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(57) Abstract

Methods and systems for supplying supplemental oxygen to patients for use in sub—acute care which maintain healthy blood oxygen
content in the patients by controlled dosing of oxygen with a measured response to the patient’s actual blood oxygen content are disclosed.
The dosing can be provided by simple ON/OFF control over the delivery of oxygen or the amount of oxygen delivered to the patient with
each inhalation can be varied in response to the patient’s need as determined by a more sophisticated control scheme, such as a PID loop
control algorithm, that utilizes the difference between the patient’s actual blood oxygen content and a target blood oxygen content and/or
trends in the blood oxygen content. The systems and methods are particularly directed at patients receiving supplemental oxygen in a

sub-acute care environment.
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CONTROL DEVICE FOR SUPPLYING SUPPLEMENTAL RESPIRATORY OXYGEN

The present invention relates to the field of supplemental respiratory oxygen
supply systems and methods. More particularly, the present invention provides

methods and systems that conserve supplemental respiratory oxygen.

Background

A large patient community is currently undergoing oxygen therapy at home
or in long-term care facilities, such as nursing homes. Supplemental respiratory
oxygen has been a widely accepted form of treatment for COPD (chronic obstructive
pulmonary disease) patients with hypoxemia following the completion of a major
National Institutes of Health study in 1980. The Nocturnal Oxygen Therapy Trial
established the efficacy of continuous oxygen therapy in the extension of the life span
of sufferers of COPD with chronic hypoxemia.

For administration of long-term oxygen therapy it has been common practice
to deliver the oxygen directly into the nostrils of the patient through a device known
as a nasal cannula. The cannula is connected via a supply hose to a source of
oxygen, such as an oxygen concentrator, liquid oxygen dewar or high pressure gas
cylinder. The oxygen is delivered continuously to the patient at a rate prescribed by
a physician.

It has been recognized that continuous oxygen delivery is wasteful of oxygen,
as a patient needs oxygen only when they are inhaling and the oxygen delivered at
other times is wasted. The most significant financial cost associated with this waste
is found in the increased service visits required by the oxygen provider to replenish
the patient's oxygen supply, because the actual cost of the oxygen is only a small
fraction of the total cost of the therapy.
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Another problem associated with supplemental oxygen therapy is that the
physical size and weight of the oxygen apparatus can reduce the patient’s mobility.

A number of approaches have been taken to address the problems of waste,
cost and portability of oxygen therapy. The therapeutic approach that has grown out
of this body of work is typically referred to as "demand delivery." The devices
respond to a patient's inspiratory effort by delivering a predetermined pulse of
oxygen during the period of inhalation, rather than allow the oxygen to flow to the
patient continuously. There are many ways in which this basic concept has been
implemented.

Extensive work has been done on sensors, timing of oxygen release, and
algorithms for delivery of the oxygen. A variety of methods for sensing the
respiratory cycle have been used, including pressure sensors that are in fluidic
communication with the patient's airway, flow sensors, and chest belts which detect
the movement of the thorax during respiration. Some systems deliver a small bolus
of oxygen at the beginning of inhalation, while others deliver continuous flow
throughout inhalation. There has also been work on the frequency of delivery. For
example, some systems do not provide oxygen at every breath.

In spite of the large variety of approaches taken to conserve oxygen supplies
and/or reduce the size and weight of the oxygen supply equipment, no consensus has
yet been reached as to the most appropriate way to save oxygen and medicate the
patient adequately.

The simplest approaches to conserve oxygen involve detection of inhalation
as a trigger to deliver oxygen. A variety of detection devices were developed in
pursuit of this basic approach to controlling oxygen supply, including a chest belt
worn by the patient that generates an electrical signal to trigger the opening of the
oxygen supply valve; a hand-activated breathing device attached to a portable gas
bottle via a supply hose in which users would dispense the oxygen by pushing a

button while holding the device next to their mouth; a mechanical chest strap/valve
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that functions as both an inhalation sensor and delivery device in an oxygen
conserving system; and an all-pneumatic, fluidically-controlled device.

