with the walls of a limb at a lower temperature. However, rain out depends on many
factors, including not only the temperature profile in the limb, but also the gas flow rate,
component geometry, and the intrinsic breathability of the material used to form the component.
In general, a breathable limb can be desirable because it allows water from a high-humidity gas
flow within a limb to pass into a low-humidity environment, ameliorating the potential for rain

out within the limb. Conversely, and depending upon the application, breathability can also be
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desirable to allow water from a high-humidity environment to pass into and thereby humidify a
gas flow within a limb.

[0069] Furthermore, it can also be advantageous to control the temperature and/or relative
humidity of the gas passing through the limb. Temperature and/or relative humidity control can
limit or prevent condensation in a downsteam/upstream device or interface, rain out in the limb,
to increase drying of the gas, or any combination of these.

[0070] Descriptions of limbs for conveying humidified gas in a medical circuit are presented
herein that include breathable material adapted to pass water vapor and to substantially prevent
liquid water from passing through. Any suitable breathable material can be used. Nevertheless,
particularly suitable breathable materials are described in Publication WO 2011/077250, entitled
“Components for Medical Circuits,” filed December 22, 2010. As described in that publication,
the breathable material can be a breathable foamed material adapted to allow the transmission of
water vapor but substantially prevent the transmission of liquid water. The breathable foamed
material can comprise a blend of polymers. The breathable foamed material can comprise a
thermoplastic elastomer with a polyether soft segment. The breathable foamed material can
comprise a copolyester thermoplastic elastomer with a polyether soft segment. The breathable
foamed material can comprise a thermoplastic elastomer with a polyether soft segment.

[0071] As discussed in more detail below with reference at least to FIG. 1, expiratory limbs can
be included in medical circuits. As used herein, an expiratory limb is broadly defined to mean a
limb that transmits humidified gases from a patient in a medical circuit. Expiratory limbs are
suitable for breathing circuits for use in respiratory applications. For an unheated expiratory
limb, as the gas travels along the limb towards a ventilator, ambient, or gas source, the gas will
cool at a rate that is higher than its drying rate. As a result, the temperature of the gas can drop
below the dew point temperature, causing condensation to form inside the expiratory limb. For a
heated expiratory limb, the gas may be kept at a high temperature for too long. As the gas dries,
the relative humidity of the gas can drop (as the temperature of the gas is relatively constant over
a portion of the limb), which impairs further drying, as drying is more efficient when the relative
humidity is at or near about 100%. If the gas has not been dried enough, when the temperature
drops in the ventilator then condensation can form in the ventilator.

[0072] Accordingly, it may be advantageous to improve or optimize drying along the length of

the expiratory limb, which can be accomplished, in some embodiments, by maintaining the
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relative humidity at a substantially constant value. In some embodiments, improved or
optimized drying may occur where the relative humidity remains between about 90% and about
99%, between about 95% and about 99%, or between about 95% and about 97%. It may also be
advantageous to reduce the temperature of the gas along the length of the limb so that the
temperature of the gas exiting the expiratory limb is at or near the temperature of the ventilator,
gas source, or ambient.

[0073] An effective method of doing this is to have the humidity and/or temperature decrease in
a tailored manner along the length of the limb. For example, it may be advantageous to tailor the
rate of temperature decrease across the first portion of the expiratory limb so that it does not
exceed about 0.01° C/mm, or so that the temperature drop is between about 0° C/mm and about
0.009° C/mm. In some embodiments, it may be advantageous to limit the rate of temperature
decrease to the stated ranges from the beginning of the limb to about the first 300 mm or 400 mm
of the expiratory limb. It may be advantageous to also limit the total temperature drop across the
limb to be less than or equal to about 10° C and/or between about 3°C and 10°C. In some
embodiments, drying within a limb is limited by the relative humidity. In some embodiments, it
may be desirable to have the temperature drop in a linear or a nearly linear fashion along the
limb.

[0074] Therefore, the expiratory limbs described herein have been adapted to achieve the goals
of reducing or eliminating rain out or condensation in the ventilator through controlling the
environment within the limb. For example, for a gas with a relative humidity of about 95%, the
expiratory limb can be adapted to tailor the temperature profile such that the difference between
the temperature of the gas and the dew point temperature is less than about 1.5° C, less than
about 1° C, or between about 0.9° C and about 1° C. The heating or insulation of the limb can be
adapted to keep the temperature within a “non-condensation window” which can be a
temperature range that lies between the dew point temperature line and the absolute humidity
line so that little or no condensation occurs within the expiratory limb or at the ventilator.

[0075] In some embodiments, an example temperature profile that reduces condensation, reduces
rain out, and that provides the advantageous properties described herein can be where an initial
temperature drop (e.g., from the patient interface) from the beginning of the limb to about the
first 300 or 400 mm can have a slope that is between about 0° C/mm and about 0.01° C/mm. In
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some embodiments, a temperature profile that has a total drop in temperature between about 3° C
and about 10° C may provide at least some of the advantages set forth herein.

[0076] Embodiments of expiratory limbs will be now described herein with reference to their use
in a respiratory system. It is to be understood, however, that the limbs described herein can be
used with a variety of applications where it is desirable to increase the residence time of a gas
flow from a first environment to a second environment having different temperatures and/or
humidity, such as incubation systems, surgical humidification systems, and the like.

[0077] FIG. 1 illustrates an example respiratory system 100 for delivering humidified gas to a
user, the humidification system 100 having a breathing circuit 200 that includes an inspiratory
limb 202 and an expiratory limb 210. The illustrated respiratory humidification system 100
comprises a pressurized gas source 102. In some implementations, the pressurized gas source
102 comprises a fan, blower, or the like. In some implementations, the pressurized gas source
102 comprises a ventilator or other positive pressure generating device. The pressurized gas
source 102 comprises an inlet 104 and an outlet 106.

[0078] The pressurized gas source 102 provides a flow of fluid (e.g., oxygen, anesthetic gases,
air or the like) to a humidification unit 108. The fluid flow passes from the outlet 106 of the
pressurized gas source 102 to an inlet 110 of the humidification unit 108. In the illustrated
configuration, the humidification unit 108 is shown separate of the pressurized gas source 102
with the inlet 110 of the humidification unit 108 connected to the outlet 106 of the pressurized
gas source 102 with a conduit 112. In some implementations, the pressurized gas source 102 and
the humidification unit 108 can be integrated into a single housing.

[0079] The gases flow through the inspiratory limb 202 to the patient 101 through a patient
interface 115. The expiratory limb 210 also connects to the patient interface 115. The expiratory
limb 210 is adapted to move exhaled humidified gases away from the patient 101. Here, the
expiratory limb 210 returns exhaled humidified gases from the patient interface 115 to the gases
source 102. Alternatively, exhaled humidified gases can be passed directly to ambient
surroundings or to other ancillary equipment, such as an air scrubber/filter (not shown). Any
suitable patient interface 115 can be incorporated. Patient interface is a broad term and is to be
given its ordinary and customary meaning to a person of ordinary skill in the art (that is, it is not

to be limited to a special or customized meaning) and includes, without limitation, masks (such
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as face masks and nasal masks), cannulas, and nasal pillows. A patient interface usually defines
a gases space which, when in use, receives warm humid breathing gases.

[0080] While other types of humidification units can be used with certain features, aspects, and
advantages described in the present disclosure, the illustrated humidification unit 108 is a pass-
over humidifier that comprises a humidification chamber 114 and an inlet 110 to the
humidification chamber 114. In some implementations, the humidification chamber 114
comprises a body 116 having a base 118 attached thereto. A compartment can be defined within
the humidification chamber 116 that is adapted to hold a volume of liquid that can be heated by
heat conducted or provided through the base 118. In some implementations, the base 118 is
adapted to contact a heater plate 120. The heater plate 120 can be controlled through a controller
122 or other suitable component such that the heat transferred into the liquid can be varied.
[0081] The controller 122 of the humidification unit 108 can control operation of various
components of the respiratory humidification system 100. While the system as illustrated uses a
single controller 122, multiple controllers can be used in other configurations. The multiple
controllers can communicate or can provide separate functions and, therefore, the controllers
need not communicate. In some implementations, the controller 122 may comprise a
microprocessor, a processor, or logic circuitry with associated memory or storage that contains
software code for a computer program. In such implementations, the controller 122 can control
operation of the respiratory humidification system 100 in accordance with instructions, such as
contained within the computer program, and also in response to internal or external inputs.

[0082] The body 116 of the humidification chamber 114 comprises a port 124 that defines the
inlet 110, and a port 126 that defines an outlet 128 of the humidification chamber 114. As liquid
contained within the humidification chamber 114 is heated, liquid vapor is mixed with gases
introduced into the humidification chamber 114 through the inlet port 124. The mixture of gases
and vapor exits the humidification chamber 114 through the outlet port 126.

