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(57) ABSTRACT

Values of a non-polysomnographic (non-PSG) physiological
parameter set may be correlated to polysomnographically
(PSG) determined sleep states. The correlated values of the
non-PSG parameter set and sleep states may be analyzed,
and a relationship between the values and sleep states may
be determined. The relationship may allow determination of
sleep states for any given patient based on values of the
non-PSG physiological parameter set for the patient. The
non-PSG  physiological parameter set does not include
physiological parameters typically required for PSG, such as
brain electrical activity (EEG), eye movement (EOG), and
jaw or neck muscular activity or tone (EMG). Medical
devices, such as implantable medical devices (IMDs) that
would generally be unable to monitor such physiological
parameters, may apply the relationship to values of the
non-PSG physiological parameter set for a patient to identify
sleep states of the patient.
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CORRELATING A NON-POLYSOMNOGRAPHIC
PHYSIOLOGICAL PARAMETER SET WITH
SLEEP STATES

[0001] This application claims the benefit of U.S. provi-
sional application No. 60/686,317, filed Jun. 1, 2005, the
entire content of which is incorporated herein by reference.

TECHNICAL FIELD

[0002] The invention relates to medical devices and, more
particularly, to medical devices that monitor physiological
parameters.

BACKGROUND

[0003] The ability to determine the sleep state of a patient,
e.g., whether or not a patient is asleep, or whether a sleeping
patient is within the rapid eye movement (REM), or one of
the nonrapid eye movement (NREM) states (S1, S2, S3, S4),
is useful in a variety of medical contexts. In some situations,
the ability to determine the sleep state of a patient is used to
diagnose conditions of the patient. For example, the amount
of time that patients sleep or are within the various sleep
states during sleep, the extent of arousals during sleep, and
the times of day that patients sleep have been used to
diagnose sleep apnea. Such sleep information could also be
used to diagnose psychological disorders, such as depression
and mania.

[0004] In other situations, a determination as to whether a
patient is asleep is used to control delivery of therapy to the
patient by a medical device, such as an implantable medical
device (IMD). For example, neurostimulation or drug thera-
pies can be suspended when the patient is asleep, or the
intensity/dosage of the therapies can be reduced when a
patient is asleep. As another example, the rate response
settings of a cardiac pacemaker may be adjusted to less
aggressive settings when the patient is asleep so that the
patient’s heart will not be paced at an inappropriately high
rate during sleep. In these examples, therapy may be sus-
pended or adjusted when the patient is asleep to avoid
patient discomfort, or to reduce power consumption and/or
conserve the contents of a fluid reservoir of an IMD when
the therapy may be unneeded or ineffective. However, in
other cases, a therapy intended to be delivered when the
patient is asleep, such as therapy intended to prevent or treat
sleep apnea, is delivered based on a determination that the
patient is asleep.

[0005] Insome cases, an ailment may affect the quality of
a patient’s sleep. For example, chronic pain may cause a
patient to have difficulty falling asleep, disturb the patient’s
sleep, e.g., cause the patient to wake, and prevent the patient
from achieving deeper sleep states, such as one or more of
the NREM sleep states. Other ailments that may negatively
affect patient sleep quality include movement disorders and
congestive heart failure.

[0006] Further, in some cases, poor sleep quality may
increase the symptoms experienced by a patient due to an
ailment. For example, poor sleep quality has been linked to
increased pain symptoms in chronic pain patients. The link
between poor sleep quality and increased syniptoms is not
limited to ailments that negatively impact sleep quality, such
as those listed above. Nonetheless, the condition of a patient
with such an ailment may progressively worsen when symp-

Jan. 18, 2007

toms disturb sleep quality, which in turn increases the
frequency and/or intensity of symptoms. The increased
symptoms may, in turn, further disturb sleep quality.

[0007] Because of the relationship between quality of
sleep and symptoms, the quality of a patient’s sleep may be
indicative of the progression of an ailment and/or the
effectiveness of a therapy delivered to treat the ailment.
Assessing the quality of a patient’s sleep in order to evaluate
the progression of an ailment or the effectiveness of a
therapy delivered to treat the ailment may involve identify-
ing sleep states to, for example, identify disturbances in
sleep, or difficulty in achieving or maintaining deeper sleep
states. Consequently, it may be desirable for a medical
device, such as an IMD, that treats the ailment of the patient
to identify sleep states of patient.

[0008] The “gold standard” for identifying sleep states of
a patient is polysomnopgraphy (PSG). PSG involves moni-
toring the electroencephalogram (EEG) of the patient over
an extended period of time, e.g., overnight when the patient
is attempting to sleep. Often, PSG also involves monitoring
one or both of an electrooculogram (EOG) and a chin or jaw
electromyogram (EMG) during the extended period of time.
In some cases, PSG may additionally involve monitoring
other physiological parameters of the patient, such as heart
rate, respiration rate, and blood oxygen saturation level.

[0009] However, PSG is typically conducted in a clinical
setting over the course of one night utilizing multiple
sensors applied to a patient and coupled to a recording
system. A technician or algorithm analyzes or “scores” the
recorded sensor data to identify the sleep states of the subject
during the night. Because EEG, EOG, and chin or jaw EMG
monitoring typically require that an array of obtrusive
external electrodes be placed on a patient’s scalp and face
and coupled to an external monitoring device, PSG 1is
generally unsuitable for long-term monitoring of a patient’s
sleep states by a medical device, and particularly an IMD, as
would be desired for identification of sleep states to control
delivery of therapy or monitor the quality of a patient’s
sleep.

SUMMARY

[0010] In general, the invention is directed to techniques
for correlating values of a non-polysomnographic (non-
PSG) physiological parameter set to sleep states. The non-
PSG physiological parameter set may include, for example,
one or more of posture, activity level, heart rate, electrocar-
diogram (ECG) morphology, respiration rate, respiratory
volume, blood pressure, blood oxygen saturation, core tem-
perature, partial pressure of oxygen within blood, partial
pressure of oxygen within cerebral spinal fluid (CSF), pH of
blood or CSF, glucose level in blood or CSF, protein marker
of pain, such as glutamate or substance P, within CSF or
subcutaneous extracellular fluid, non-facial muscular activ-
ity or tone, arterial blood flow, and galvanic skin response.
Preferably, the non-PSG parameter set includes a plurality of
these physiological parameters. However, the non-PSG
physiological parameter set does not include physiological
parameters typically required for PSG, such as brain elec-
trical activity (electroencephalogram), eye movement (elec-
tro-oculogram), and chin or jaw muscular activity or tone
(electromyogram). Consequently, as used herein, the terms
“non-polysomnographic physiological parameter set” and
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“non-PSG physiological parameter set” refer to a set of one
or more physiological parameters that does not include the
physiological parameters typically required for PSG, such as
brain electrical activity (electroencephalogram), eye move-
ment (electro-oculogram), and chin or jaw muscular activity
or tone (electromyogram).

[0011] Values of the non-PSG physiological parameter set
are correlated to PSG-determined sleep states for a plurality
of experimental subjects. The correlated values of the non-
PSG parameter set and sleep states for the plurality of
experimental subjects may be analyzed, and a relationship
that allows determination of sleep states for any given
patient based on values of the non-PSG physiological
parameter set for the patient may be developed based on the
analysis. Medical devices, such as implantable medical
devices (IMDs) that would generally be unable to monitor
such physiological parameters typically required for PSG,
may be able to monitor the non-PSG physiological param-
eter set. Such a medical device may apply the relationship to
values of the non-PSG physiological parameter set of a
patient to identify sleep states of the patient. The medical
device may control delivery of therapy to the patient, or
monitor the quality of the patient’s sleep based on the
identified sleep states.

[0012] For each of the plurality of experimental subjects,
values of a PSG physiological parameter set and a non-PSG
physiological parameter set may be collected at the same
time over the course of one or more sleep periods. The
values may be collected, for example, in a sleep laboratory,
and the values of the PSG physiological parameter set may
be collected using equipment commonly available at such
laboratories. The PSG physiological parameter set may
include brain electrical activity, eye movement, and chin or
jaw muscular activity or tone. Consequently, values of the
PSG physiological parameter set for a subject may be
collected via an array of electroencephalogram (EEG) elec-
trodes placed on the scalp of the subject, a plurality of
electro-oculogram (EOG) electrodes placed proximate to the
eyes of the subject, and one or more electromyogram (EMG)
electrodes placed on the chin or jaw of the subject. The PSG
physiological parameter set may also include other physi-
ological parameters, such as heart rate, respiration rate, and
blood oxygen saturation level, and the subject may be
coupled to or otherwise wear sensors known for sensing
such physiological parameters.

[0013] One or more external data recorders and/or a
computer may receive the signals from the electrodes and
other sensors that sense the PSG physiological parameter set
of the subject. In either case, a computer receives values of
the PSG physiological parameter set. The computer may
display the values of the PSG physiological parameter set to
a physician or technician for “scoring,” e.g., identification of
the times that the subject was within various sleep states
using techniques known in the art. In other embodiments,
the computer may automatically identify the times that the
subject was within various sleep states based on the values
of the PSG physiological parameter set collected for the
subject.