Another approach uses pressure sensors in the oxygen line to monitor line
pressure at the nostrils. A small negative pressure, indicative of the onset of
inhalation, triggers the release of oxygen. This type of detection scheme has become
the standard method and is employed by most systems currently in use. The systems
attempt to provide a physiologically equivalent dose of oxygen, when compared to
continuous flow, by providing a burst of oxygen at the onset of inhalation. By
providing more oxygen at the beginning of inhalation, when it is more physiologically
useful, the most efficient of these systems claim to be able to reduce oxygen
consumption.

The existing demand delivery devices provide economic benefit in the form of
oxygen savings (and reduced service visits), but it is often at the expense of the level
of medical care. In particular, some patients have been found to have deficient levels
of oxygen in their blood as a result of using known demand delivery devices. Certain
activities, such as exercise and sleep, cause the body's need for oxygen to fluctuate in
an unpredictable manner. The chronic hypoxemia being corrected by the prescription
of oxygen therapy is not fully ameliorated by these devices.

Because demand delivery devices and continuous flow systems do not
measure the patient's blood oxygen saturation, they do not respond to a change in
patient need as would be indicated by a drop in oxygen saturation. The oxygen flow
in the form of pulses of gas is fixed in some devices, such as the PulseDose by
DeVilbiss, as it is delivered with every breath. In other devices, such as the
Oxymatic 301 from Chad Therapeutics, the patient is allowed some adjustability in
the flow by determining the frequency of pulses as a function of the number of
breaths; i.e., one pulse every fourth breath, a pulse every other breath, etc. None of
these types of demand delivery system is capable of directly addressing fluctuations

in the blood oxygen level experienced by the user.
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In fact, while it is generally known that existing modes of oxygen therapy are
inadequate for most patients at least some of the time (that is, acute periods of
hypoxia, Sa0,<88%, can be seen in virtually all patients for some fraction of each
day), another problem that is not addressed by the known devices and methods is
that the average COPD patient is receiving more oxygen than needed for a significant
part of each day. For example, the oxygen patients studied by Decker, et al. (Chest
1992) had an SaO, greater than 90% for more than 70% of the time they spent
breathing room air without any supplemental oxygen. In another study of even
sicker patients (Sliwinski, et al., European Respiratory Journal 1994), SaO, was
greater than 88% for 40% of the time while breathing room air, and greater than
92% (higher than necessary) for about 70% of the time they were using their
supplemental oxygen. The lack of methods and/or systems for controlling the upper
limit of blood oxygen content results in significant amounts of wasted oxygen.

Devices which control the flow of oxygen based on blood oxygen
measurements from various types of sensors have been described for a variety of
applications. However, none of these devices were meant for residential use by sub-
acute COPD patients, none had the goal or object of conserving as much oxygen as
possible while still maintaining a healthy blood oxygen level, and none used a pulsed,
demand-delivery method for conserving oxygen.

Measurements of blood oxygen saturation can be broken into two groups of
measurement strategies: invasive and non-invasive. An invasive measurement using
existing technology requires that blood be drawn from the body and the sample
placed in a blood gas analyzer. One common non-invasive blood oxygen sensor is a
pulse oximeter which relies on the differences in the light absorption curves of
saturated and desaturated hemoglobin in the infrared and near-infrared portions of
the spectrum. The typical pulse oximeter sensor includes two LED’s, one red and
one infrared. As the light from the two LED’s passes through a capillary bed at the
point of attachment, such as is found on the finger, the light is partially absorbed by
the blood and tissues and then is detected by a photodetector. The electrical signal
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generated by the photodetector, which is proportional to the amount of light
absorbed by the body, is transmitted to the oximeter. The absorption measurements
can be made rapidly, up to 500 times per second for each LED. Because of the
pulsatile nature of arterial blood, the absorption as a function of time will vary
slightly at the frequency of the pulse. This allows the oximeter to extract the arterial
blood oxygen saturation information from background noise caused by absorption in
tissues located between the LED’s and the photodetector. Pulse oximetry is a well-
accepted technique and can be found in machines used for monitoring patients under
anesthesia, patients participating in sleep studies and neonatal monitoring.