[0083] The humidification system 100 includes a breathing circuit 200 comprising the
inspiratory limb 202 connected to the outlet 128 that defines the outlet port 126 of the
humidification unit 108. The inspiratory limb 202 conveys toward a user the mixture of gases
and water vapor that exits the humidification chamber 114. The inspiratory limb 202 can include
a heating element 206 positioned along the inspiratory limb 202, wherein the heating element

206 is adapted to reduce condensation along the inspiratory limb 202, to control a temperature of
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gas arriving at the user, or both. The heating element 206 can raise or maintain the temperature
of the gases and water vapor mixture being conveyed by the inspiratory limb 202. In some
implementations, the heating element 206 can be a wire that defines a resistance heater. By
increasing or maintaining the temperature of the gases and water vapor mixture leaving the
humidification chamber 114, the water vapor is less likely to condense out of the mixture.

Expiratory Limb

[0084] The humidification system 100 includes an expiratory limb 210 adapted to carry away
expired gas from the user and deliver it to the gas source 102. The expiratory limb 210 can
include a wall having a first end at the patient end to receive the expired or exhaled gas and a
second end at the gas source 102, the two ends being separated by an expiratory limb length.
The wall can define a space for the gas to travel (e.g., one or more lumens) and at least a portion
of the wall can include a breathable material.

[0085] If the gas cools too quickly along the expiratory limb 210, the gas can become
supersaturated as the water vapor cannot pass through the breathable layer quickly enough. This
can cause, at least in part, rain out near the patient end of the expiratory limb 210. If the gas
cools too slowly, rain out can form near the second end of the expiratory limb 210, where the
relatively hot gas comes into contact with cooler air at the gas source 102 or ambient. To reduce
or prevent rain out in the expiratory limb, characteristics of the gas or the expiratory limb 210
can be controlled. For example, by controlling the temperature profile of the gas and other
variables in the expiratory limb 210, the breathability of the expiratory limb 210 can be
improved. In some embodiments, the breathability of the expiratory limb 210 can increase by
increasing transit time through the expiratory limb 210, which can be accomplished, in some
embodiments, by decreasing a flow rate or by increasing a length of the passage through
expiratory limb 210. Increasing the transit time through the expiratory limb may, in some
implementations, increase heat loss of the gas through the expiratory wall. If this occurs too
quickly, as stated above, rain out can occur. In some embodiments, providing a substantially
linear temperature profile along the expiratory limb 210 and/or increasing a transit time through
the expiratory limb 210 can increase the breathability of the expiratory wall by about 40% to
about 70% or more. Accordingly, in some embodiments, the expiratory limb 210 can be adapted
to have a substantially linear temperature profile such that the temperature of the gas drops in a

linear fashion across the length of the expiratory limb 210. Relatedly, in some embodiments, the
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expiratory limb 210 can be adapted to keep a difference between the gas temperature and its dew
point temperature substantially constant across the length of the expiratory limb 210. Similarly,
in some embodiments, the expiratory limb 210 can be adapted to keep a relative humidity of the
gas at between about 95% to about 99% across the length of the expiratory limb 210.

[0086] In some embodiments, the expiratory limb 210 includes insulation adapted to control a
temperature profile in the expiratory limb. In some embodiments, the expiratory limb 210
includes an associated heating element 212 that is arranged along the expiratory limb 210,
wherein the heating element 212 is adapted to maintain a substantially linear temperature drop
along the expiratory limb 202, to control a relative humidity of the gas, to control a temperature
of the gas relative to its dew point temperature, or any combination of these.

[0087] The heating element 212 can be selectively controlled by the controller 122 in the
humidification system 100 or through other means. The controller 122 can be adapted to control
the heating element 210, to receive feedback from sensors in the system, to provide logic to
control power to the heating element 212, to adjust control of the heating element 212 in
response to temperature readings from sensors, and the like. In some embodiments, the
controller 122 includes a power source adapted to deliver electrical power to the heating element
212. The controller 122, for example, can control an amount of heat delivered by the heating
element 212 by delivering a variable power, a variable current, a variable voltage, or any
combination of these to the heating element 212. The controller 122 can implement pulse-width-
modulation to control the heating element 212. The controller 122 can apply a substantially
constant electrical power until a desired temperature is reached within the expiratory limb 210.
In some embodiments, the expiratory limb 210 includes one or more sensors adapted to provide
the controller or a user with information regarding the characteristics of the gas in the expiratory
limb 210 which can include, for example, temperature, relative humidity, absolute humidity, or
any combination of these and this information can be provided at one or more points along the
expiratory limb 210. In some implementations, the heating element 206 can be a wire that
defines a resistance heater.

[0088] In some embodiments, the expiratory limb 210 can include insulation in combination
with the heating element 212. In some embodiments, the heating element 210 can be adapted to

provide zone heating capabilities such that different portions of the expiratory limb 210 receive
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different amounts of heat. This can be accomplished, for example, by using multiple heating
wires or a single wire with different winding densities or pitch spacing at different points.

Example Expiratory Limbs with Tailored Temperature Profiles

[0089] FIG. 2 illustrates a plot of a temperature of a gas as a function of position along an
expiratory limb. The two plots listed as “Control” and shown with dashed lines illustrate some
expiratory limbs that have been adapted to dry gases using breathable materials. The four plots
listed as “Improved Drying” and shown with solid lines illustrate results when using some
embodiments described herein. They represent an improved or optimized drying of the gases
through the expiratory limbs. The six plots listed as “Condensation” and shown with dotted lines
represent expiratory limbs with temperature profiles that experience rain out or condensation
within the limb or at the ventilator. These expiratory limbs experience a rate of temperature
decrease from the beginning of the expiratory limb to about 300 mm or 400 mm that exceeds
about 0.009° C/mm or about 0.01° C/mm and/or where the total temperature drop exceeds about
10° C or is between about 3° C and about 10° C.

[0090] Table 1 lists information related to the absolute humidity and dew point temperature for
the temperature profiles of the two “Control” plots and the 4 “Improved Drying” plots in FIG. 2.
The table lists the input absolute humidity (“AH In”") and the output absolute humidity (“AH
Out”) and the dew point temperature (“DPT”) of the exit gas.

TABLE 1

Absolute humidity and dew point temperature of example expiratory limbs

Sample AH In [mg/L] | AH Out [mg/L] | DPT [°C]
Control 1 44.1 35.0 32.7
Control 2 434 283 28.7
Improved1 | 434 251 26.5
Improved2 | 453 26.5 27.5
Improved 3 | 423 26.3 274
Improved 4 | 43.2 24.9 264

Example Expiratory Limbs

[0091] Example configurations of expiratory limbs will now be described. The various

embodiments described herein and illustrated in the figures are intended to be illustrative of
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various implementations that achieve a stated goal of reducing condensation in a ventilator
and/or rain out in the expiratory limb. Many different variations and permutations are possible
which do not depart from the scope of the examples provided herein. Thus, it is to be understood
that the following examples should not be interpreted as limiting the scope of the disclosure, and
the scope of the present disclosure extends beyond these enumerated examples.

[0092] Generally, the example expiratory limb designs can be adapted to address situations
where radiation of energy from the expiratory limb to ambient or the external atmosphere can
cause too rapid a temperature drop at the entrance to the expiratory limb, which can cause
condensation in this section of the limb. This situation can be common when the external
temperature is relatively low, flow rate is relatively low and/or external relative humidity is
relatively high (factors which can reduce breathability of the expiratory limb). Under such
conditions it may be advantageous to decrease the rate of temperature change.

[0093] Relatedly, if conditions are present that limit or reduce the breathability of the expiratory
limb, then it may be advantageous to have a relatively high exit temperature to limit
condensation at the exit of the limb (e.g., upon entering the ventilator or gas source). For
example, where the external relative humidity is relatively high or when the flow rate is
relatively high, the breathability of the expiratory limb may be reduced.

[0094] Thus, example expiratory limbs are included and described herein that can be adapted to
deal with a wide range of conditions that may cause condensation. These designs could be
modified where it is more desirable to address one condition over another or to enhance or
improve efficacy related to a particular problem. The expiratory limbs presented herein can be
adapted to address situations where external temperature is relatively low, flow rate is relatively
low, or external relative humidity is relatively high.

[0095] FIG. 3 illustrates an expiratory limb 210 with varying insulation 214 to control the
temperature of the gas along the limb. The single conduit has several different sections having
different insulation values. The insulation values are represented in FIG. 3 as different sizes of
insulating material 214. However, the physical sizes of the insulating elements 214 do not have
to decrease along the length and the sizes can be substantially identical along the length. To
increase the effect of insulating elements 214, a thickness of the insulating material 214 can be
increased, a density of the insulating material 214 can be increased, different materials can be

used, etc. The insulating values can be adapted to provide a relatively linear or slightly concave

-25-

Date Recgue/Date Received 2020-09-22



temperature profile over a range of temperature conditions, relative humidity, and/or flow rates.
In some embodiments, the insulation sections along the limb are not discrete, but can be
substantially continuous, or it can be adapted to have insulation sections that change in a
substantially continuous manner combined with sections that provide a discrete change in
insulation value. The number of insulating sections can be any suitable number including, for
example, 2, 3,4,5,6,7, 8,10, 15, 20, 50, or more.