[0014] During the one or more nights of data collection,
the subject is also coupled to or otherwise wears a plurality
of sensors that sense the non-PSG physiological parameter
set. An external data recorder may receive the signals from
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such sensors and, in some embodiments, may house one or
more of the sensors. For example, the external data recorder
may be configured to be worn by the subject, and may house
one or more sensors for detecting subject activity and/or
posture, such as a three-axis accelerometer that generates a
signal as a function of subject activity and posture.

[0015] The external data recorder stores the signals
received from the sensors for subject, and provides the
signals to a computer for correlation with the sleep states
identified for the subject. The computer may be the same
computer used to identify sleep states based on the PSG
physiological parameter set, or a different computer. The
external data recorder may transmit the stored signals to the
computer via a wireless connection or data cable. In other
embodiments, the external data recorder may provide the
stored signals to the computer by storing the signals on a
removable medium, such as a flash memory, that is receiv-
able by the computer. In addition to correlating values of the
non-PSG physiological parameter set with sleep states for a
particular subject, the computer, or another computer, may
be used to analyze the correlated values and sleep states for
a plurality of subjects, and determine a relationship between
values of the non-PSG physiological parameter set and sleep
states, as described above.

[0016] Additionally, as described above, a relationship
between non-PSG physiological parameter values and sleep
states may be determined based on PSG and non-PSG data
collected from a plurality of subjects. Such a relationship
may be used in medical devices of any number of patients—
who may be different from the experimental subjects—to
identify sleep states of the patients. In other words, a
“global” relationship between values of a non-PSG physi-
ological parameter set and sleep states may be determined
based on the data collected from a plurality of experimental
subjects, and used in any medical device that includes or is
coupled to sensors that sense physiological parameters of the
non-PSG physiological parameter set to identify sleep states
of any patient.

[0017] In other embodiments, values of the non-PSG
physiological parameter set may be correlated to PSG-
determined sleep states for a single patient, the correlated
values of the non-PSG parameter set and sleep states for the
single patient may be analyzed, and a relationship that
allows determination of sleep states for the patient based on
values of the non-PSG physiological parameter set for the
patient may be developed based on the analysis. Such a
relationship may be used by a medical device of that
particular patient to determine sleep states. In such embodi-
ments, the medical device includes or is coupled to non-PSG
sensors, and may be used record values for the non-PSG
physiological parameters, instead of a separate data
recorder, during the period of data collection prior to deter-
mination of the relationship.

[0018] In one embodiment, the invention is directed to a
method comprising identifying sleep states of a subject
during a period of time based on polysomnography, record-
ing values of a non-polysomnographic physiological param-
eter set of the subject during the period of time, and
correlating the recorded values of the non-polysomno-
graphic physiological parameter set to the identified sleep
states.

[0019] In another embodiment, the invention is directed to
a system including a first plurality of sensors that sense a
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polysomnographic physiological parameter set of a subject,
a second plurality of sensors that sense a non-polysomno-
graphic physiological parameter set of the subject, and a
processor. The processor receives signals sensed by the first
and second pluralities of sensors during a period of time,
determines values of the polysomnographic physiological
parameter set and the non-polysomnographic physiological
parameter set based on the signals, and correlates the values
of the non-polysomnographic physiological parameter set
with sleep states identified based on values of the polysom-
nographic physiological parameter set.

[0020] Inanother embodiment, the invention is directed to
a system comprising means for recording values of a non-
polysomnographic physiological parameter set of the sub-
ject during a period of time, and means for correlating the
recorded values of the non-polysomnographic physiological
parameter set to the sleep states identified by polysomnog-
raphy during the period of time.

[0021] In another embodiment, the invention is directed
toward a computer-readable medium comprising instruc-
tions. The instructions cause a programmable processor to
record values of a non-polysomnographic physiological
parameter set of the subject during a period of time, and
correlate the recorded values of the non-polysomnographic
physiological parameter set to the sleep states identified by
polysomnography during the period of time.

[0022] The invention may be capable of providing one or
more advantages. For example, correlation of values of a
non-PSG physiological parameter set to identified sleep
states for each of a plurality of experimental subjects may
facilitate determination of a relationship between values of
the non-PSG physiological parameter set and sleep states.
The determined relationship may allow patient medical
devices that are not configured to sense PSG physiological
parameters to identify sleep states of patients based on the
non-PSG physiological parameter set. Such medical devices
may, for example, control delivery of therapy to the patient,
or monitor patient sleep quality based on the identified sleep
states. By monitoring patient sleep quality, such medical
devices may enable, for example, evaluation of the progres-
sion of an ailment or the effectiveness of a therapy delivered
to treat the ailment.

[0023] Additionally, an external data recorder may be
capable of receiving signals for a plurality of non-PSG
physiological parameters. Analysis of the correlation
between such parameters and identified sleep states may
allow identification of a subset of such parameters that are
more indicative of sleep state. This subset of non-PSG
physiological parameters may form the non-PSG physi-
ological parameter set used to identify patient sleep states in
a patient medical device.

[0024] The details of one or more embodiments of the
invention are set forth in the accompanying drawings and
the description below. Other features, objects, and advan-
tages of the invention will be apparent from the description
and drawings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS

[0025] FIG. 1 is a conceptual diagram illustrating an
example system for collection and analysis of values of a
polysomnographic (PSG) physiological parameter set and a
non-PSG physiological parameter set.
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[0026] FIG. 2 is a block diagram illustrating an example
configuration of a non-PSG recording portion of the system
of FIG. 1 in greater detail.

[0027] FIG. 3 is a block diagram illustrating an example
configuration of a PSG recording portion of the system of
FIG. 1 in greater detail.

[0028] FIG. 4 is a flow diagram illustrating an example
method for determining a relationship between values of a
non-PSG physiological parameter set and sleep states.

[0029] FIG. 5 is a timing diagram illustrating example
PSG and non-PSG data.

[0030] FIG. 6 is a flow diagram illustrating an example
method for validating a determined relationship between
values of a non-PSG physiological parameter set and sleep
states.

[0031] FIG. 7 is a conceptual diagram illustrating an
example system including a medical device that applies the
determined relationship to values of a non-PSG physiologi-
cal parameter set to identify sleep states of a patient.

[0032] FIG. 8 is a block diagram further illustrating the
system of FIG. 7.

DETAILED DESCRIPTION

[0033] FIG. 1 is a conceptual diagram illustrating an
example system 10 for collection and analysis of values of
a polysomnographic (PSG) physiological parameter set and
a non-PSG physiological parameter set for an experimental
subject 12. The values of the PSG and non-PSG physiologi-
cal parameter sets are collected at the same time to facilitate
correlation of the values of the non-PSG physiological
parameter set with sleep states of subject 12 identified based
on the PSG physiological parameter set. The collection of
the values for subject 12 may occur at a sleep laboratory
over the course of one or more sleep periods, e.g., one or
more nights, and some or all of the components of system 10
may be located at the sleep laboratory. The analysis of the
values may occur at the sleep laboratory, or at some other
location.

[0034] The PSG physiological parameter set may include
brain electrical activity, eye movement, and chin, jaw or
neck muscular activity or tone. Consequently, values of the
PSG physiological parameter set for subject 12 may be
collected via an array of electroencephalogram (EEG) elec-
trodes 14A-C (collectively “EEG electrodes 14”) placed on
the scalp of subject 12, a plurality of electro-oculogram
(EOG) electrodes 16A and 16B (collectively “EOG elec-
trodes 16”) placed proximate to the eyes of subject 12, and
one or more electromyogram (EMG) electrodes 18 placed
on the chin or jaw of the subject. The number and positions
of electrodes 14, 16 and 18 illustrated in FIG. 1 are merely
exemplary. For example, although only three EEG elec-
trodes 14 are illustrated in FIG. 1, an array of between 16
and 25 EEG electrodes 14 may be placed on the scalp of
subject 12, as is known in the art. EEG electrodes 14 may be
individually placed on subject 12, or integrated within a cap
or hair net worn by subject 12.

[0035] The non-PSG physiological parameter set may
include, for example, one or more of posture, activity level,
heart rate, electrocardiogram (ECG) morphology, respira-
tion rate, respiratory volume, blood pressure, blood oxygen
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saturation, core temperature, partial pressure of oxygen
within blood, partial pressure of oxygen within cerebral
spinal fluid (CSF), pH of blood or CSF, glucose level in
blood or CSF, protein marker of pain, such as glutamate or
substance P, within CSF or subcutaneous extracellular fluid,
non-facial muscular activity or tone, arterial blood flow, and
galvanic skin response. Preferably, the non-PSG parameter
set includes a plurality of these physiological parameters. In
some embodiments, the non-PSG physiological parameter
set may include the variability of one or more of these
parameters, such as heart rate and respiration rate. The
non-PSG physiological parameter set does not include
physiological parameters typically required for PSG, such as
brain electrical activity (EEG), eye movement (EOG), and
chin or jaw muscular activity or tone (EMG).