Some methods and systems for controlling oxygen delivery to patients in
critical care settings have been disclosed. Some of the systems use feedback loop
controllers that use the blood oxygen saturation signal, SpO,, from a pulse oximeter
to control the inspired oxygen fraction (FIO,) in the respiratory gas delivered by a
mechanical ventilator in which oxygen is mixed with air to supply an accurate
amount of oxygen to a patient through a mask or hood. These systems are intended
for the care of critically ill patients receiving treatment in hospitals for severe

respiratory distress caused by a chronic condition or accident.

Summary of the Invention

The present invention provides supplemental respiratory oxygen supply
methods and systems which maintain healthy blood oxygen saturation in sub-acute
patients receiving supplemental oxygen by controlling the dosing of oxygen with a
measured response to the patient’s actual blood oxygen saturation levels. This
closed-loop control of oxygen flow for COPD patients provides for both healthy
blood oxygen levels and significant oxygen conservation by reducing or preventing
the delivery of supplemental respiratory oxygen during those times when the patient
has a desired blood oxygen level.

In one aspect, the present invention provides a method of controlling

supplemental oxygen delivery during sub-acute care by continuously measuring



WO 99/04841 PCT/US98/15490

10

15

20

25

6

blood oxygen content of a patient to obtain a measured blood oxygen content level,
delivering supplemental oxygen from an oxygen source to the patient when the
patient is inhaling if the measured blood oxygen content level is below a desired
value; and restricting the delivery of supplemental oxygen if the measured blood
oxygen content level of the patient is above the desired value.

In another aspect, the present invention provides a method of controlling
supplemental oxygen delivery for sub-acute care by continuously measuring blood
oxygen content of a patient to obtain a measured blood oxygen content level; sensing
variations in respiration of the patient to determine when the patient is inhaling;
delivering supplemental oxygen from an oxygen source to the patient through a
supplemental oxygen delivery device when the patient is inhaling if the measured
blood oxygen content level is below a desired value; and restricting the delivery of
supplemental oxygen to the patient through the supplemental oxygen delivery device
if the measured blood oxygen content level of the patient is above the desired value.

In another aspect, the present invention provides a method of controlling
supplemental oxygen delivery for sub-acute care by continuously measuring blood
oxygen content of a patient to obtain a measured blood oxygen content level,
delivering a variable dose of supplemental oxygen from an oxygen source to the
patient when the patient is inhaling, wherein the variable dose is at least partially
determined based on the measured blood oxygen content level.

In another aspect, the present invention provides a method of controlling
supplemental oxygen delivery for sub-acute care by continuously measuring blood
oxygen content of a patient to obtain a measured blood oxygen content level; sensing
variations in respiration of the patient to determine when the patient is inhaling;
delivering a variable dose of supplemental oxygen from an oxygen source to the
patient through a supplemental oxygen delivery device when the patient is inhaling,
wherein the variable dose of supplemental oxygen is at least partially based on a
difference between the desired value for the measured blood oxygen content level

and the measured blood oxygen content level.
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In another aspect, the present invention provides a method of sensing
variations in respiration of a patient by providing a flow sensor in fluid
communication with the respiratory flow of a patient; monitoring the flow sensor to
determine when the patient is inspiring air; and monitoring the flow sensor to
determine when the patient is expiring air.

In another aspect, the present invention provides a demand delivery method
for controlling the delivery of oxygen to a patient by providing a flow sensor in fluid
communication with the respiratory flow of a patient; monitoring the flow sensor to
determine when the patient is inhaling; delivering oxygen to the patient when the
patient is inhaling; monitoring the flow sensor to determine when the patient is
exhaling; restricting delivery of oxygen to the patient when the patient is exhaling.

In another aspect, the present invention provides a system for delivering
supplemental oxygen for sub-acute care, the system including a blood oxygen
content level sensor; a source of supplemental oxygen, a valve in fluid
communication with the source of supplemental oxygen; and a controller capable of
operating the valve, the controller restricting flow through the valve when the blood
oxygen content level measured by the blood oxygen content level sensor is above a
desired value.