[0096] FIG. 4 illustrates an expiratory limb 210 with two sections that include breathable
insulation 214 to control a temperature drop at a beginning of the limb and at an end of the limb.
This configuration may be advantageous because the insulation material 214 is used where gas
tends to experience relatively rapid cooling. The insulation values, extent of insulation, and
placement of the insulation 214 can be adapted to provide the advantages described herein.
Additional insulating sections may be included as well.

[0097] FIG. 5 illustrates a expiratory limb 210 having multiple heater wires 212 that have a pitch
spacing that is different in different sections or a single heater wire 212 with varying pitch
spacing or a combination of both. This represents an active temperature control mechanism. As
such, the heater wire or wires 212 can be coupled to the controller 122, as described herein with
reference to FIG. 1, with the attendant control mechanisms described there. Similarly, the heater
wires illustrated in FIGS. 4-9 can be controlled using the heater wire.

[0098] The heater wires 212 can be adapted to be outside the tubing and can have different
spacing along the limb. Near the patient end, the spacing can be relatively close together to
generate or apply more heat compared to the heat applied closer to the limb exit. In some
embodiments, there can be different zones with different winding densities to achieve a near
linear temperature profile. In some embodiments, the number of sections with different spacing
canbe 2, 3,4,5,6,7, 8, 10, 15, 20, 25, 50, or more or the spacing of the windings can increase
substantially smoothly with distance from the patient end. In some embodiments, the heater wire
212 comprises multiple, individual heating elements which can be collectively and/or
individually controlled.

[0099] FIG. 6 illustrates an expiratory limb 210 having a coiled heater wire 212 that has a pitch
spacing that is different in different sections. The heater wire 212 can be positioned within the

limb. The winding configuration can be similar to the configurations described herein with
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reference to FIG. 5. In some embodiments, the heater wire 212 comprises multiple, individual
heating elements which can be collectively and/or individually controlled.

[0100] FIG. 7 illustrates an expiratory limb 210 having a straight heater wire with zones of
varying pitch spacing within the wire. The pitch spacing can be adapted similar to the winding
density and spacing described herein with reference to FIGS. 5 and 6. In some embodiments, the
heater wire 212 comprises multiple, individual heating elements which can be collectively and/or
individually controlled.

[0101] FIG. 8 illustrates an expiratory limb 210 having multiple heater sections wherein a
system is adapted to independently control the different sections of heater wire 212. As shown,
the heater is divided into sections which can be selectively controlled by the controller 122
through the connectors 216a and 216b. There can be more sections with accompanying
connectors, and the description here is limited to three sections with two connectors.

[0102] Connectors 216a and 216b couple the first and second heater segments and allow the
controller to selectively apply heat to different sections of the expiratory limb 210. The
connectors 216a, 216b can be adapted to electrically couple the heater wires 212 in the segments
to enable control of the heater wires 212 using the controller 122. The connector 216a, 216b can
be adapted to electrically couple temperature sensors (not shown) to enable the controller 122 to
acquire their respective outputs. The connectors 216a, 216b can include electrical components
that enable selective control of the heater wires 212. For example, the connectors 216a, 216b
can include electrical components that direct power through the heater wires 212 in a first section
in a first operation mode and through the heater wires 212 in both the first section and a second
section in a second operation mode. The electrical components included on the connector 216a,
216b can include, for example and without limitation, resistors, diodes, transistors, relays,
rectifiers, switches, capacitors, inductors, integrated circuits, micro-controllers, micro-
processors, and the like. In some embodiments, the connector 216a, 216b can be adapted to be
internal to the expiratory limb 210 such that it is substantially shielded from external elements.
In some embodiments, some of the electrical components on the connector 216a, 216b can be
adapted to be physically isolated from the humidified gas within the expiratory limb 210 to
reduce or prevent damage that may result from exposure to humidity. In some embodiments, the
connector 216a, 216b can include relatively inexpensive passive electrical components to reduce

cost and/or increase reliability.

-27-

Date Recgue/Date Received 2020-09-22



[0103] FIG. 9 illustrates an expiratory limb 210 having a heater wire 212 that is folded back
upon itself at a patient end to control a temperature drop at a front end of the expiratory limb
210. The extent of the folding can be adapted to provide a desired or advantageous temperature
profile near the patient end of the limb 210. For example, it may be advantageous to limit the
initial temperature drop to reduce condensation at the patient inlet so providing additional heat at
this location may reduce or prevent rain out near the inlet.

[0104] FIG. 10 illustrates an expiratory limb 210 combining a varying insulation layer 214 with
a heater wire 212 with a varying pitch. This embodiment is similar to combining the elements
from FIG. 3 and FIG. 6. The sections of relatively constant insulation value and relatively
constant winding density need not coincide. Transitions between insulation values and/or
winding densities can be varied and can be independent from one another. This embodiment
also illustrates that passive and active control approaches may be utilized in the expiratory limb
210.

Limbs With Non-Cylindrical Lumens And/Or Multiple Lumens

[0105] FIGS. 11 through 15 illustrate some embodiments of limbs employing non-cylindrical or
multi-lumen designs. As used herein, a multi-lumen limb is broadly defined to mean a limb
having more than one lumen, such that the gas flow through one lumen is separated from the gas
flow through any other lumen by at least one wall. Non-limiting embodiments of multi-lumen
designs are shown in FIGS. 11A, 11B, 12, 14, and 15. As used herein, a non-cylindrical limb is
broadly defined to mean a limb having a lumen that is not shaped like a cylinder. Non-limiting
embodiments of non-cylindrical designs are shown in FIGS. 11C, 11D, and 13. Certain
embodiments can comprise a combination of such elements. For example, a limb can have a
multi-lumen design comprising one or more non-cylindrical lumens.

[0106] In some embodiments, a multi-lumen limb comprises multiple conduits twisted or
braided together. This may advantageously provide for reduced flow volume in the limb for the
gas because the gas flow in each lumen is one third of the gas flow in a comparable single-lumen
limb. The lower flow volume can increase the opportunity for evaporation from the wall
surrounding the lumen. This configuration can also advantageously provide for an increased
residence time in the limb for the gas because the length of the individual conduits is longer due
at least in part to the twisting or braiding, while the overall length of the limb is a shorter

standard commercial length. The increased residence time can increase the breathability of the

-28-

Date Recgue/Date Received 2020-09-22



limb at constant volumetric flow rate, as it increases the opportunity for evaporation from the
wall surrounding the lumen.

[0107] Although the limb is described below with reference to an expiratory limb 210, it should
be understood that such a limb is suitable for use in a variety of environments for transporting
humidified air to or from a patient that would benefit from an increased residence time.

[0108] FIGS. 11A—11B illustrate various multi-lumen configurations. The multi-lumen limb
210 can include two or more individual conduits 211 joined together in various ways and in
various geometrical configurations. In some embodiments, the conduits 211 are physically
separated from one another to allow an increase in breathability through the conduit walls. In
some embodiments, the limb 210 can include insulation material 214 surrounding the bundled
conduits 211, as illustrated in FIG. 11B. Several geometrical configurations are illustrated in
FIGS. 11A and 11B, but other configurations are possible as well. For example, FIGS. 11C-11D
illustrate limbs 210 that do not comprise multiple individual conduits but which are adapted to
increase residence time using different cross-section shapes. FIG. 11D, in particular, illustrates
that many different cross-section shapes are possible including regular or irregular shapes. In
addition, any of the foregoing multi-lumen embodiments may include insulation material 214, as
illustrated in FIG. 11D. In some embodiments, the shape of the conduit or conduits 211 can
change along the length of the limb. For example, the conduit 211 can have a generally circular
shape near the patient end which can change to a triangle at a point along the length, which can
then change to a star shape or shape similar to any of the embodiments in FIG. 11C or 11D. This
can change the surface area over the length of the limb, affecting the breathability and, hence, the
temperature profile.

[0109] FIG. 12 illustrates a limb 210 combining multiple conduits 211 and varying insulation
214. This limb 210 represents a passive temperature control approach to the multi-lumen design.
In some embodiments, using the multi-lumen design can increase the breathability of the limb
210. Using the insulation material 214 can decrease a rate of cooling that may increase where
breathability increases. The insulation material can be adapted to reduce cooling while not
adversely affecting the breathability of the expiratory limb 210.