[0036] In the illustrated example, subject 12 wears an
ECG belt 20. ECG belt 20 incorporates a plurality of
electrodes for sensing the electrical activity of the heart of
subject 12. The heart rate and, in some embodiments, ECG
morphology of subject 12 may be monitored based on the
signal provided by ECG belt 20. Examples of suitable belts
20 for sensing the heart rate of subject 12 are the “M” and
“F”” heart rate monitor models commercially available from
Polar Electro. In some embodiments, instead of belt 20,
subject 12 may wear a plurality of ECG electrodes attached,
e.g., via adhesive patches, at various locations on the chest
of the subject, as is known in the art. An ECG signal derived
from the signals sensed by such an array of electrodes may
enable both heart rate and ECG morphology monitoring, as
is known in the art.

[0037] As shown in FIG. 1, subject 12 may also wear a
respiration belt 22 that outputs a signal that varies as a
function of respiration of the subject. Respiration belt 22
may be a plethysmograpy belt, and the signal output by
respiration belt 22 may vary as a function of the changes in
the thoracic or abdominal circumference of subject 12 that
accompany breathing by the subject. An example of a
suitable belt 22 is the TSD201 Respiratory Effort Transducer
commercially available from Biopac Systems, Inc. Alterna-
tively, respiration belt 22 may incorporate or be replaced by
a plurality of electrodes that direct an electrical signal
through the thorax of the subject, and circuitry to sense the
impedance of the thorax, which varies as a function of
respiration of the subject, based on the signal. In some
embodiments, ECG and respiration belts 20 and 22 may be
a common belt worn by subject 12, and the relative locations
of belts 20 and 22 depicted in FIG. 1 are merely exemplary.

[0038] Inthe example illustrated by FIG. 1, subject 12 also
wears a transducer 24 that outputs a signal as a function of
the oxygen saturation of the blood of subject 12. Transducer
24 may be an infrared transducer. Transducer 24 may be
located on one of the fingers or earlobes of subject 12.

[0039] Although not shown in FIG. 1, subject 12 may
wear or otherwise be connected to sensors for sensing other
non-PSG physiological parameters, such as posture, activity
level, blood pressure, core temperature, partial pressure of
oxygen within blood, partial pressure of oxygen within CSF,
pH of blood or CSF, glucose level in blood or CSF, protein
marker of pain, such as glutamate or substance P, within CSF
or subcutaneous extracellular fluid, non-facial muscular
activity or tone, arterial blood flow, and galvanic skin
response. In some cases, such sensors may be percutane-
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ously or fully implanted within subject 12. Types of sensors
useful for sensing these additional physiological parameters
will be discussed in greater detail below. In general, because
they are being applied to experimental subjects, less inva-
sive types of sensors may be selected where possible.

[0040] System 10 may also include a non-PSG external
data recorder 26 that receives and stores signals from belts
20 and 22, transducer 24, and any other non-PSG sensors
worn or otherwise connected to subject 12. The belts,
transducer and any other sensors may be connected to
external data recorder 26 via wires, or wireless connections.
The connections between the belts, transducer and external
data recorder are not shown in FIG. 1 for ease of illustration.

[0041] As will be described in greater detail below, the
data collected by external data recorder 26 may be used to
experimentally determine a relationship between non-PSG
physiological parameter values and sleep states. Medical
devices, such as implantable medical devices (IMDs) may
use the determined relationship to identify sleep states of
patients based on non-PSG physiological parameter set
values collected via sensors. Consequently, it may be desired
that the external data recorder collects non-PSG physiologi-
cal parameter values in a way to approximate collection of
such parameter values by a medical device. Accordingly,
external data recorder 26, which may incorporate sensors,
and/or sensors coupled to the external data recorder, may be
positioned on subject 12 at locations that are proximate to
the locations where such sensors would be positioned within
or on a patient who has such a medical device. For example,
external data recorder 26 or sensors coupled to the data
recorder may be positioned on subject 12 proximate to an
implant location for an IMD, e.g., proximate to the lower
back or abdomen of the subject.

[0042] As shown in FIG. 1, external data recorder 26 may
be configured to be worn by subject 12. In the illustrated
example, external data recorder 26 is carried by or attached
to a belt 28 worn by subject 12 during the course of one or
more nights of data recording. Belt 28 may be worn about
the waist of subject 12, as illustrated in FIG. 1, or around an
arm or leg of the subject. External data recorder 26 may
alternatively be, for example, attached to a harness worn by
subject 12, or an item of subject’s clothing. In some embodi-
ments, external data recorder 26 or sensors coupled thereto
are held in position by, or incorporated into, an undergar-
ment of subject 12. For example, external data recorder 26
or sensors may be held in position by, or incorporated into,
compression shorts or bands that maintain the data recorder
or sensors substantially proximate to an IMD implant loca-
tion.

[0043] In some embodiments, as indicated above, external
data recorder 26 may house one or more sensors that sense
non-PSG physiological parameters. For example, external
data recorder 26 may house one or more sensors for detect-
ing activity and/or posture of subject 12. In exemplary
embodiments, external data recorder 26 houses a three-axis
accelerometer that generates a signal as a function of activity
and posture of the subject.

[0044] As shown in FIG. 1, system 10 may additionally
include a PSG external data recorder 30 that receives and
stores signals from electrodes 14, 16 and 18. The electrodes
may be connected to PSG external data recorder 30 via
wires, or wireless connections. The connections between the
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electrodes and PSG external data recorder are not shown in
FIG. 1 for ease of illustration. Like non-PSG external data
recorder 26, PSG external data recorder 28 may be config-
ured to be worn by subject 12, e.g., on or attached to a belt,
harness, or item of clothing of the subject. In the illustrated
example, external data recorders 26 and 30 are carried by or
attached to a common belt 28.

[0045] In some embodiments, the PSG physiological
parameter set may include other physiological parameters in
addition to brain electrical activity, eye movement and chin
or jaw muscle tension or activity. For example, in some
embodiments, the PSG physiological parameter set may
include heart rate, respiration rate or volume, blood oxygen
saturation, or other physiological parameters that are also
part of the non-PSG physiological parameter set. In such
embodiments, PSG external data recorder 30 may be con-
nected to separate, e.g., redundant, sensors, or may be
coupled to the same sensors, such as belts 20 and 22 and
transducer 24, as non-PSG external data recorder 26, Altet-
natively, in some embodiments in which there is overlap
between the PSG and non-PSG physiological parameter
sets, only one of external data recorders 26 and 30 may
receive and store a signal from a sensor that senses a
common physiological parameter. In such embodiments, a
computer that receives the stored signal from the one of the
external data recorders 26 and 30 may “assign” the signal,
or values derived therefrom, to both the PSG and non-PSG
physiological parameter sets for presentation to a user and/or
analysis, which will be described in greater detail below.

[0046] In the example illustrated by FIG. 1, system 10
includes a computer 32 that receives the sensor signals
stored by external data recorders 26 and 30, e.g., over the
course of a night, from the external data recorders. More
particularly, a processor 34 of computer 32 receives the
signals via input/output (I/O) circuitry 36 of the computer.
1/O circuitry 36 may include, for example, circuitry for
interfacing with a data cable, such as a Universal Serial Bus
(USB) cable, coupled to one of data recorders 26 and 30.

[0047] 1/O circuitry 36 may additionally or alternatively
include a wireless transceiver for wireless communication
with one or both of external data recorders 26 and 30. The
wireless transceiver may be configured for communication
according to any of a variety of local wireless communica-
tion techniques, such as RF communication according to the
802.11 or Bluetooth specification sets, infrared communi-
cation according to the IRDA specification set, or other
standard or proprietary telemetry protocols. In other
embodiments, external data recorders 26 and 30 may store
the signals within a removable medium, such as a flash
memory. In such embodiments, computer 32 may be con-
figured to receive the removable medium, and I/O circuitry
36 may include circuitry to retrieve the signals from the
medium. Further, in still other embodiments, I/O circuitry 36
may include a network interface that allows processor 34 to
receive the signals via a computer network, such as a local
or wide area network, or the Internet. In other words,
computer 32 may be located remotely from recorders 26 and
30.

[0048] In some embodiments, rather than storing signals
received from sensors 14-24, data recorders 26 and 30 may
transmit the signals to /O circuitry 36 in real time via, for
example, a data cable or wireless connection. In still other
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embodiments, system 10 may not include one or both of
external data recorders 26 and 30. In such embodiments, I/O
circuitry 36 may receive signals directly from sensors in real
time via wired or wireless connections.

[0049] Processor 34 may store the received signals, or
values derived therefrom, such as minimum, maximum,
slope, mean or median values over periods of time, in a
memory 38. In some embodiments, processor 34 may derive
such values based on the signals received from external data
recorders 26 and 30, or directly from the sensors. In other
embodiments, external data recorders 26 and 30 may derive
such values from the signals received from the sensors, and
provide the values to processor 34. In embodiments in which
there is overlap between the PSG and non-PSG physiologi-
cal parameter sets, processor may “assign” a signal, or
values derived therefrom, to both the PSG and non-PSG
physiological parameter sets within memory 38.

[0050] Processor 34 may present values for the PSG
physiological parameter set to a uset, such as a clinician or
technician, via a user interface 40. User interface 40 may
include a monitor or other display device, a keyboard, and
a pointing device, such as a mouse, trackball or stylus.
Processor 34 may present values for the PSG physiological
parameter set as one or more “traces” over time on a display
of user interface 38. The user may “scroll” through, or
otherwise manipulate, the physiological parameter traces via
a keyboard or pointing device of user interface 40. User
interface 40 may additionally or alternatively include a
printer, and processor 34 may present values for the PSG
physiological parameter set, e.g., as one or more “traces”
over time, to a user via the printer.