In another aspect, the present invention provides a system for controlling
supplemental oxygen delivery including means for measuring blood oxygen content
level of a patient; means for delivering supplemental oxygen from an oxygen source
to the patient when the patient is inhaling if the measured blood oxygen content level
is below a desired level; and means for restricting the delivery of supplemental
oxygen from the oxygen source to the patient if the measured blood oxygen content
of the patient is above a desired level.

In another aspect, the present invention provides a system for controlling
supplemental oxygen delivery including means for measuring blood oxygen content
level of a patient; and means for delivering a variable dose of supplemental oxygen

from an oxygen source to the patient when the patient is inhaling, wherein the
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As used in connection with the present invention, the terms “supplemental
oxygen” and “supplemental respiratory oxygen” refer to oxygen delivered to patients
in addition to the oxygen received by the patient through the inspiration of room or
ambient air. Because room air contains some oxygen, the supplemental oxygen 1s
provided in addition to the oxygen that would normally be inspired by the patient.

As used in connection with the present invention, the term “blood oxygen
content” and “blood oxygen content level” will typically be used to refer to blood
oxygen saturation as commonly measured by the percentage of oxygen-saturated
hemoglobin (SpO,) although it can also refer to any suitable measurement for
determining the level of oxygenation in a patient’s blood. For example, it will be
understood that blood oxygen content can also be obtained based on data from a
CO-oximeter. Furthermore, blood oxygen content, can also be obtained based on
partial pressures of oxygen (Pa0O,).

As used in connection with the present invention, the term “sub-acute care”
refers to care provided to patients that is not intended to treat critical conditions.
Typically, sub-acute care is provided to patients in residential settings. “Residential”
preferably includes, e.g., homes and long-term care facilities (such as nursing homes).
Sub-acute care also includes care delivered in ambulatory situations, i.e., when the
patient is engaged in normal activities outside of his or her residence, such as
shopping, attending concerts or other events, traveling to appointments with health
care professionals, etc.

As used in connection with the present invention, the terms “continuous” and
“continuously” (when referring to the measuring of blood oxygen content levels)
mean that the blood oxygen content level of the patient will be measured without
cessation or at intervals (fixed or variable) that are sufficiently small to provide the

advantages of the invention.
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These and other features and advantages of the present invention will be
apparent upon review of the detailed description of the invention and accompanying

drawings.

Brief Description of the Drawings
FIGURE 1 is a block diagram of one system according to the present

invention.

FIGURE 2 is a block diagram of one demand delivery module for use in a
system such as that depicted in Figure 1.

FIGURE 3a is a flow diagram of one method according to the present
invention.

FIGURE 3b is a flow diagram of another method according to the present
invention.

FIGURE 4 1s a flow diagram of one method of delivering supplemental

oxygen based on whether the measured blood oxygen content data is valid or invalid.

Detailed Description of lllustrative Embodiments of the Invention

As described above, the present invention provides demand respirating
oxygen supply methods and apparatus for use in sub-acute care which maintain
healthy blood oxygen saturation in patients by controlled dosing of oxygen with a
measured response to the patient’s actual blood oxygen content. The dosing can be
provided by simple on/off control over the delivery of oxygen or the amount of
oxygen delivered to the patient with each inhalation can be varied in response to the
patient’s need as determined by a more sophisticated control scheme, such as a
proportional-integral-derivative (PID) loop control algorithm, that utilizes the
difference between the patient’s measured blood oxygen content level and a desired
or target blood oxygen content level.

The systems and methods of the present invention are particularly directed at

patients receiving supplemental oxygen in a sub-acute care environment, more
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preferably in a residential setting. The needs and considerations of patients receiving
supplemental oxygen in sub-acute care differ from those present when providing
oxygen to patients in critical care environments, in which the amounts of oxygen
delivered to patients are carefully controlled in connection with masks or other
enclosures that do not typically allow the patents to inspire room air in uncontrolled
manners. In those situations, the fractional amount of inspired oxygen (FIO,) is
typically controlled by mixing oxygen and air in a blender or other device before
delivering the gas to the patient.