[0110] The individual conduits of a multi-lumen limb are desirably formed of a breathable
material. In at least one embodiment, the individual conduits of a multi-lumen limb 210 are

formed of corrugated foam as described in PCT Publication WO 2011/077250 and/or as
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commercially embodied in Evaqua 2™ conduits. Another suitable material is a breathable
polyester thermoplastic elastomer having a porosity of about 14%. Such material is
commercially embodied in Evaqua™ conduits. In at least one embodiment, each conduit of the
multi-lumen limb is corrugated. The corrugated conduit can have a maximum outside diameter
(at the corrugation peak) of 14.45 mm (or about 14.45 mm) or 15.15 mm (or about 15.15 mm).
The corrugated conduit can have a minimum outside diameter (at the corrugation valley) of 12.7
mm (or about 12.7 mm). The period of the corrugation profile (the peak-to-peak distance) can be
3.14 mm (or about 3.14 mm). The amplitude of the corrugation (peak-to-valley distance) can be
1.7525 mm (or about 1.7525 mm). The wall thickness can be in the range of 0.5 mm and 1.0
mm (or in the range of about 0.5 mm and about 1.0 mm), and more particularly in the range of
0.6 mm and 0.9 mm (or in the range of about 0.6 mm and about 0.9 mm). For example, the wall
thickness proximal corrugation peaks can be in the range of 0.50 mm and 0.65 mm (or in the
range of about 0.5 mm and about 0.65 mm). As a further example, the wall thickness proximal
corrugation valleys can be in the range of 0.80 mm and 1.0 mm (or about 0.80 mm and about 1.0
mm).

[0111] The conduit(s) can comprise reinforcing ribs, if desired. Such ribs are shown and
described in conjunction with at least FIGS. 7A, 7B, 8A, and 8B of PCT Publication WO
2011/077250. Such ribs are also commercially embodied in Evaqua 2™ conduits. As described
in the publication, these ribs are used to reinforce the foam and, among other things, lower the
pneumatic compliance of the limb to acceptable values (less than 10 mL/kPa/m).

[0112] It was realized that the multi-lumen configuration can be self-reinforcing, which can
reduce or eliminate a need for additional reinforcing structures such as internal or external ribs
disposed on the conduit walls. Thus, the ribs can be eliminated in certain embodiments.

[0113] Eliminating the reinforcing ribs can be desirable because it can improve breathability. As
shown in FIGS. 7A, 7B, 8A, and 8B of PCT Publication WO 2011/077250, the conduit wall
thickness at the ribs is substantially greater than the conduit wall thickness between the ribs. The
ribs therefore reduce the overall active (breathable) area of the limb. A multi-lumen construction
without ribs according to this disclosure can have 15% (or about 15%) greater active area than an
Evaqua 2™ conduit.

[0114] Table 2 compares the breathability of a multi-lumen limb comprising three individual

conduits with various single-lumen limbs. All of the conduits/limbs are formed of the same
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foam material, as described in PCT Publication WO 2011/077250. The adult Evaqua 2™ limbs
have reinforcing ribs, and the foam material has a void fraction of 0.35. The individual conduits
of the multi-lumen limb do not have reinforcing ribs, and the foam material has a void fraction of
0.448. Limb A is an adult Evaqua 2™ limb with the gas stream heated with a heater cable.
Limbs B and C are adult Evaqua 2™ limbs with the gas stream unheated. Limb D is the multi-
lumen limb with the gas stream unheated. All experiments were conducted with a gas flow rate
of 20 L/min through the sample limb, a nominal external temperature of 18—19 °C. The runtime
for the experiment was 6.5 hours with a total gas flow of 7,800 L. The inlet gas was estimated to
be 36 °C at 98% relative humidity (RH). The results measured were the exit gas temperature, the
dew point of the exit gas, the amount of water condensate outside the limb and the amount of

water condensate in the limb at the end of the experiment.

TABLE 2
BREATHABILITY PERFORMANCE
Limb A Limb B Limb C Limb D

Flow, L/min 20 20 20 20
Outside Condensate, g 22 5.8 6.7 0.9
Inside Condensate, g 0 22.0 22.8 0.0
Total Condensate, g 22 27.8 29.5 0.9
Temperature exit gas, °C 39.2 27.1 26.3 21.5
Dew Point exit gas, °C 32.71 26.73 25.85 21.45

[0115] The results show that Limb A has low total condensation, but a very high dew point.
This increases the opportunity for condensation outside the limb, e.g., in the ventilator. Limbs B
and C had much lower dew points for the exit gas than Limb A, but the total condensation was
unacceptably high. The Limb D (the multi-lumen limb) had the lowest condensation of all
samples, and the lowest dew point for the exit gas. Thus, Limb D had the lowest opportunity for
condensation outside the limb in the ventilator.

[0116] The individual conduits of a multi-lumen limb 210 comprising a plurality of individual
conduits without reinforcing ribs can have an unexpectedly high void fraction, while maintaining
pneumatic compliance of less than 10 mL/kPa/m. In certain embodiments, the conduits of a

multi-lumen limb comprising three individual conduits without reinforcing ribs have a void
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fraction in the range of 40% and 50% (or in the range of about 40% and about 50%), such as
45% (or about 45%), while the overall pneumatic compliance of the multi-lumen limb is less
than 10 mL/kPa/m. This result is unexpected, as high-void fraction foam would be expected to
be weak, and a foam conduit without ribs would be expected to be weaker still. Thus, one would
ordinarily expect excessively high pneumatic compliance with such a configuration. As shown
in Table 3, despite the higher void fraction and lack of reinforcing ribs in the component
conduits, the multi-lumen limb has pneumatic compliance similar to that of the Evaqua 2™ limb,
a corrugated, rib-reinforced, single-lumen foam limb, having a void fraction of 35% =+ 4%.

[0117] Table 3 compares the pneumatic compliance of a multi-lumen sample and single-lumen
limb samples. All of the conduits/limbs are formed of the same foam material, as described in
PCT Publication WO 2011/077250. Limbs A—C are adult Evaqua 2™ limbs having reinforcing
ribs, and the foam material has a void fraction of 0.35. Limb D is a three-lumen limb comprising
three infant-size conduits without reinforcing ribs, and the foam material has a void fraction of
0.448.

TABLE 3
PNEUMATIC COMPLIANCE

Limb Average compliance, mL/kPa/m
A 2.74
B 2.51
C 2.69
D 2.61

[0118] As shown in Table 3, although the individual conduits of Limb D do not have reinforcing
ribs, Limb D has a pneumatic compliance comparable to that of Limbs A—C.

[0119] The limbs 210 illustrated in FIGS. 13 and 14 illustrate active approaches to temperature
control in conjunction with the multi-lumen designs of FIG. 11A—-11D. FIG. 13 illustrates a limb
210 with a cross-section similar to the limbs 210 illustrated in FIG. 11D and a heater wire 212
with varying pitch spacing along its length, similar to the limbs described with reference to
FIGS. 6 and 10.

[0120] Heater wires 212 can be used to limit the cooling of the gas that may arise due to

excessively low external temperature. FIG. 14 illustrates a limb 210 with a multi-lumen design
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in conjunction with heater wires 212 in each individual conduit 211. The heater wire 212 can
extend generally longitudinally along a length of individual conduit 211. For example, as shown
in FIG. 14, the heater wire 212 can be spirally wound along substantially the full extent of each
individual conduit 211. Nevertheless, the heater wire can extend along a shorter section. The
heater wire 212 can be embedded or encapsulated in the wall of the individual conduit 211 or
disposed inside the lumen. The heater wire 212 in FIG. 11 has a variable pitch. Alternatively, in
spiral-wound configurations, the heater wire can have a regular pitch. Other suitable heater wire
configurations are known in the art and are contemplated within the scope of this disclosure.
[0121] FIG. 15 illustrates various multi-lumen configurations for a limb 210. As discussed
above, the individual conduits 211 can be twisted around each other for mechanical stability
and/or support. By twisting the individual conduits, each conduit’s length is greater than the
length of the resulting limb 210. This can increase the residence time the gas spends in the limb
at constant volumetric flow rate, which can result in a more advantageous temperature profile,
breathability, and reduction in rain out. In some embodiments, the multiple individual conduits
211 can be held together using adhesives. In some embodiments, the multiple individual
conduits can be held together using securing mechanisms 215 such as clips, rubber bands, ties, or
the like. In some embodiments, the individual conduits can be held together using a sheath 214,
where the sheath 214 can also be insulating and/or the sheath 214 can be configure to be
aesthetically pleasing. The number of twisted conduits can be, for example, 2, 3, 4, 5, or more
than 5. In at least one embodiment, the limb 210 comprises three conduits.

[0122] FIG. 16 shows an example securing mechanism 215 suitable for use with a three-conduit
configuration for a limb. In this example, the securing mechanism 215 comprises a plurality of
rings arranged in a trefoil. The securing mechanism 215 trefoil shown in FIG. 16 can be formed
from an extruded plastic, metal, or foam material.