[0051] The user may “score” the values for the PSG
physiological parameter set using techniques known in the
art to identify times at which subject 12 was within various
sleep states. For example, the user may identify the times at
which subject 12 was asleep, within the rapid eye movement
(REM) sleep state, and within each of the nonrapid eye
movement (NREM) sleep states (S1, S2, S3, S4). The user
may “mark” the time at which the subject was within the
various sleep states on the PSG physiological parameter set
trace using the keyboard or pointing device. Alternatively,
processor 34 may analyze the values for the PSG physi-
ological parameter set to automatically identify the times at
which subject 12 was within the various sleep states. In
either case, processor 34 may store indications of the times
at which subject 12 was within the various sleep states
within memory 38.

[0052] Processor 34 correlates, e.g., according to time,
values of the non-PSG physiological parameter set for
subject 12 with the identified sleep states of subject 12
within memory 38. Processor 34 may receive values of the
PSG and non-PSG physiological parameter sets for a plu-
rality of experimental subjects 12, and may correlate PSG-
determined sleep states with the values of the non-PSG
physiological parameter set within memory 38 for each of
the plurality of subjects. A plurality of systems 10 located at
a plurality of facilities, e.g., sleep laboratories, may receive
and analyze values of the PSG and non-PSG physiological
parameter sets in this manner.

[0053] Computer 32 may be used to analyze the correlated
values and sleep states for the plurality of subjects, and
determine a relationship between values of the non-PSG
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physiological parameter set and sleep states. In some
embodiments, processor 34 may analyze the correlations
and determine the relationship. The relationship may allow
determination of sleep states for any given patient based on
values of the non-PSG physiological parameter set for the
patient. Medical devices, such as implantable medical
devices (IMDs) that would generally be unable to monitor
such physiological parameters typically required for PSG,
may be able to monitor the non-PSG physiological param-
eter set. Such a medical device may apply the relationship to
values of the non-PSG physiological parameter set of a
patient to identify sleep states of the patient. The medical
device may control delivery of therapy to the patient, or
monitor the quality of the patient’s sleep based on the
identified sleep states.

[0054] Computer 32 may include, for example, a personal
computer, workstation, or network server. Processor 34 may
include any one or more of a microprocessor, a controller,
digital signal processor (DSP), application specific inte-
grated circuit (ASIC), field-programmable gate array
(FPGA), discrete logic circuitry, or the like. Memory 38 may
include any of a variety of fixed or removable magnetic,
electrical, or optical media, such as random access memory
(RAM), read-only memory (ROM), CD-ROM, electroni-
cally-erasable programmable ROM (EEPROM), non-vola-
tile RAM (NVRAM), flash memory, or the like. Memory 38
may store program instructions that, when executed by
processor 34, cause processor 34 to perform the functions
ascribed to it and computer 32 herein. In other words, the
invention contemplates computer-readable media compris-
ing instructions that cause a processor to perform the func-
tions ascribed to processor 34 and computer 32 herein.

[0055] FIG. 2 is a block diagram illustrating an example
configuration of a non-PSG recording portion of system 10.
In the illustrated example, the non-PSG portion of system 10
includes non-PSG external data recorder 26, and a plurality
of sensors 42A-N (collectively “sensors 42”) that sense
physiological parameters within the non-PSG physiological
parameter set. As shown in FIG. 2, external data recorder 26
may house some sensors 42, while other sensors 42 are
connected to the external data recorder.

[0056] In the illustrated example, sensors 42 that are
external to non-PSG data recorder 26 are wirelessly con-
nected, e.g., via a radio-frequency (RF) medium, to the data
recorder. Such sensors 42 may communicate with non-PSG
data recorder 26 according to any of a variety of local
wireless communication protocols, such as the Bluetooth
protocol, or one of the 802.11 protocols. Sensors 42 that are
external to non-PSG data recorder 26 may additionally or
alternatively be connected to the data recorder via wires,
cables, or the like.

[0057] In addition to sensors 42, non-PSG external data
recorder 26 may include a processor 44, communication
circuitry 46 and memory 48, as shown in FIG. 2. Processor
44 receives signals from sensors 42, each of the signals
varying as a function of at least one of the physiological
parameters of the non-PSG parameter set. Processor 44
stores the signals, or values derived from the signals such as
minimum, maximum, slope, mean or median values, within
memory 48.

[0058] In the illustrated embodiment, processor 44 wire-
lessly receives signals from sensors 42 external to data
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recorder 26 via communication circuitry 46. In some
embodiments, communication circuitry 46 includes a wire-
less transceiver compliant with any of a variety of wireless
communication protocols, such as the Bluetooth or 802.11
protocols. In other embodiments, processor 46 receives the
signals via wires, cables, leads, or the like. In such embodi-
ments, external data recorder 26 may include circuitry (not
shown) that conditions the signals generated by sensors 42
such that they may be analyzed by processor 44. For
example, external data recorder 26 may include one or more
analog to digital converters to convert analog signals gen-
erated by sensors 42 into digital signals usable by processor
44, as well as suitable filter and amplifier circuitry.

[0059] Processor 44 may also provide the signals or values
stored in memory 48 to a computer 32 via communication
circuitry 46. Communication circuitry 46 may include a
wireless transceiver, as described above, for wireless trans-
mission of the values or data to the computer. In other
embodiments, processor 44 provides the signals or values to
computer 32 via a wired connection, such as a USB cable.
In still other embodiments, memory 48 is a removable
medium, such as a flash memory card, that is receivable and
readable by computer 32 or a peripheral device coupled to
the computer. In such embodiments, the signals or values are
provided to computer 32 through transfer of the medium to
the computer.

[0060] Processor 44 may include any one or more of a
microprocessor, a controller, a DSP, an ASIC, an FPGA,
discrete logic circuitry, or the like. Memory 48 may include
any one or more volatile or non-volatile, removable or fixed,
magnetic, optical, or electrical media, such as a RAM,
ROM, CD-ROM, NVRAM, EEPROM, flash memory, or the
like. In some embodiments, memory 48 stores program
instructions that, when executed by processor 46, cause
external data recorder 26 and processor 44 to perform the
functions attributed to them herein.

[0061] As indicated above, the non-PSG physiological
parameter set may include one or more of posture, activity
level, heart rate, ECG morphology, respiration rate, respi-
ratory volume, blood pressure, blood oxygen saturation,
core temperature, partial pressure of oxygen within blood,
partial pressure of oxygen within cerebral spinal fluid (CSF),
pH of blood or CSF, glucose level in blood or CSF, protein
marker of pain, such as glutamate or substance P, within CSF
or subcutaneous extracellular fluid, non-facial muscular
activity or tone, arterial blood flow, and galvanic skin
response. In some embodiments, the non-PSG physiological
parameter set may include the variability of one or more of
these parameters, such as heart rate or respiration rate.

[0062] Sensors 42 may include, for example, one or more
accelerometers, gyros, mercury switches, or bonded piezo-
electric crystals that output a signal as a function of subject
activity, e.g., body motion, footfalls or other impact events,
and the like. Sensors 40 may additionally or alternatively
include a plurality of accelerometers, gyros, or magnetom-
eters oriented orthogonally that output signals which indi-
cate the posture of subject 12. In addition to being oriented
orthogonally with respect to each other, each of sensors 42
used to detect the posture of subject 12 may be generally
aligned with an axis of the body of the subject. In exemplary
embodiments, sensors 42 include three orthogonally aligned
posture sensors.
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[0063] When sensors 42 include accelerometers, for
example, that are aligned in this manner, the magnitude and
polarity of zero frequency components of the signals output
by the accelerometers may indicate the orientation of subject
12 relative to the Earth’s gravity, e.g., the posture of subject
12. The magnitude and frequency of non-zero frequency
components of the signals, e.g., 0.1 Hz to 10 Hz, indicate the
activity level of the subject. External data recorder 26 may
include analog filtering circuitry, or one or both of processor
44 or processor 34 of computer 32 may apply digital filters
to pass the respective bands of such sensor signals useful for
posture and activity sensing. Further information regarding
use of orthogonally aligned accelerometers to determine
posture may be found in commonly assigned U.S. Pat. No.
5,593,431, which issued to Todd J. Sheldon.

[0064] As indicated above, such activity and posture
detecting sensors 42 may be located within a housing of
external data recorder 26. Additionally or alternatively,
activity and posture detecting sensors may be connected to
the external data recorder by a wired or wireless connection.
For example, activity or posture detecting sensors 42 may be
carried by a strap or the like worn by subject 12 on an arm
or leg.