Among the advantages of the present invention are the significant
conservation of oxygen provided by delivering only the amount of oxygen needed to
maintain a healthy blood oxygen content and the ability to address therapeutic
problems associated with demand delivery systems by providing the correct amount
of oxygen to the patient to reduce uncontrolled hypoxic events.

The amounts of oxygen that can be conserved by implementing the methods
according to the present invention can be significant, even compared to known
demand delivery systems that conserve oxygen by simply turning the supply on or off
during a patient’s respiration. Studies have reported oxygen savings ratios of from
3:1 to 7:1 for known simple demand delivery systems. In other words, a fixed
amount of oxygen can last three to seven times as long as the same amount of
oxygen would last in a supplemental oxygen delivery system that does not include a
simple demand delivery system. Implementation of the methods according to the
present invention by using a demand delivery approach with a feedback control
mechanism that responds to a continuous blood oxygenation measurement could
provide an oxygen savings ratio of greater than 13:1 while maintaining the patient's
Sa0, at the 90% level.

Other advantages of the methods and apparatus according to the present
invention are the ability to integrate the invention with any sub-acute care
supplemental oxygen supply system, including both ambulatory and stationary

sources. For unlimited volume sources, such as oxygen concentrators and membrane
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separators, the invention will reduce their size and energy consumption for a given
level of therapy. For fixed volume gas sources, such as liquid and high pressure gas,
the invention will extend the lifetime of the oxygen supply, thereby significantly
decreasing the cost of providing that treatment.

If the system is ambulatory, the present invention can allow for reductions in
the size and weight of the oxygen source, thereby increasing the patient’s mobility.
An added benefit of reducing the size and/or weight of the ambulatory systems is the
potential for a better therapeutic outcome. If patients find the smaller, lighter weight
systems less cosmetically unattractive they will be more likely to carry and use the
systems during ambulatory activities as opposed to not using the systems. Studies
have shown that the benefit of supplemental oxygen systems is significantly reduced
if the systems are not used on a regular basis.

Another advantage of the invention, method and apparatus, is a reduction in
the risk of hypercapnia (carbon dioxide retention) by only providing enough oxygen
to reach a predetermined blood oxygen saturation, typically about 90% as measured
by a conventional two-color pulse oximeter.

One embodiment of an automated respiratory oxygen supply system is
depicted in Figure 1 and includes a controller 10, a demand delivery module 12, and
a blood oxygen content sensor 14 connected to the patient 16. Oxygen is supplied
from an oxygen source 20 to the patient 16 by the demand delivery module 12
through, in the preferred embodiments, a supplemental oxygen delivery device 18.
The preferred system may also include a user interface 32 and an alarm 38.

The supplemental oxygen delivery device 18 is preferably a nasal cannula as
depicted in Figure 1, although it will be understood that the supplemental oxygen
delivery device can take the form of any device designed to provide supplemental
respiratory oxygen to a patient while not preventing the patient from also inspiring
room or ambient air in addition to the supplemental respiratory oxygen from an
oxygen source. Examples of other supplemental oxygen delivery devices include, but

are not limited to: tracheal catheters, nasal masks designed for use with Continuous
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Positive Airway Pressure (CPAP) systems, vented masks that cover both the nose
and the mouth but that allow inspiration of room air in uncontrolled amounts in
addition to the supplemental oxygen delivered to the mask, etc.

Oxygen source 20 could be an oxygen concentrator, membrane separator,
high pressure cylinder or liquid oxygen dewar. This could also include any portable
versions of oxygen sources 20. Other potential sources of oxygen gas suitable for
providing supplemental oxygen in sub-acute care in a residential setting
and/ambulatory situations may be created in the future and should be considered as
being functional with the described invention. As used below, “line” will refer to any
connection made between the oxygen source, the described invention and the patient.

If the oxygen source 20 is an oxygen concentrator, typically a continuous
low-flow device, usually delivering at most 6 liters/min of 96% oxygen, the system
may also include an oxygen storage device to accommodate the periodic higher flows
that are necessary to practice the methods described below. If high flow
concentrators become available, such a storage device would not be needed.