[0123] To assemble a limb as shown in FIG. 15, each of the three conduits 211 can be passed
through one of the rings of a first securing mechanism 215 trefoil, shown in FIG. 16, and then
twisted or braided. The three conduits 211 can then be passed through the rings of a second
securing mechanism 215 trefoil placed at a desired distance from the first securing mechanism
215 trefoil, and then twisted or braided again. The three conduits 211 can then be passed
through the rings of a third securing mechanism 215 trefoil placed at a desired distance from the

second securing mechanism 215 trefoil, and twisted or braided yet again. The three conduits 211
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need not be twisted or braided after passing through a securing mechanism 215 trefoil, however,
if a looser configuration is desired. For example, the twisting or braiding can be eliminated after
the three conduits 211 are passed through the rings of the second securing mechanism 215
trefoil. The twisting or braiding can also be eliminated entirely. In addition, when a tighter
configuration is desired, the three conduits 211 can be twisted or braided multiple times between
securing mechanisms 215. The method described herein does not imply a fixed order to the
steps. Nor does it imply that any one step is required to practice the method. Embodiments may
be practiced in any order and combination that is practicable.

[0124] Suitable spacing for the securing mechanism 215 trefoil can be in the range of 150 mm
and 500 mm (or in the range of about 150 mm and about 500 mm), such as 250 mm or
thereabout. In some embodiments, a plurality of securing mechanisms 215, for example, a
number in the range of 2 and 9, such as 2 or 3, can be placed along a commercially-standard
length of tubing. Desirably, the securing mechanisms 215 are evenly or about evenly spaced
from each other and from both ends. For example, when two securing mechanisms 215 are used,
the one securing mechanisms can be placed at the 1/3 length position and one securing
mechanism can be placed at the 2/3 length position. Two securing mechanism 215 can be spaced
500 mm (or about 500 mm) apart. Nine securing mechanisms 215 can be spaced 150 (or about
150 mm) apart. Fewer securing mechanisms can be employed in a twisted or braided
configuration.

[0125] The foregoing spacing configurations have been found to prevent the individual conduits
from separating, while not significantly reducing breathability. It was also discovered that, when
the securing mechanism 215 trefoils are placed sufficiently close together (e.g., at a spacing of
about 250 mm), the corrugation on the outside of the conduit 211 creates enough friction that the
twists does not easily untwist. It was further discovered that the number of securing mechanisms
215 holding the individual conduits 211 together does not significantly impact the overall
compliance of the limb. Table 4 shows the results of compliance testing for a three-conduit 211
limb configuration with different number of securing mechanism 215 trefoils. By way of
comparison, Table 5 provides results of compliance testing for single conduit limbs. All of the
conduits/limbs described in Tables 4 and 5 formed of the same foam material, as described in
PCT Publication WO 2011/077250. The limb in Table 4 is a three-lumen limb comprising three

infant-size conduits without reinforcing ribs, and the foam material has a void fraction of 0.448.
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The “adult” limb in Table 5 is a 24-mm-outer-diameter Evaqua 2™ limb having reinforcing ribs,
and the foam material has a void fraction of 0.35. The “infant” limb in Table 5 is a 15-mm-
outer-diameter Evaqua 2™ limb without reinforcing ribs, and the foam material has a void

fraction of 0.448.

TABLE 4
PNEUMATIC COMPLIANCE AS A FUNCTION OF NUMBER OF
SECURING MECHANISMS
E;uorfng Volume Pressure. kPa Vol}lme/Pressure Average compliance,
Mechanisms Infused, mL ’ Ratio mL/kPa/m
1 36.69 5.997 6.12 4.08
2 37.589 6.148 6.11 4.08
3 35.887 6.006 5.98 3.98
4 36.105 6.046 5.97 3.98
5 36.427 6.044 6.03 4.02
TABLE 5
PNEUMATIC COMPLIANCE OF SINGLE CONDUIT LIMBS
Limb Volume Infused, mL. | Pressure, kPa Average compliance, mL/kPa/m
Adult 32.022 6.027 3.54
Infant 12.180 6.048 1.34

[0126] The above-described trefoil shape is provided as an example. A different number of
conduits 211 will necessitate a different number of rings. For example, a securing mechanism
215 comprising four rings arranged in a quatrefoil can be used with a four-conduit configuration;
a securing mechanism 215 comprising five rings arranged in a cinquefoil can be used with a five-
conduit configuration; and so forth. In addition, while the foregoing examples describe generally
symmetrical multi-lobed shapes, asymmetrical configurations of the rings are also contemplated.

[0127] FIGS. 17A—17E show a three-way connector 301 suitable for use on one or both ends of
a three-lumen limb 210. The connector 301 is preferably a molded component formed from a

suitable material such as plastic, such as polypropylene or polytetrafluoroethylene.

-35-

Date Recgue/Date Received 2020-09-22



[0128] The three-way connector 301 comprises a unitary portion 305 and a tripartite portion 307.
The unitary portion 305 comprises a conduit suitable for connecting to port of a device, such as a
humidifier or a pressurized gas source, or to a port of a patient interface, such as a nasal cannula,
a face mask, a nasal mask, a nasal/pillow mask. Desirably, the conduit of the unitary portion 305
has a standard-size medical taper suitable for use with the desired device or patient interface. As
shown in greater detail in FIG. 17E, the tripartite portion 307 comprises three conduits 311 each
suitable for connecting to a conduit 211.

[0129] As shown in FIG. 17C and 17D, the three-way connector 301 can comprise an internal
ogive 315. As used herein, ogive is defined to mean a tapered, streamlined, three-dimensional
object generally resembling a bullet or torpedo. In FIGS 17C and 17D, the leading edge of the
ogive 315 is pointed. Nevertheless, the term is used herein in its broadest sense and
encompasses shapes having a pointed, rounded, or blunt leading edge, and includes without
limitation cones, pyramids or tetrahedrons, truncated cones, truncated pyramids or tetrahedrons,
and other truncated ogives. The base (widest portion) of the ogive 315 is situated proximal the
tripartite portion 307. The ogive 315 tapers in the direction of the unitary portion 305. The
ogive 315 can more evenly divide the gas flow from the unitary portion 301 into the three
conduits 311 of the tripartite portion 307. The ogive 315 can also more evenly combine gas flow
from the three conduits 311 of the tripartite portion 307 as the gas flow enters the unitary portion
301 and promote laminar flow.

Conclusion

[0130] Examples of various limbs for use with medical circuits have been described with
reference to the figures. The representations in the figures have been presented to clearly
illustrate principles described herein, and details regarding divisions of modules or systems have
been provided for ease of description rather than attempting to delineate separate physical
embodiments. The examples and figures are intended to illustrate and not to limit the scope of
the embodiments described herein. For example, the principles herein may be applied to limbs
for use in other circuits as well as respiratory circuits, including surgical humidifiers.

[0131] As used herein, the term “processor” refers broadly to any suitable device, logical block,
module, circuit, or combination of elements for executing instructions. For example, the
controller 122 can include any conventional general purpose single- or multi-chip

microprocessor such as a Pentium® processor, a MIPS® processor, a Power PC® processor,
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AMD® processor, ARM® processor, or an ALPHA® processor. In addition, the controller 122
can include any conventional special purpose microprocessor such as a digital signal processor.
The various illustrative logical blocks, modules, and circuits described in connection with the
embodiments disclosed herein can be implemented or performed with a general purpose
processor, a digital signal processor (DSP), an application specific integrated circuit (ASIC), a
field programmable gate array (FPGA), or other programmable logic device, discrete gate or
transistor logic, discrete hardware components, or any combination thereof designed to perform
the functions described herein. Controller 122 can be implemented as a combination of
computing devices, e.g., a combination of a DSP and a microprocessor, a plurality of
MiCroprocessors, one or more microprocessors in conjunction with a DSP core, or any other such
configuration.

[0132] Data storage can refer to electronic circuitry that allows information, typically computer
or digital data, to be stored and retrieved. Data storage can refer to external devices or systems,
for example, disk drives or solid state drives. Data storage can also refer to fast semiconductor
storage (chips), for example, Random Access Memory (RAM) or various forms of Read Only
Memory (ROM), which are directly connected to the communication bus or the controller 122.
Other types of memory include bubble memory and core memory. Data storage can be physical
hardware adapted to store information in a non-transitory medium.

[0133] Conditional language used herein, such as, among others, “can,” “could,” “might,”

2

22 ¢

“may,” “e.g.,” and the like, unless specifically stated otherwise, or otherwise understood within
the context as used, is generally intended to convey that certain embodiments include, while
other embodiments do not include, certain features, elements and/or states. Thus, such
conditional language is not generally intended to imply that features, elements and/or states are
in any way required for one or more embodiments. As used herein, the terms “comprises,”
“comprising,” “includes,” “including,” “has,” “having” or any other variation thereof, are
intended to cover a non-exclusive inclusion. For example, a process, method, article, or
apparatus that comprises a list of elements is not necessarily limited to only those elements but
may include other elements not expressly listed or inherent to such process, method, article, or
apparatus. Also, the term “or” is used in its inclusive sense (and not in its exclusive sense) so

that when used, for example, to connect a list of elements, the term “or” means one, some, or all

of the elements in the list. Conjunctive language such as the phrase “at least one of X, Y and Z.”
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unless specifically stated otherwise, is otherwise understood with the context as used in general
to convey that an item, term, etc. may be either X, Y or Z. Thus, such conjunctive language is
not generally intended to imply that certain embodiments require at least one of X, at least one of
Y and at least one of Z each to be present.