[0065] As another example, sensors 42 may include elec-
trodes that generate an electrogram signal as a function of
electrical activity of the heart of patient 12. Such electrodes
may be included within an ECG belt 20, as described above.
The signals output by such electrodes may indicate the heart
rate of subject 12. The signals output by such electrodes and
may also allow measurement of ECG morphological fea-
tures, such as QRS amplitude or width, QT interval length,
T-wave width or amplitude, or evoked response latency or
amplitude. In other embodiments, sensors 42 may include
one or more acoustic sensors located, for example, on the
chest of subject 12, which output a signal that varies as a
function of heart rate. In still other embodiments, sensors 42
may include percutaneously implanted temperature, flow or
pressure sensors located within the bloodstream or cere-
brospinal fluid (CSF) of subject 12, or a sphygmomanometer
cuff. The signals generated by such sensors may vary as a
function of contraction of the heart of subject 12, and
thereby indicate the heart rate of subject 12.

[0066] Sensors 42 may also include sensors that output a
signal that varies as a function of respiration by subject 12.
For example, sensors 42 may include a respiration belt 22,
as described above. In other embodiments, sensors 42 may
include an implanted or external strain gauge, bonded piezo-
electric element, or pressure sensor that generates a signal
that varies based on respiration. An electrogram generated
by electrodes as discussed above may also be modulated by
patient respiration, and may be used as an indirect repre-
sentation of respiration rate. In some embodiments, sensors
42 may include two or more electrodes, e.g., located on the
chest of subject, that generate a signal as a function of the
thoracic impedance of subject 12, which varies as a function
of respiration by the subject. The thoracic impedance signal
may also vary as a function of the posture of subject 12, and
may therefore by used to sense the subject’s posture.

[0067] Sensors 42 may include electrodes that generate an
electromyogram (EMG) signal as a function of muscle
electrical activity, or a strain gauge or the like located near
or within a muscle that outputs a signal as a function of the
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mechanical activity or tension of the muscle. Such sensors
42 may be located, for example, on or within the legs, arms,
buttocks, abdomen, or back of subject 12. The signals
generated by such sensors when implanted in these locations
may also vary based on the posture of patient 12, e.g., may
vary based on whether the patient is standing, sitting, or
lying down.

[0068] Sensors 42 may also include percutaneously
implanted pressure sensors that output a signal as a function
of a blood pressure, e.g., an arterial pressure, of subject 12,
or a sphigmomanometery cuff that outputs a signal as a
function of blood pressure. Further, sensors 42 may include
any of a variety of known temperature sensors that output a
signal as a function of a core temperature of subject 12. Such
temperatures sensors may be, for example, located rectally
or nasopharyngeally within subject 12.

[0069] Sensors 42 may also include optical, e.g., infrared,
pulse oximetry sensors, which may be located on a finger or
earloble of subject 12, as discussed above. Further, sensors
42 may include a percutaneously implanted Clark dissolved
oxygen sensor that outputs a signal as a function of blood or
CSF oxygen partial pressure. Additionally, sensors 42 may
include antimony electrodes that output a signal as a func-
tion of the pH of blood or CSF, and any of a variety of
known chemical sensors that output a signal as a function of
the level of glucose, or protein markers of pain, such as
glutamate or substance P.

[0070] Insome embodiments, sensors 42 may include one
or more intraluminal, extraluminal, or external flow sensors
positioned to generate a signal as a function of arterial blood
flow. A flow sensor may be, for example, an electromagnetic,
thermal convection, ultrasonic-Doppler, or laser-Doppler
flow sensor. Further, sensors 42 may include one or more
electrodes positioned on the skin of subject 12 to generate a
signal as a function of galvanic skin response.

[0071] FIG. 3 is a block diagram illustrating a PSG
recording portion of system 10 in greater detail. In the
illustrated example, the PSG portion of system 10 includes
PSG external data recorder 30, and a plurality of sensors
50A-N (collectively “sensors 50) that sense physiological
parameters within the PSG physiological parameter set. As
shown in FIG. 3, external data recorder 30 may house some
sensors 50, while other sensors 50 are connected to the
external data recorder.

[0072] In the illustrated example, sensors 50 that are
external to PSG data recorder 30 are wirelessly connected,
e.g., via a radio-frequency (RF) medium, to the data
recorder. Such sensors 50 may communicate with PSG data
recorder 30 according to any of a variety of local wireless
communication protocols, such as the Bluetooth protocol, or
one of the 802.11 protocols. Sensors 50 that are external to
PSG data recorder 30 may additionally or alternatively be
connected to the data recorder via wires, cables, or the like.

[0073] In addition to sensors 50, PSG external data
recorder 30 may include a processor 52, communication
circuitry 54 and memory 56, which are substantially similar,
and function substantially similarly to processor 44, com-
munication circuitry 46 and memory 48 of non-PSG external
data recorder 26 shown in FIG. 2.

[0074] As indicated above, the PSG physiological param-
eter set includes one or more of brain electrical activity, eye
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motion, and chin or jaw muscular activity or tone. Sensors
50 may include EEG electrodes 14, EOG electrodes 16 and
EMG electrodes 18. Because the PSG physiological param-
eter set may also include one or more of the physiological
parameters within the non-PSG physiological parameter set,
sensors 50 may also include one or more of the types of
sensors discussed above with reference to sensors 42 of FIG.
2.

[0075] FIG. 4 is a flow diagram illustrating an example
method for determining a relationship between values of a
non-PSG physiological parameter set and sleep states.
According to the method, one or more external data record-
ers 26, 30, or a computer 32, record physiological parameter
values of a subject 12 during an attempted sleep period, e.g.,
over the course of a night at a sleep laboratory (60).
Computer 32 and/or a user of the computer analyzes values
of a PSG physiological parameter set to identify the time at
which the subject was within various sleep states during the
period (62). Computer 32 correlates, e.g., according to time,
values for a non-PSG physiological parameter set for subject
12 with the identified sleep states (64). Parameter values
may be recorded, sleep states identified, and non-PSG
parameter values correlated to the sleep states for each of a
plurality of subjects 12 (66).

[0076] Computer 32 and/or a user of the computer may
analyze the correlated values and sleep states for the plu-
rality of subjects to determine a relationship between values
for the non-PSG physiological parameter set and sleep states
(68). Analyzing the correlated values may involve regres-
sion analysis, e.g., either linear or multiple regression.
Analyzing the correlated values may additionally or alter-
natively involve deriving a polynomial equation with one or
more terms that has an acceptable least-squares fit to the
data. A subset of the experimental non-PSG physiological
parameter set that is more predictive of sleep state may be
identified based on the analysis, and used as the non-PSG
physiological parameter set for the relationship. The rela-
tionship may take the form of any one or more thresholds,
equations, look-up tables, neural networks, or the like.

[0077] FIG. 5 is a timing diagram illustrating example
PSG and non-PSG data for a subject 12. In the illustrated
example, the PSG and non-PSG data are correlated accord-
ing to time. As discussed above, a user and/or processor 34
of computer 32 may analyze the correlated data to determine
a relationship between values of non-PSG physiological
parameters and sleep states.

[0078] FIG. 5 includes a graphical representation 70 of
determined sleep states over time, i.e., a sleep profile or
hypnogram. As discussed above, the sleep states may be
determined by a user or a processor based on PSG physi-
ological parameter values recorded for the subject. Further,
as discussed above, fewer sleep states may be identified
based on the PSG physiological parameter values. For
example, in some embodiments, the sleep states identified
may be awake and asleep, or awake, REM and NREM.

[0079] FIG. 5 also includes graphical representations of
values of non-PSG physiological parameters over time. In
particular, FIG. 5 includes graphical representation 72, 74,
76 of posture, heart rate and respiration rate, respectively,
over time. However, the invention is not limited to embodi-
ments that involve these example non-PSG physiological
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parameters. A number of examples of possible additional or
alternative non-PSG physiological parameters are discussed
above.

[0080] As discussed above, the heart rates and respiration
rates indicated by representations 74 and 76 may be average
rates. Further, in the illustrated example, a processor, such as
processor 34 of computer 32, or processor 44 of external
data recorder 26, has periodically characterized subject 12 as
being in one of four possible postures (upright, supine, on
side, or prone) based on signals generated by accelerometers
or other sensors, as discussed above. Graphical representa-
tion 72 illustrates the result of such periodic characteriza-
tion. However, the invention is not limited to embodiments
in which these postures are identified, or in which postures
are identified at all. For example, in some embodiments,
processor 34 of computer 32 correlates the sensor signals
themselves to sleep states without identifying postures.

[0081] FIG. 6 is a flow diagram illustrating an example
method for validating a determined relationship between
values of a non-PSG physiological parameter set and sleep
states. According to the method, physiological parameter
values are recorded, and values of the PSG physiological
parameter set are analyzed to identify sleep states for a
subject 12, as described above with reference to FIG. 4 (80,
82). The relationship is applied to a non-PSG physiological
parameter set to identify sleep states for subject (84). The
values are recorded and analyzed for identification of sleep
states using both the PSG values and the relationship for
each of a plurality of subjects 12 (86). The sleep states
identified by the relationship may be compared to the PSG
sleep states to validate and, if necessary, refine the relation-
ship (88).