One controller 10 is an electronic circuit including a software programmable
microcontroller as its main component. Depending on the allocation of tasks within
the device a number of microcontrollers could be used as a controller 10. In one
embodiment, the controller 10 includes a serial data input port, A/D converter, LED
driver capabilities and digital I/O pins. One example of a suitable controller is the
PIC 16C74A microcontroller from Microchip Technology Inc. of Chandler, Arizona.

Those skilled in the art will realize that a great deal of optimization may be
done relative to the choice of a microcontroller(s). Specifications, such as power
consumption, cost, memory size, clock speed and part availability may alter the
choice for a preferred microcontroller. Furthermore, many of the functions described
for the microcontroller in the preferred embodiment could be accomplished by using
discrete circuits of many types. Additionally, the microcontroller and its peripheral
circuitry may be replaced entirely by discrete circuitry, such as programmable logic

arrays, A/D converter chips, analog comparators, etc.



WO 99/04841 PCT/US98/15490

10

15

20

25

13

The system also includes an oxygen content sensor 14 for monitoring the
blood oxygen content of the patient 16. One suitable sensor 14 includes a sensor
control module 14a and a sensor 14b typically mounted or attached to the patient 16
by some suitable technique. The information from the oxygen content sensor 14 is
fed back to the controller 10 for use in executing the methods according to the
present invention. It is preferred, but not required, that the oxygen sensor 14
provide a signal to the system controller 10 in the form of a blood oxygen saturation
in percent. The sensor 14 preferably, but not necessarily, processes all of its data
internally and the controller 10 preferably processes only error flags and numerical
information as described shortly.

One preferred oxygen sensor 14 is a non-invasive sensor such as a two-color
pulse oximeter. As used herein, the terms “pulse oximeter” or “oxygen sensor” will
include both the optical sensor and the circuitry used to determine blood oxygen
saturation levels using the optical sensor. One example of a suitable pulse oximeter
is a conventional two-color, OEM-II oximeter module, from Nonin Medical Inc. of
Plymouth, MN, that can measure the percentage of oxygen-saturated hemoglobin,
SpO,, in the blood stream of an in vivo respiratory system. The preferred
embodiment of the pulse oximeter 14 uses a transmitting sensor that attaches to the
user's finger. Alternative embodiments may employ sensors that attach elsewhere on
the body.

While the pulse oximeter is one preferred non-invasive oxygen sensor, it
should be understood that any blood oxygen sensor, invasive or non-invasive, useful
for determining blood oxygen content levels (preferably continuously) could be used
in connection with the present invention. It should also be apparent to those skilled
in the art that technologies on the horizon, such as an implantable, micro-
electromechanical (MEMS) blood gas analyzer, may provide the blood oxygen
content information needed by the system controller 10. Furthermore, there may be
improvements in pulse oximetry technology, such as the ability to determine the level

of carboxyhemoglobin in the blood, that may be useful for the described invention.
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Use of these new blood oxygen content technologies in oxygen conservers for long-
term oxygen therapy should be considered to lie within the scope of the systems and
methods of the present invention provided they have the ability to provide suitable
blood oxygen content measurements.

In one embodiment, the pulse oximeter 14 deconvolves the optical
information into a blood oxygen saturation value, SpO,, in percent. The oximeter 14
outputs a serial data stream with this information to the controller 10 for evaluation.
Other important information may also be included in the oximeter data stream, such
as the user's pulse rate and error flags that detail the reliability of the SpO, and pulse
rate values.

It will be recognized by those skilled in the art that an alternative embodiment
may be provided in which the system controller 10 functions as the sensor control
module 14a. As a result, data evaluation and error handling would be accomplished
within the system controller 10 with an appropriate oxygen sensor 14b being
attached to the patient 16.