[0134] It should be emphasized that many variations and modifications may be made to the
embodiments described herein, the elements of which are to be understood as being among other
acceptable examples. All such modifications and variations are intended to be included herein
within the scope of this disclosure and protected by the following claims. Further, nothing in the
foregoing disclosure is intended to imply that any particular component, characteristic or process

step is necessary or essential.
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CLAIMS

1. A limb suitable for use in a medical circuit, the limb comprising:

a first opening adapted to receive a gas at a first temperature and a first relative humidity;

a second opening adapted to allow the gas to exit the limb, the gas having a second
temperature and a second relative humidity; and

a plurality of conduits each comprising a first end proximal the first opening, a second
end proximal the second opening, and a wall extending between the first end and the second end
and defining a lumen within through which, in use, gas flows in a direction of the first end
toward the second end, and wherein a part of the wall comprises a breathable material adapted to

allow transmission of water vapor while preventing transmission of liquid water.

2. The limb of claim 1, wherein the breathable material is foam.

3. The limb of claim 2, wherein a void fraction of the foam is greater than 40% and the

pneumatic compliance of the limb is less than 10 mL/kPa/m.

4. The limb of claim 3, wherein the void fraction of the foam is about 45%.

5. The limb of claim 3 or 4, wherein a pneumatic compliance of the limb is less than 3
mL/kPa/m.

6. The limb of any one of claims 1 to 5, wherein the breathable material has a uniform
thickness.

7. The limb of any one of claims 1 to 6, comprising three conduits.

8. The limb of any one of claims 1 to 7, wherein the plurality of conduits are corrugated.

9. The limb of any one of claims 1 to 8, wherein the plurality of conduits are twisted or

braided between the first opening and the second opening.
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10.  The limb of any one of claims 1 to 9, comprising one or more securing mechanisms

adapted to hold the plurality of conduits together.

11.  The limb of claim 10, wherein each securing mechanism comprises a plurality of lobes

and wherein each of the conduits passes through one of the lobes.

12.  The limb of claim 10, wherein each securing mechanism is a trefoil comprising a

plurality of rings and wherein each of the conduits passes through one of the rings.

13.  The limb of claim 10, wherein the one or more securing means comprises a sheath

adapted to hold the conduits together.

14.  The limb of claim 13, wherein the sheath comprises an insulating material.

15.  The limb of any one of claims 1 to 14, comprising a connector, the connector comprising
a unitary portion comprising an aperture defining the first opening or the second opening, a
multipartite portion comprising a plurality of passages, each adapted to connect to one of the
plurality of conduits, and an internal ogive comprising a base attached to or formed on the
multipartite portion between the plurality of passages, the ogive extending in the direction of the
unitary portion and adapted to direct the flow of gas from the multipartite portion to the unitary

portion or from the unitary portion to the multipartite portion.

16.  The limb of any one of claims 1 to 15, comprising a heater wire extending along a portion
of a length of one of the plurality of conduits and being adapted to provide heat to the gas
passing through the limb.

17.  The limb of claim 16, wherein the wall of one of the conduits encompasses or has
embedded thereon the heater wire that is adapted to provide heat to the gas passing through the

lumen.
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18.  The limb of claim 16, wherein the lumen of one of the conduits encompasses the heater

wire that is adapted to provide heat to the gas passing through the lumen.

19.  The limb of any one of claims 16 to 18, wherein the heater wire has a variable pitch
spacing.
20.  The limb of any one of claims 1 to 19, wherein a portion of one or more of the plurality

of conduits comprises a non-circular cross section.

21.  The limb of any one of claims 1 to 20, comprising insulating material surrounding the

plurality of conduits.

22.  The limb of claim 21, wherein an amount of the insulating material is varied along the
limb length.
23.  The limb of any one of claims 1 to 22, wherein one or more of the plurality of conduits

comprises reinforcing ribs.

24.  The limb of any one of claims 1 to 23, wherein the limb is an expiratory limb and the first

opening is adapted to receive gas from a patient interface.

25.  The limb of claim 24, wherein the expiratory limb is flexible.

26. A connector suitable for use with a limb of a medical circuit comprising a plurality of
conduits, the connector comprising:

a unitary portion comprising an aperture adapted to connect to a device of the medical
circuit;

a multipartite portion comprising a plurality of passages, each passage being adapted to
connect to one of the plurality of conduits; and

an internal ogive comprising a base attached to or formed on the multipartite portion

between the plurality of passages, the ogive extending in a direction of the unitary portion and

41]-

Date Recgue/Date Received 2020-09-22



being adapted to direct the flow of gas from the multipartite portion to the unitary portion or
from the unitary portion to the multipartite portion.

27.  The connector of claim 26, wherein the multipartite portion comprises three passages.

28.  The connector of claim 26 or 27, wherein the aperture is adapted to connect in use to a
port of a humidifier, a pressurized gas source, a patient interface, a nasal cannula, a face mask, a

nasal mask or a pillow mask.

29.  The connector of any one of claims 26 to 28, wherein the unitary portion comprises a

medical taper suitable for use with the device of the medical circuit.

30.  The connector of any one of claims 26 to 29, wherein the base is proximal to the

multipartite portion and the ogive tapers in the direction of the unitary portion.

31.  The connector of claim 30, wherein the ogive has a bullet or torpedo shape.

32. A limb suitable for use in a medical circuit, the limb comprising:

a first opening adapted to receive a gas at a first temperature and a first relative humidity;

a second opening adapted to allow the gas to exit the limb, the gas having a second
temperature and a second relative humidity; and

a conduit comprising a first end proximal the first opening, a second end proximal the
second opening, and a wall extending between the end and the second end and defining a lumen
within through which, when in use, gas flows in the direction of the first end toward the second
end;

wherein a part of the wall comprises a breathable material adapted to allow transmission

of water vapor while preventing transmission of liquid water; and

wherein a portion of the conduit is shaped to increase a surface area of the wall in contact

with the gas.

33. The limb of claim 32, wherein the breathable material is foam.
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34.  The limb of claim 33, wherein a void fraction of the foam is greater than 40% and the

pneumatic compliance of the limb is less than 10 mL/kPa/m.

35. The limb of claim 34, wherein the void fraction of the foam is about 45%.

36.  The limb of claim 33 or 34, wherein a pneumatic compliance of the limb is less than 3

mL/kPa/m.

37.  The limb of any one of claims 32 to 36, wherein the breathable material has a uniform

thickness.

38.  The limb of any one of claims 32 to 37, comprising a heater wire extending along a
portion of a length of the conduit and being adapted to provide heat to the gas passing through
the limb.

39.  The limb of claim 38, wherein the wall of the conduit encompasses or has embedded

thereon the heater wire that is adapted to provide heat to the gas passing through the lumen.

40.  The limb of claim 38, wherein the lumen of the conduit encompasses the heater wire that

is adapted to provide heat to the gas passing through the lumen.

41.  The limb of any one of claims 38 to 40, wherein the heater wire has a variable pitch

spacing.

42.  The limb of any one of claims 32 to 41, wherein a shape of the conduit changes along a

length of the limb.

43.  The limb of claim 42, wherein the conduit comprises a generally circular shape at or near

the second end proximal to a patient.
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44.  The limb of any one of claims 32 to 43, wherein the portion of the conduit comprises a

non-circular cross section.

45.  The limb of claim 44, wherein the non-circular cross section is star shaped.

46.  The limb of any one of claims 32 to 45, comprising insulating material surrounding the
conduit.

47.  The limb of claim 46, wherein an amount of the insulating material is varied along the
limb length.

48.  The limb of any one of claims 32 to 47, wherein the conduit comprises reinforcing ribs.

49.  The limb of any one of claims 32 to 48, wherein the limb is an expiratory limb and the

first opening is adapted to receive gas from a patient interface.

50.  The limb of claim 49, wherein the expiratory limb is flexible.

51. A limb suitable for use in a medical circuit, the limb comprising:
a first opening adapted to receive a gas at a first temperature and a first relative humidity;
a second opening adapted to allow the gas to exit the limb, the gas having a second
temperature and a second relative humidity; and
means for increasing a residence time of gas flow within the limb between the first

opening and the second opening.

52.  The limb of claim 51, wherein the residence time-increasing means comprises a plurality
of conduits between the first opening and the second opening, each of the conduits comprising a
wall extending between the first opening and the second opening and defining a lumen within
through which, when in use, gas flows in a direction of the first opening toward the second

opening.
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53.  The limb of claim 52, comprising three conduits.