[0082] Once validated, the relationship may be used in
patient medical devices to identify sleep states of patients
(90). For example, the relationship may be used to identify
sleep states for the purpose of evaluating sleep quality,
which may in turn indicate the progression of an ailment or
the effectiveness of a treatment for the ailment. As one
example, sleep quality may provide an indication of the
effectiveness of therapy parameter sets according to which a
patient medical device delivers therapy to treat an ailment
such as chronic pain. For a neurostimulator, as an example,
a parameter set may include parameters that define a stimu-
lation waveform, such as pulse amplitude, width and rate, as
well as the electrodes from a set selected for delivery of the
stimulation waveform. As another example, a parameter set
for a drug delivery device may control the infusion rate and
timing of the drug. Parameter sets may be evaluated as part
of a trialing process, or over the course the medical device’s
use by, or implantation within, a patient.

[0083] The relationship may allow a variety of sleep
quality metrics to be evaluated through identification of
sleep states. For example, the relationship may identify
when a patient is asleep. Sleep efficiency may be measured
as the percentage of time while the patient is attempting to
sleep that the patient is actually asleep. Sleep latency may be
measured as the amount of time between a first time when
the patient begins attempting to fall asleep and a second time
when the patient falls asleep, and thereby indicates how long
a patient requires to fall asleep.

[0084] Other sleep quality metrics that a medical device
may determine using the relationship include total time
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sleeping per day, the amount or percentage of time sleeping
during nighttime or daytime hours per day, and the number
of apnea and/or arousal events per night. In some embodi-
ments, a medical device may determine which sleep state the
patient is in, e.g., rapid eve movement (REM), or one of the
nonrapid eye movement (NREM) states (S1, S2, S3, S4)
based on monitored physiological parameters, and the
amount of time per day spent in these various sleep states
may be determined by the medical device as a sleep quality
metric. Because they provide the most “refreshing” type of
sleep, the amount of time spent in one or both of the S3 and
S4 sleep states, in particular, may be determined as a sleep
quality metric.

[0085] Further, a medical device may control delivery of
therapy to a patient based on identified sleep states, or sleep
quality metrics determined based on identified sleep states.
For example, a medical device may compare any of the sleep
quality metrics identified above to a threshold value, and
adjust one or more parameters of a delivered therapy based
on the comparison. If, for example, the medical device is
delivers electrical stimulation, e.g., is a neurostimulator, the
medical device may adjust at least one of a pulse amplitude,
pulse rate, pulse width and duty cycle of the stimulation
based on the comparison. In this manner the medical device
may adjust therapy to, for example, maintain adequate
efficacy, which may be reflected in the quality of the
patient’s sleep.

[0086] FIG. 7 is a conceptual diagram illustrating an
example system 100 including a medical device that applies
the determined relationship to values of a non-PSG physi-
ological parameter set to identify sleep states of a patient
102. In the illustrated example, the medical device is an
implantable medical device (IMD) 104 shown implanted
within patient 102. More particular, in the illustrated
example, IMD 104 takes the form of an implantable neuro-
stimulator that delivers neurostimulation therapy in the form
of electrical pulses to patient 102. IMD 104 delivers neu-
rostimulation therapy to patient 102 via leads 106A and
106B (collectively “leads 106”). Leads 106 may, as shown
in FIG. 1, be implanted proximate to the spinal cord 108 of
patient 102, and IMD 104 may deliver spinal cord stimula-
tion (SCS) therapy to patient 102 in order to, for example,
reduce pain experienced by patient 12.

[0087] However, the invention is not limited to the con-
figuration of leads 106 shown in FIG. 7, or to the delivery
of SCS therapy. For example, one or more leads 106 may
extend from IMD 104 to the brain (not shown) of patient
102, and IMD 104 may deliver deep brain stimulation (DBS)
therapy to patient 102 to, for example, treat tremor, Parkin-
son’s disease, multiple sclerosis, or epilepsy. As further
examples, one or more leads 106 may be implanted proxi-
mate to the pelvic nerves (not shown) or stomach (not
shown), and IMD 104 may deliver neurostimulation therapy
to treat incontinence or gastroparesis.

[0088] Moreover, the invention is not limited to imple-
mentation via an implantable neurostimulator, or even
implementation via an IMD. For example, in some embodi-
ments of the invention, an implantable or external or cardiac
rhythm management device, such as a pacemaker, or a drug
delivery pump may control delivery of a therapy based on
sleep quality information.

[0089] Intheexample of FIG. 7, IMD 104 delivers therapy
according to a set of therapy parameters, i.e., a set of values
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for a number of parameters that define the therapy delivered
according to that therapy parameter set. In embodiments
where IMD 104 delivers neurostimulation therapy in the
form of electrical pulses, the parameters for each parameter
set may include voltage or current pulse amplitudes, pulse
widths, pulse rates, and the like. Further, each of leads 106
includes electrodes (not shown in FIG. 1), and a therapy
parameter set may include information identifying which
electrodes have been selected for delivery of pulses, and the
polarities of the selected electrodes. Therapy parameter sets
used by IMD 104 may include a number of parameter sets
programmed by a clinician (not shown), and parameter sets
representing adjustments made by patient 102 to these
preprogrammed sets.

[0090] In other non-neurostimulator embodiments of the
invention, the IMD may still deliver therapy according to a
therapy parameter set. For example, implantable pump IMD
embodiments may deliver a therapeutic agent to a patient
according to a therapy parameter set that includes, for
example, a dosage, an infusion rate, and/or a duty cycle.

[0091] System 100 also includes a clinician programmer
110. A clinician (not shown) may use clinician programmer
110 to program therapy for patient 102, e.g., specify a
number of therapy parameter sets and provide the parameter
sets to IMD 104. The clinician may also use clinician
programmer 110 to retrieve information collected by IMD
104. The clinician may use clinician programmer 110 to
communicate with IMD 104 both during initial program-
ming of IMD 104, and for collection of information and
further programming during follow-up visits. In some
embodiments, clinician programmer 110 may store or oth-
erwise be able to access, e.g., via a network, a relationship
between values of a non-PSG physiological parameter set
and sleep states, determined as described above with refer-
ence to FIGS. 1-6. In such embodiments, clinician program-
mer 110 may be used to program IMD 104 with the
relationship, e.g., transmit the relationship to IMD 104 for
storage within a memory of the IMD.

[0092] System 100 also includes a patient programmer
112, which also may, as shown in FIG. 1, be a handheld
computing device. Patient 102 may use patient programmer
112 to control the delivery of therapy by IMD 104. For
example, using patient programmer 112, patient 102 may
select a current therapy parameter set from among the
therapy parameter sets preprogrammed by the clinician, or
may adjust one or more parameters of a preprogrammed
therapy parameter set to arrive at the current therapy param-
eter set.

[0093] However, clinician and patient programmers 110,
112 are not limited to the hand-held computer embodiments
illustrated in FIG. 1. Programmers 110, 112 according to the
invention may be any sort of computing device. For
example, a programmer 110, 112 according to the invention
may a tablet-based computing device, a desktop computing
device, or a workstation.

[0094] IMD 104, clinician programmer 110 and patient
programmer 1112 may, as shown in FIG. 1, communicate via
wireless communication. Clinician programmer 110 and
patient programmer 112 may, for example, communicate via
wireless communication with IMD 104 using radio fre-
quency (RF) telemetry techniques known in the art. Clini-
cian programmer 110 and patient programmer 112 may
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communicate with each other using any of a variety of local
wireless communication techniques, such as RF communi-
cation according to the 802.11 or Bluetooth specification
sets, infrared communication according to the IRDA speci-
fication set, or other standard or proprietary telemetry pro-
tocols.

[0095] Clinician programmer 110 and patient programmer
112 need not communicate wirelessly, however. For
example, programmers 110 and 112 may communicate via a
wired connection, such as via a serial communication cable,
or via exchange of removable media, such as magnetic or
optical disks, or memory cards or sticks. Further, clinician
programmer 110 may communicate with one or both of IMD
104 and patient programmer 112 via remote telemetry
techniques known in the art, communicating via a local area
network (LAN), wide area network (WAN), public switched
telephone network (PSTN), or cellular telephone network,
for example.

[0096] FIG. 8 is a block diagram further illustrating sys-
tem 100. In particular, FIG. 2 illustrates an example con-
figuration of IMD 104 and leads 106A and 106B. FIG. 2 also
illustrates sensors 120A and 120B (collectively “sensors
120”) that output signals as a function of one or more
physiological parameters of patient 12 that are part of the
non-PSG physiological parameter set. Sensors 120 may
include any of the non-PSG sensors 42 discussed above with
reference to FIG. 2.

[0097] IMD 104 may deliver neurostimulation therapy via
electrodes 122A-D of lead 106A and electrodes 122E-H of
lead 106B (collectively “electrodes 122”). Electrodes 122
may be ring electrodes. The configuration, type and number
of electrodes 122 illustrated in FIG. 8 are merely exemplary.
For example, leads 106A and 106B may each include eight
electrodes 122, and the electrodes need not be arranged
linearly on each of leads 106A and 106B.