Blood oxygen content measuring in connection with the present invention is
described as “continuous” although it will be understood that the measurements
made using, e.g., pulse oximeters and other devices, may actually be taken at discrete
intervals. As discussed above, “continuous” as used in connection with the
measuring of blood oxygen content in the present invention includes measurement of
the blood oxygen content levels of the patient at intervals (fixed or variable) that are
sufficiently small to provide the advantages of the invention. Preferably the sampling
intervals will be less than about five minutes, more preferably less than about one
minute, and even more preferably less than about one respiration interval (i.e., the
time between the onset of two inhalations by the patient).

The information relating to blood oxygen content provided by the oxygen
sensor 16 is then used by the system controller 10 in combination with the demand

delivery module 12 to provide control over the oxygen supplied to the patient 16
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from the oxygen source 20 as described in connection with the methods according to
the present invention below.

A block diagram illustrating the components of one embodiment of a demand
delivery module 12 according to the present invention is depicted in Figure 2. One
component in the demand delivery module 12 is an inhalation or respiration sensor
40 that monitors the respiratory activity of the patient 16 to determine variations in
respiration of the patient. It is preferred that the variations in respiration allow the
determination of when the patient is inhaling, although other portions of the
respiratory cycle may actually be sensed. In other words, inhalation is preferably
sensed, but in some cases it may be desirable to determine when inhalation is
occurring based on the sensing of some other condition, activity, etc. such as chest
movement, exhalation, etc.

In one embodiment, the respiration sensor 40 provides a signal to a
respiration sensor/valve controller 42 that, in turn, controls the valve 26 based on
additional input from system controller 10 (as will be described in more detail
below).

The respiration sensor 40 can take a variety of forms that will be known to
those skilled in the art. One type of suitable respiration sensor 40 monitors flow in
the line used to supply oxygen to the supplemental oxygen delivery device 18. The
sensor 40 in Figure 2 monitors flow through the valve 26 interposed in the line
between the supplemental oxygen delivery device 18 and the oxygen source 20. One
suitable flow sensor is a Honeywell AWM2150 Microbridge Mass Airflow Sensor
(available from Honeywell Corp., Minneapolis, Minnesota).

Another feature of the preferred respiration sensor 40 is the ability to sense
bidirectional flow, i.e., flow in each direction through the sensor 40. It is preferred
that the flow generated by inhaling causes a voltage output of one polarity from the
sensor 40, while flow generated by exhaling causes an output voltage of the opposite
polarity. In any event, it is preferred that the sensor 40 be capable of detecting both

inspiration and expiration.
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In addition to the preferred flow sensor, it should be understood that other
types of sensors may be utilized to detect variations in respiration, preferably
inhalation and exhalation. Those skilled in the art will recognize that pressure
transducers, thermistors or infrared detectors may all be used to sense inhalation. In
one example, a pressure transducer with the appropriate sensitivity, such as a solid-
state piezoresistive, capacitive or electromechanical device, could be used to
generate an electrical signal in response to the breathing cycle. In another example,
thermistors could be used to detect changes in airflow due to respiration. If the
thermistor was sufficiently sensitive, one may be able to ascertain the onset of
inhalation by monitoring the temperature of a thermistor (or thermocouple) placed
near the nostril. A flow measurement may also be possible with the use of two
thermistors in an anemometer configuration. Infrared detectors, such as single
element bolometers, could be used as well if they possess the speed and accuracy to
distinguish variations in respiration.

The respiration sensor 40 provides a signal to the respiration sensor/valve
controller 42 which compares the signal to a predetermined reference level. The
respiration sensor/valve controller 42 identifies the onset of inhalation by triggering
when the sensor signal reaches the predetermined reference level. The respiration
sensor/valve controller 42 then provides a signal to position the spool of valve 26 so
oxygen flows from supply 20 to patient 16 via supplemental oxygen delivery device
18. The spool of the valve 26 remains in this position for a period of time, the “dose
time” (D), as specified by the system controller 10. In this manner, a dose of oxygen
of duration D can be provided when the patient is inhaling.