54.  The limb of claim 52 or 53, wherein the plurality of conduits are corrugated.

55.  The limb of any one of claims 52 to 54, wherein the plurality of conduits are twisted or
braided between the first opening and the second opening.

56.  The limb of any one of claims 52 to 55, comprising one or more securing mechanisms

adapted to hold the plurality of conduits together.

57.  The limb of claim 56, wherein each securing mechanism comprises a plurality of lobes

and wherein each of the conduits passes through one of the lobes.

58.  The limb of claim 56, wherein each securing mechanism is a trefoil comprising a

plurality of rings and wherein each of the conduits passes through one of the rings.

59. The limb of any one of claims 52 to 58, comprising a connector, the connector
comprising a unitary portion comprising an aperture defining the first opening or the second
opening, a multipartite portion comprising a plurality of passages, each adapted to connect to one
of the plurality of conduits, and an internal ogive comprising a base attached to or formed on the
multipartite portion between the plurality of passages, the ogive extending in the direction of the
unitary portion and adapted to direct the flow of gas from the multipartite portion to the unitary

portion or from the unitary portion to the multipartite portion.

60.  The limb of any one of claims 52 to 59, wherein a part of the wall comprises a breathable
foam material adapted to allow transmission of water vapor while preventing transmission of

liquid water.

61.  The limb of claim 60, wherein a void fraction of the breathable foam material is greater

than 40% and the pneumatic compliance of the limb is less than 10 mL/kPa/m.
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62. The limb of claim 61, wherein the void fraction of the foam is about 45%.

63.  The limb of claim 61 or 62, wherein a pneumatic compliance of the limb is less than 3
mL/kPa/m.
64.  The limb of any one of claims 60 to 63, wherein the breathable foam material has a

uniform thickness.

65.  The limb of any one of claims 52 to 64, comprising a heater wire adapted to provide heat

to the gas passing through the limb.

66.  The limb of claim 65, wherein the wall of at least one of the conduits encompasses or has
embedded thereon the heater wire that is adapted to provide heat to the gas passing through the

lumen.

67.  The limb of claim 65, wherein the lumen of at least one of the conduits encompasses the

heater wire that is adapted to provide heat to the gas passing through the lumen.

68.  The limb of any one of claims 51 to 67, wherein the limb is an expiratory limb and the

first opening is adapted to receive gas from a patient interface.

69. A drying expiratory limb of a breathing circuit, the drying expiratory limb comprising:

a wall having a first end and a second end separated by an expiratory limb length, the
wall defining a space within and wherein a part of the wall comprises a breathable material
adapted to allow transmission of water vapor but substantially prevent transmission of liquid
water;

a first opening in the first end of the wall, the first opening adapted to receive a gas at a
first temperature and a first relative humidity; and

a second opening in the second end of the wall adapted to allow the gas to exit the drying
expiratory limb, the gas having a second temperature and a second relative humidity upon

exiting the drying expiratory limb, wherein the drying expiratory limb is adapted to control a
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decrease in temperature along the expiratory limb length according to a drying rate to keep a
relative humidity of the gas along the expiratory limb length within a targeted relative humidity

range.

70.  The drying expiratory limb of claim 69, wherein the first relative humidity of the gas or
the second relative humidity of the gas or both are at least about 95%.

71.  The drying expiratory limb of claim 69, wherein the first relative humidity of the gas or
the second relative humidity of the gas or both are at least about 99%.

72.  The drying expiratory limb of claim 69, wherein the targeted relative humidity range is
between about 90% and about 99%.

73. A drying expiratory limb suitable for a medical circuit, the drying expiratory limb
comprising:

a wall having a first end and a second end separated by an expiratory limb length, the
wall defining a space within and wherein a part of the wall comprises a breathable material
adapted to allow transmission of water vapor but substantially prevent transmission of liquid
water;

a first opening in the first end of the wall, the first opening adapted to receive a gas; and

a second opening in the second end of the wall adapted to allow the gas to exit the drying
expiratory limb, wherein the drying expiratory limb is adapted to control a temperature of the gas
passing along the expiratory limb length to maintain a difference between the temperature of the

gas and a dew point temperature approximately constant.

74.  The drying expiratory limb of claim 73, wherein the difference is less than about 2°C.

75.  The drying expiratory limb of claim 73 or 74, wherein the difference is less than about
1.5°C.
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76.  The drying expiratory limb of any one of claims 73 to 75, wherein the difference is
between about 0.9°C and about 1°C.

77. A drying expiratory limb suitable for a medical circuit, the drying expiratory limb
comprising:

a wall having a first end and a second end separated by an expiratory limb length, the
wall defining a space within and wherein a part of the wall comprises a breathable material
adapted to allow transmission of water vapor but substantially prevent transmission of liquid
water;

a first opening in the first end of the wall, the first opening adapted to receive a gas; and

a second opening in the second end of the wall adapted to allow the gas to exit the drying
expiratory limb, wherein the drying expiratory limb is adapted to control a profile of an absolute
humidity along the expiratory limb length to be substantially parallel to a profile of a dew point

temperature of the gas.

78. A drying expiratory limb of a breathing circuit, the drying expiratory limb comprising:

a wall having a first end and a second end separated by an expiratory limb length, the
wall defining a space within and wherein a part of the wall comprises a breathable material
adapted to allow transmission of water vapor but substantially prevent transmission of liquid
water;

a first opening in the first end of the wall, the first opening adapted to receive a gas at a
first temperature and a first relative humidity; and

a second opening in the second end of the wall adapted to allow the gas to exit the drying
expiratory limb, the gas having a second temperature and a second relative humidity upon
exiting the drying expiratory limb, wherein the drying expiratory limb is adapted to keep the first
relative humidity and the second relative humidity substantially equal and to keep a relative
humidity of the gas at any point along the drying expiratory limb approximately equal to the first

relative humidity.

79.  The drying expiratory limb of claim 78, wherein the relative humidity of the gas is about
95% or about 99%.
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80. A drying expiratory limb of a breathing circuit, the drying expiratory limb comprising:

a wall having a first end and a second end separated by an expiratory limb length, the
wall defining a space within and wherein a part of the wall comprises a breathable material
adapted to allow transmission of water vapor but substantially prevent transmission of liquid
water;

a first opening in the first end of the wall, the first opening adapted to receive a gas at a
first temperature and a first relative humidity; and

a second opening in the second end of the wall adapted to allow the gas to exit the drying
expiratory limb, the gas having a second temperature and a second relative humidity upon
exiting the drying expiratory limb, wherein the drying expiratory limb is adapted to control a
temperature of the gas approximately to remain above a dew point temperature of the gas along
the drying expiratory limb length, and a relative humidity of the gas to remain approximately
between about 90% and 99%.

81.  The drying expiratory limb of claim 80, wherein the temperature of the gas remains
approximately 1°C above the dew point temperature of the gas along the drying expiratory limb
length.

82.  The drying expiratory limb of any one of claims 69 to 81, comprising insulating material

around an outer surface of the wall.

83.  The drying expiratory limb of claim 82, wherein an amount of insulating material is

constant along the expiratory limb length.

84.  The drying expiratory limb of claim 82, wherein an amount of insulating material varies

along the expiratory limb length.

85.  The drying expiratory limb of any one of claims 69 to 84, comprising a heating element
arranged along the drying expiratory limb.
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86.  The drying expiratory limb of claim 85, wherein the heating element comprising a heater

wire having a varying pitch spacing.

87.  The drying expiratory limb of claim 86, wherein the pitch spacing increases with distance

from the first end.

88.  The drying expiratory limb of any one of claims 85 to 87, comprising two heater wire

sections adapted to be selectively controlled by control circuitry.

89.  The drying expiratory limb of claim 88, wherein the two heater wire sections are adapted

to selectively receive electrical power to provide heat in the drying expiratory limb.

90. A multi-lumen expiratory limb, the limb comprising:

a first securing mechanism comprising a first plurality of interconnected lobes; and

a plurality of breathable conduits each having a lumen, wherein each breathable conduit
of the plurality of breathable conduits extends through one lobe of the first securing mechanism,
wherein the first securing mechanism is adapted to prevent each breathable conduit of the
plurality of breathable conduits from separating away from an adjacent conduit of the plurality of
breathable conduits while also spacing each breathable conduit of the plurality of breathable
conduits enough from the adjacent conduit for maintaining breathability of each breathable

conduit.

91.  The multi-lumen expiratory limb of claim 90, comprising a second securing mechanism
comprising a second plurality of interconnected lobes, wherein each breathable conduit of the

plurality of breathable conduits extends through one lobe of the second securing mechanism.

92.  The multi-lumen expiratory limb of claim 91, wherein the plurality of breathable conduits

are braided or twisted between the first securing mechanism and the second securing mechanism.