[0098] Electrodes 122 are electrically coupled to a therapy
delivery module 124 via leads 106A and 106B. Therapy
delivery module 124 may, for example, include an output
pulse generator coupled to a power source such as a battery.
Therapy delivery module 124 may deliver electrical pulses
to patient 102 via at least some of electrodes 122 under the
control of a processor 126, which controls therapy delivery
module 124 to deliver neurostimulation therapy according to
one or more neurostimulation therapy parameter sets
selected from available parameter sets stored in a memory
128. However, the invention is not limited to implantable
neurostimulator embodiments or even to IMDs that deliver
electrical stimulation. For example, in some embodiments a
therapy delivery module of an IMD may include a pump,
circuitry to control the pump, and a reservoir to store a
therapeutic agent for delivery via the pump, and a processor
of the IMD may control delivery of a therapeutic agent by
the pump according to an infusion parameter set selected
from among a plurality of infusion parameter sets stored in
a memory.

[0099] IMD 14 may also include a telemetry circuit 130
that enables processor 126 to communicate with program-
mers 110, 112. Via telemetry circuit 130, processor 126 may
receive therapy parameter sets specified by a clinician from
clinician programmer 110 for storage in memory 128. Pro-
cessor 126 may also receive therapy parameter set selections
and therapy adjustments made by patient 102 using patient
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programmer 112 via telemetry circuit 130. Further, proces-
sor 126 may receive a determined relationship 132 between
values of the non-PSG physiological parameter set and sleep
states from one of programmers 110, 112 via telemetry
circuit 130, and store the relationship in memory 128, as
shown in FIG. 8.

[0100] Processor 126 may include a microprocessor, a
controller, a DSP, an ASIC, a FPGA, discrete logic circuitry,
or the like. Memory 128 may include any volatile, non-
volatile, magnetic, optical, or electrical media, such as a
RAM, ROM, NVRAM, EEPROM, flash memory, or the
like. In some embodiments, memory 128 stores program
instructions that, when executed by processor 126, cause
IMD 104 and processor 126 to perform the functions attrib-
uted to them herein.

[0101] Each of sensors 120 outputs a signal as a function
of one or more physiological parameters of patient 102
within the non-PSG physiological parameter set. IMD 104
may include circuitry (not shown) that conditions the signals
output by sensors 120 such that they may be analyzed by
processor 126. For example, IMD 104 may include one or
more analog to digital converters to convert analog signals
output by sensors 120 into digital signals usable by proces-
sor 126, as well as suitable filter and amplifier circuitry.
Although shown as including two sensors 120, system 100
may include any number of sensors.

[0102] Further, as illustrated in FIG. 8, sensors 120 may be
included as part of IMD 104, or coupled to IMD 104 via
leads 106. Sensors 120 may be coupled to IMD 104 via
therapy leads 106A and 106B, or via other leads 106, such
as lead 106C depicted in FIG. 8. In some embodiments, a
sensor located outside of IMD 104 may be in wireless
communication with processor 126. Wireless communica-
tion between sensors 120 and IMD 104 may, as examples,
include RF communication or communication via electrical
signals conducted through the tissue and/or fluid of patient
102.

[0103] Processor 126 may apply relationship 132 to non-
PSG physiological parameter values determined based on
signals received from sensors 120 to identify sleep states of
patient 102. In other embodiments, processor 126 may
provide the non-PSG physiological parameter values to one
of programmers 110, 112, or another computing device, via
telemetry circuitry 132. In such embodiments, the program-
mer or computing device stores relationship 132, and applies
the relationship to the non-PSG parameter values to identify
sleep states. One or more of processor 126, a programmer
110, 112, or another computing device may evaluate sleep
quality or the efficacy of therapy delivered by IMD 104
based on the identified sleep states, or control therapy
delivered by IMD 104 based on identified sleep states or
determined sleep quality, as described above.

[0104] Further details regarding identification of sleep
states, evaluating sleep quality using medical devices, and
controlling therapy based on identified sleep states and/or
sleep quality may be found in the following commonly-
assigned applications, which are incorporated herein by
reference in their entirety: (1) U.S. patent application Ser.
No. 11/081,811, by Kenneth T. Heruth and Keith A. Miesel,
entitled “Collecting Sleep Quality Information Via a Medi-
cal Device,” filed Mar. 16, 2005; (2) U.S. patent application
Ser. No. 11/081,872, by Kenneth T. Heruth and Keith A.
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Miesel, entitled “Collecting Posture Information to Evaluate
Therapy,” filed Mar. 16, 2005; (3) U.S. patent application
Ser. No. 11/081,786, by Kenneth T. Heruth and Keith A.
Miesel, entitled “Detecting Sleep,” filed Mar. 16, 2005; (4)
U.S. patent application Ser. No. 11/081,785, by Kenneth T.
Heruth and Keith A. Miesel, entitled “Collecting Activity
Information to Evaluate Therapy,” filed Mar. 16, 2005; (5)
U.S. patent application Ser. No. 11/081,857, by Kenneth T.
Heruth and Keith A. Miesel, entitled “Collecting Activity
and Sleep Quality Information via a Medical Device,” filed
Mar. 16, 2005; (6) U.S. patent application Ser. No. 11/081,
155, by Kenneth T. Heruth and Keith A. Miesel, entitled
“Controlling Therapy Based on Sleep Quality,” filed Mar.
16, 2005; (7) U.S. patent application Ser. No. 11/081,873, by
Kenneth T. Heruth and Keith A. Miesel, entitled “Sensitivity
Analysis for Selecting Therapy Parameter Sets,” filed Mar.
16, 2005; (8) U.S. patent application Ser. No. 11/106,051, by
Keith A. Miesel, entitled “Collecting Posture and Activity
Information to Evaluate Thearpy,” filed Apr. 14, 2005.

[0105] Various embodiments of the invention have been
described. However, one skilled in the art will appreciate
that various modifications may be made to the described
embodiments without departing from the scope of the inven-
tion. For example, PSG and non-PSG physiological param-
eters are not limited to the examples cited herein, but may
include any known PSG or non-PSG physiological param-
eters. Further, the invention is not limited to embodiments
that include the example sensors cited herein. Instead, the
invention may include any sensor known to generate a signal
as a function of a physiological parameter.

[0106] Although described herein as a single computer,
processor, and memory, the various functions attributed to
computers, processors and memory herein may be per-
formed at different time and locations by different process-
ing, computing and memory devices. Consequently, as used
herein, the terms “computer,”processor” and “memory”
may respectively refer to: one or more computing devices,
e.g., one or more personal computers, workstations, or
network servers; one or more processing devices, e.g., one
or more microprocessors, controllers, DSPs, ASICs, FPGAs,
logic circuits, or the like; and one or more memory devices
or media.

[0107] Further, although described herein as including
separate non-PSG and PSG data recorders 26 and 30 that
independently communicate with a computer 32 including a
processor 34, systems 10 according to the invention are not
so limited. For example, in some embodiments, a single data
recorder may collect both the PSG and non-PSG physiologi-
cal parameter values from PSG and non-PSG sensors 42 and
50. In other embodiments, one of recorders 26, 30 may
transmit physiological parameter values to the other of
recorders 26, 30, rather than computer 32, and the other of
recorders 26, 30 may transmit both data collected from
sensors and received from the recorder to computer 32.
Further, in some embodiments, a processor of one of the data
recorders, rather than processor 34 of computer 32, may
correlate non-PSG physiological parameter values with
sleep states and determine a relationship therebetween. In
such embodiments, a system 10 need not include a computer
32. Additionally, if subjects 12 have a medical device, such
as an IMD, which includes or is coupled to PSG or non-PSG
sensors, a computer 32 or recorder 26, 30 may receive
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parameter values from the medical device sensors, rather
than coupling redundant sensors to the subject.

[0108] Additionally, as described above, a relationship
between non-PSG physiological parameter values and sleep
states may be determined based on PSG and non-PSG data
collected from a plurality of subjects. Such a relationship
may be used in medical devices of any number of patients—
who may be different from the experimental subjects—to
identify sleep states of the patients. In other words, a
“global” relationship between values of a non-PSG physi-
ological parameter set and sleep states may be determined
based on the data collected from a plurality of experimental
subjects, and used in any medical device that includes or is
coupled to sensors that sense physiological parameters of the
non-PSG physiological parameter set to identify sleep states
of any patient.

[0109] In other embodiments, values of the non-PSG
physiological parameter set may be correlated to PSG-
determined sleep states for a single patient, the correlated
values of the non-PSG parameter set and sleep states for the
single patient may be analyzed, and a relationship that
allows determination of sleep states for the patient based on
values of the non-PSG physiological parameter set for the
patient may be developed based on the analysis. Such a
relationship may be used by a medical device of that
particular patient to determine sleep states. In such embodi-
ments, the medical device includes or is coupled to non-PSG
sensors, and may be used record values for the non-PSG
physiological parameters, instead of a separate data
recorder, during the period of data collection prior to deter-
mination of the relationship.

[0110] These and other embodiments are within the scope
of the following claims.

1. A method comprising:

identifying sleep states of a subject during a period of time
based on polysomnography;

recording values of a non-polysomnographic physiologi-
cal parameter set of the subject during the period of
time; and

correlating the recorded values of the non-polysomno-
graphic physiological parameter set to the identified
sleep states.