One preferred valve 26 of the embodiment of Figure 2 is a three-way, two-
position, solenoid-actuated spool valve having three ports 26a, 26b, 26¢c. Common
port 26a is connected to the in vivo respiratory system of the patient 16 by the
supplemental oxygen delivery device 18. Normally closed port 26b is connected to
the oxygen source 20 and normally open port 26c¢ is connected to respiration sensor

40 (with the other end of the preferred respiration sensor left open to atmosphere).
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One preferred valve 26 is manufactured by The Lee Company, of Westbrook,
Connecticut, Model HDI LHDAO0523111H.

When oxygen is not being supplied to the patient 16, the spool of the valve
26 is positioned such that common port 26a and normally open port 26c are.
connected so that the respiration sensor 40, supplemental oxygen delivery device 18,
and patient 16 are in fluid communication, corresponding to the OFF position of the
valve 26. This allows the respiratory effort of the patient 16 to be detected by the
respiration sensor 40, through the monitoring of the flow generated in the
supplemental oxygen delivery device 18 by inspiratory and expiratory efforts.

To supply oxygen to the patient 16, the spool of the valve 26 is moved so as
to connect common port 26a and normally closed port 26b, corresponding to the ON
position of the valve 26. This, in turn, allows for flow of respiratory oxygen to the
patient 16 from supply 20 through the valve 26 and the supplemental oxygen delivery
device 18.

The ON period for the valve 26, corresponding to the dosage period as
discussed below, is preferably shorter than the inhalation period for the patient. Asa
result, the patient may often be inhaling after the valve 26 is OFF (i.e., closed). To
reduce or prevent multiple openings of the valve 26 during a single inhalation, it is
preferred that the valve 26 remain closed until the sensor 40 detects the onset of
exhalation. Once exhalation is detected based on the sensor 40, the system can then
resume monitoring for the onset of inhalation, whereupon the cycle is repeated.

Because the preferred valve 26 is a 3-port valve, there is a short period after
opening or closing the valve 26, (the “bounce period”) where the sensor output
voltage spikes or bounces due to oxygen leaking from the normally closed port 26b
to the normally open port 26¢ while the valve spool is still moving. Once the valve
26 is fully ON or OFF and the valve spool has stopped moving, the bounce signal
disappears. It is preferred that monitoring of the respiration sensor 40 be adjusted to
avoid false readings due to the bounce signal after turning the valve 26 ON or OFF.

This adjustment can take the form of a delay in monitoring the signal provided by the
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sensor 40 after moving the valve 26 between the ON and OFF positions until the
bounce signal has passed.

In some systems, the bounce signal may be monitored and used
advantageously. The bounce signal (whether generated during ON or OFF
movement of the valve spool) may be used to detect the presence of oxygen at the
supply 20. No bounce signal may indicate that no oxygen is present because of the
lack of pressurized oxygen at normally closed port 26b. In the preferred
embodiment, the bounce signal generated by turning the valve 26 to the OFF position
(i.e., closing port 26b) is used for this check because that bounce signal is typically
larger and longer in duration than the bounce signal generated by turning the valve
26 to the ON position (i.e., opening port 26b).

Another advantage of the 3-port valve 26 is that sensor’s zero-flow offset
voltage can be checked while the valve 26 is in the ON position. The measured
sensor offset voltage signal (Vo) can be used to generate a correction for drift in the
sensor offset voltage. After the valve 26 has been ON longer than the valve-ON
bounce period, the signal from the respiration sensor 40 can be read and recorded for
use in, e.g., a software-generated correction for zero-flow sensor offset voltage.

This sensor offset voltage signal is obtained from the respiration sensor 40 when the
valve 26 is ON because no flow is to be expected through the respiration sensor 40
under those conditions (port 26c¢ is closed). In addition, if this offset reading is
greater (in absolute value) than a predefined upper limit (VoMAX), this can be used
to indicate either sensor 40 or valve 26 failure; e.g., the sensor 40 has drifted too far
out of specification, the valve 26 is leaking, the valve 26 is stuck in the OFF position,
etc.

The demand delivery module 12 described above is a subsystem that
communicates to and receives communication from system controller 10. In the
described methods, it receives continually updated values of the dose time D. It will
be understood, however, that those skilled in the art could design a demand delivery

module 12 which is more or less dependent on the system controller 10 than is
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