-50-

Date Recgue/Date Received 2020-09-22



93.  The multi-lumen expiratory limb of claim 92, wherein the plurality of breathable conduits
are braided or twisted a plurality of times between the first securing mechanism and the second

securing mechanism.

94.  The multi-lumen expiratory limb of any one of claims 91 to 93, wherein the first securing

mechanism is spaced from the second securing mechanism by between 150 mm and 500 mm.

95.  The multi-lumen expiratory limb of any one of claims 91 to 94, wherein the first securing

mechanism is spaced from the second securing mechanism by about 250 mm.

96.  The multi-lumen expiratory limb of any one of claims 91 to 95, wherein the spacing
between the first securing mechanism and the second securing mechanism is adapted to be
adjusted for loosening or tightening spacing between conduits of the plurality of breathable

conduits.

97.  The multi-lumen expiratory limb of any one of claims 91 to 96, comprising a third
securing mechanism comprising a third plurality of interconnected lobes; wherein each of the
plurality of breathable conduits extends through one lobe of the third securing mechanism; and
wherein the plurality of breathable conduits are braided or twisted between the second securing

mechanism and the third securing mechanism.

98.  The multi-lumen expiratory limb of claim 97, wherein the first securing mechanism, the
second securing mechanism, and the third securing mechanism are equally spaced along a length
of the plurality of breathable conduits from one another and from ends of the plurality of

breathable conduits.

99.  The multi-lumen expiratory limb of any one of claims 90 to 98, wherein the first securing

mechanism is formed from extruded plastic, metal, or foam material.

100. The multi-lumen expiratory limb of any one of claims 90 to 99, wherein the first securing

mechanism is arranged as a trefoil, a quatrefoil or a cinquefoil.
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101. The multi-lumen expiratory limb of any one of claims 90 to 99, wherein the first securing

means is arranged as a trefoil and comprises three interconnected lobes.

102. The multi-lumen expiratory limb of any one of claims 90 to 101, wherein lobes of the
first securing mechanism are arranged symmetrically around a center or asymmetrically around a

center.

103. The multi-lumen expiratory limb of any one of claims 90 to 102, wherein the first
securing mechanism comprises a sheath adapted to hold the plurality of breathable conduits

generally together.

104. The multi-lumen expiratory limb of claim 103, wherein the sheath comprises an

insulating material.

105.  An expiratory limb suitable for use in a breathing circuit, the expiratory limb comprising:

a first opening adapted to receive a gas at a first temperature and a first relative humidity;
a second opening adapted to allow the gas to exit the limb, the gas having a second temperature
and a second relative humidity;

a conduit comprising a first end proximal the first opening, a second end proximal the
second opening, and a wall extending between the first end and the second end and defining a
lumen within through which, when in use, gas flows in the direction of the first end toward the
second end, and wherein a part of the wall comprises a breathable material adapted to allow
transmission of water vapor but substantially prevent transmission of liquid water; and

a heating element provided along the conduit, the heating element being adapted to
generate or apply more heat to a section of the conduit near the first end compared to heat
generated or applied to another section of the conduit closer to the second end such that a

temperature drop of the gas between the first end and the second end of the conduit is controlled.
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106. The expiratory limb of claim 105, wherein the heating element comprises multiple heater

wires having a pitch spacing that is different in different sections along the length of the conduit.

107. The expiratory limb of claim 106, wherein the pitch spacing increases with a distance

from the first end.

108. The expiratory limb of claim 105, wherein the heating element comprises a straight

heater wire with zones of varying pitch spacing within the wire.

109. The expiratory limb of claim 105, wherein the heating element comprises a heater wire

that is folded back upon itself at the first end.

110. The expiratory limb of any one of claims 105 to 109, wherein the heating element is
adapted to control the temperature drop of the gas along the conduit such that a temperature of

the gas remains above a dew point temperature of the gas along the conduit.

111.  The expiratory limb of claim 110, wherein the heating element controls the temperature
drop such that a difference in temperature of the gas and the dew point temperature of the gas

along the conduit is approximately constant.

112.  The expiratory limb of claim 110, wherein the heating element controls a rate of
temperature decrease from the first end to a distance of 300 mm from the first end to be less than

or equal to 0.01 °C/mm.

113.  The expiratory limb of claim 110, wherein the heating element controls the temperature
drop such that a profile of an absolute humidity of the gas is substantially parallel to a profile of

a dew point temperature of the gas.

114.  The expiratory limb of claim 110, wherein the heating element is adapted to substantially

eliminate rain out at the first end of the wall and at the second end of the wall.
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115. The expiratory limb of any one of claims 105 to 109, wherein the heating element is
adapted to control the temperature drop of the gas along the conduit such that a relative humidity
at the first end and a relative humidity at the second end are approximately between 90% and

99%.

116. The expiratory limb of claim 115, wherein the heating element controls the temperature
drop along the conduit according to a drying rate to keep a relative humidity of the gas along the

conduit length within a targeted relative humidity range.

117. The expiratory limb of claim 116, wherein the targeted relative humidity range is
between 90% and 99%.

118.  The expiratory limb of claim 115, wherein the relative humidity of the gas at the first end
or the relative humidity of the gas at the second end or both are at least 95%.

119.  The expiratory limb of claim 115, wherein the relative humidity of the gas at the first end
or the relative humidity of the gas at the second end or both are at least 99%.

120.  An expiratory limb suitable for use in a breathing circuit, the expiratory limb comprising:

a first opening adapted to receive a gas at a first temperature and a first relative humidity;

a second opening adapted to allow the gas to exit the limb, the gas having a second
temperature and a second relative humidity;

a conduit comprising a first end proximal the first opening, a second end proximal the
second opening, and a wall extending between the first end and the second end and defining a
lumen within through which, when in use, gas flows in the direction of the first end toward the
second end, and wherein a part of the wall comprises a breathable material adapted to allow
transmission of water vapor but substantially prevent transmission of liquid water; and

two heater wire sections provided along the conduit, the two heater wire sections being
adapted to generate or apply more heat to a section of the conduit near the first end compared to

heat generated or applied to another section of the conduit closer to the second end.
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121.  The expiratory limb of claim 120, wherein the two heater wire sections are adapted to

control a temperature drop of the gas between the first end and the second end.

122.  The expiratory limb of claim 120 or 121, comprising a connector provided between the
two heater wire sections, the connector being adapted to electrically couple the two heater wire

sections.

123.  The expiratory limb of claim 122, wherein the connector comprises electrical components
adapted to direct the electrical power through one or more first heater wires of a first heater wire
section in a first operation mode and through the one or more first heater wires of the first heater
wire section and one or more second heater wires of a second heater wire section in a second

operation mode.

124.  The expiratory limb of claim 122 or 123, wherein the connector is internal to the

expiratory limb.

125.  The expiratory limb of any one of claims 122 to 124, wherein the connector is adapted to

be physically isolated from the gas flowing within the expiratory limb.

126. The expiratory limb of any one of claims 121 to 125, wherein the two heater wire
sections are adapted to control the temperature drop of the gas along the conduit such that a

temperature of the gas remains above a dew point temperature of the gas along the conduit.

127.  The expiratory limb of claim 126, wherein the two heater wire sections are adapted to
control the temperature of the gas to be between 0.9 °C and 1 °C above a dew point temperature
of the gas along the conduit.

128. The expiratory limb of claim 126, wherein the two heater wire sections control the
temperature drop such that a difference in temperature of the gas and the dew point temperature

of the gas along the conduit is approximately constant.
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129.  The expiratory limb of claim 126, wherein the two heater wire sections control a rate of
temperature decrease from the first end to a distance of 300 mm from the first end to be less than

or equal to 0.01 °C/mm.

130. The expiratory limb of claim 126, wherein the two heater wire sections control the
temperature drop such that a profile of an absolute humidity of the gas is substantially parallel to

a profile of a dew point temperature of the gas.

131. The expiratory limb of claim 126, wherein the two heater wire sections are adapted to

substantially eliminate rain out at the first end of the wall and at the second end of the wall.

132.  The expiratory limb of any one of claims 121 to 125, wherein the two heater wire
sections are adapted to control the temperature drop of the gas along the conduit such that a
relative humidity at the first end and a relative humidity at the second end are approximately

between 90% and 99%.

133.  The expiratory limb of claim 132, wherein the two heater wire sections control the
temperature drop along the conduit according to a drying rate to keep a relative humidity of the

gas along the conduit length within a targeted relative humidity range.

134. The expiratory limb of claim 133, wherein the targeted relative humidity range is
between 90% and 99%.

135.  The expiratory limb of claim 132, wherein the relative humidity of the gas at the first end
or the relative humidity of the gas at the second end or both are at least 95%.

136.  The expiratory limb of claim 132, wherein the relative humidity of the gas at the first end
or the relative humidity of the gas at the second end or both are at least 99%.
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