2. The method of claim 1, wherein the non-polysomno-
graphic physiological parameter set includes at least one of
posture, activity level, heart rate, respiration rate, respiratory
volume, blood oxygen saturation, blood pressure, electro-
cardiogram (ECG) morphology, core temperature, partial
pressure of oxygen within blood, partial pressure of oxygen
within cerebral spinal fluid, pH of blood or cerebral spinal
fluid, glucose level in blood or cerebral spinal fluid, protein
marker of pain within cerebral spinal fluid or subcutaneous
extracellular fluid, muscular activity, muscular tone, arterial
blood flow, or galvanic skin response.

3. The method of claim 1, wherein identifying sleep states
of a subject comprises identifying whether the subject is
awake or asleep.

4. The method of claim 1, wherein identifying sleep states
of a subject comprises identifying whether the subject is in
a random eye movement or non-random eye movement state
of sleep.
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5. The method of claim 1, wherein identifying sleep states
of a subject comprises identifying whether the subject is in
at least one of the S1, S2, 83 or S4 sleep state.

6. The method of claim 1, wherein identifying sleep states
of a subject comprises:

recording values of a polysomnographic physiological
parameter set of the subject during the period of time;
and

analyzing the values of the polysomnographic physiologi-

cal parameter set to identify the sleep states.

7. The method of claim 6, wherein recording values of a
polysomnographic physiological parameter set and a non-
polysomnographic physiological parameter set comprises
recording values in a clinic during the period of time.

8. The method of claim 1, wherein recording values of a
non-polysomnographic physiological parameter set com-
prises recording values of the non-polysomnographic physi-
ological parameter set via at least one sensor located proxi-
mate to an implantable medical device implant location.

9. The method of claim 1, further comprising:

analyzing the correlated values of the non-polysomno-
graphic physiological parameter set; and

determining a relationship between values of the non-
polysomnographic physiological parameter set and
sleep states based on the analysis.

10. The method of claim 9,

further comprising identifying sleep states, recording val-
ues of a non-polysomnographic physiological param-
eter set, and correlating the recorded values of the
non-polysomnographic physiological parameter set to
the identified sleep states for each of a plurality of
subjects,

wherein analyzing the correlated values comprises ana-
lyzing the correlated values for the plurality of subjects,
and determining a relationship comprises determining
the relationship based on the analysis for the plurality
of subjects.
11. The method of claim 10, wherein the plurality of
subjects comprises a first plurality of subjects, the method
further comprising:

for each of a second plurality of subjects, identifying sleep
states during a period of time based on polysomnog-
raphy, recording values of a non-polysomnographic
physiological parameter set during the period of time,
and applying the relationship to the recorded values to
identify sleep states during the period of time;

comparing the identification of sleep states based on
polysomnography to the identification of sleep states
by application of the relationship; and

modifying the relationship based on the comparison.

12. The method of claim 9, wherein determining a rela-
tionship comprises determining at least one of a threshold,
an equation, a look-up table, or a neural network.

13. The method of claim 9, further comprising:

storing the relationship within a medical device of a
patient;

recording values of the non-polysomnographic physi-
ological parameter set for a patient via the medical
device;
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applying the relationship to the values of the non-poly-
somnographic physiological parameter set; and

identifying sleep states of the patient based on the appli-
cation of the relationship.
14. The method of claim 13, wherein the medical device
is an implantable medical device.

15. The method of claim 13, further comprising:

evaluating quality of sleep of the patient based on the
identified sleep states; and

evaluating efficacy of therapy delivered to the patient by
the medical device based on the quality of sleep.

16. The method of claim 13, further comprising control-
ling delivery of therapy by the medical device based on the
identified sleep states.

17. A system comprising

a first plurality of sensors that sense a polysomnographic
physiological parameter set of a subject;

a second plurality of sensors that sense a non-polysom-
nographic physiological parameter set of the subject;
and

a processor that receives signals sensed by the first and
second pluralities of sensors during a period of time,
determines values of the polysomnographic physiologi-
cal parameter set and the non-polysomnographic physi-
ological parameter set based on the signals, and corre-
lates the wvalues of the non-polysomnographic
physiological parameter set with sleep states identified
based on values of the polysomnographic physiological
parameter set.

18. The system of claim 17, wherein the processor pre-
sents the values of the polysomnographic physiological
parameter set to a user for identification of sleep states of the
subject, receives an indication of the sleep states from the
user, and correlates the values of the non-polysomnographic
physiological parameter set with the identified sleep states.

19. The system of claim 17, wherein the processor ana-
lyzes the values of the polysomnographic physiological
parameter set, identifies sleep states of the subject based on
the analysis, and correlates the values of the non-polysom-
nographic physiological parameter set with the identified
sleep states.

20. The system of claim 17, wherein the processor pre-
sents the correlated values of non-polysomnographic physi-
ological parameter set and sleep states to a user.

21. The system of claim 17, wherein the processor ana-
lyzes the correlated values of the non-polysomnographic
physiological parameter set, and determines a relationship
that relates values of the non-polysomnographic physiologi-
cal parameter set to sleep states based on the analysis.

22. The system of claim 21,

wherein the processor receives signals, determines values
of the polysomnographic physiological parameter set
and the non-polysomnographic physiological param-
eter set, and correlates the values of non-polysomno-
graphic physiological parameter set with sleep states
identified based on the values of the polysomnographic
physiological parameter set for each of a plurality of
subjects, and
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wherein the processor analyzes the correlated values for
the plurality of subjects, and determines the relation-
ship based on the analysis for the plurality of subjects.
23. The system of claim 22, wherein the plurality of
subjects comprises a first plurality of subjects, and, for each
of a second plurality of subjects, the processor identifies
sleep states during a period of time based on polysomnog-
raphy, records values of a non-polysomnographic physi-
ological parameter set during the period of time, and applies
the relationship to the recorded values to identify sleep states
during the period of time, and

wherein the processor compares the identification of sleep
states based on polysomnography to the identification
of sleep states by application of the relationship, and
modifies the relationship based on the comparison.

24. The system of claim 21, wherein the relationship
comprises at least one of a threshold, an equation, a look-up
table, or a neural network.

25. The system of claim 17, wherein first plurality of
sensors include at least one of sensors that sense brain
electrical activity, sensors that sense eye motion, or sensors
that sense jaw or neck muscle activity or tension.

26. The system of claim 17, wherein the second plurality
of sensors includes at least one of sensors that sense posture,
sensors that sense activity level, sensors that sense heart rate,
sensors that sense respiration rate, sensors that sense respi-
ratory volume, sensors that sense blood oxygen saturation,
sensors that sense blood pressure, sensors that sense elec-
trocardiogram (ECG) morphology, sensors that sense core
temperature, sensors that sense partial pressure of oxygen
within blood, sensors that sense partial pressure of oxygen
within cerebral spinal fluid, sensors that sense pH of blood
or cerebral spinal fluid, sensors that sense glucose level in
blood or cerebral spinal fluid, sensors that sense protein
marker of pain within cerebral spinal fluid or subcutaneous
extracellular fluid, sensors that sense muscular activity,
sensors that sense muscular tone, sensors that sense arterial
blood flow, or sensors that sense galvanic skin response.

27. The system of claim 17, wherein at least one of the
second plurality of sensors is located proximate to an
implantable medical device implant location.

28. The system of claim 17, further comprising an extet-
nal data recorder that receives signals from the second
plurality of sensors, and provides the received signals to the
processor.

29. The system of claim 28, wherein the period of time is
a first period of time, the external data recorder receives
signals from the sensors during the first period of time,
stores the signals in a memory, and provides the stored
signals to the processor during a second period of time.

30. The system of claim 29, further comprising a device
that includes the processor, wherein the memory is a remov-
able memory that is receivable by the device that includes
the processor for provision of the stored signals to the
processor.

31. The system of claim 28, wherein the external data
recorder is configured to be worn by the subject, includes a
housing, and includes at least one of the second plurality of
sensors within the housing.

32. The system of claim 31, wherein the external data
recorder includes a three-axis accelerometer.

33. The system of claim 28, wherein the external data
recorder comprises first external data recorder, the system
further comprising a second external data recorder that
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receives signals from the first plurality of sensors, and
provides the received signals to the processor

34. The system of claim 17, further comprising a com-
puter that includes the processor.

35. A system comprising:

means for identifying sleep states of a subject during a
period of time based on polysomnography;

means for recording values of a non-polysomnographic
physiological parameter set of the subject during the
period of time; and

means for correlating the recorded values of the non-
polysomnographic physiological parameter set to the
sleep states identified by polysomnography during the
period of time.

36. The system of claim 35, further comprising:

means for analyzing the correlated values of the non-
polysomnographic physiological parameter set; and

means for determining a relationship that relates values of
the non-polysomnographic physiological parameter set
to sleep states based on the analysis.

37. The system of claim 36, wherein the means for
identifying sleep states comprises means for identifying
sleep states for each of a plurality of subjects during respec-
tive periods of time, the means for recording comprises
means for recording values of the non-polysomnographic
physiological parameter set for each of the plurality of
subject during the respective periods of time, the means for
correlating comprises means for correlating the values of the
non-polysomnographic  physiological — parameter —set
recorded during the respective periods of time for each of the
subjects to the sleep states identified by polysomnography
during the respective periods of time for each of the subjects,
the means for analyzing comprises means for analyzing the
correlated values for each of the plurality of subjects, and the
means for determining a relationship comprises means for
determining the relationship based on the analysis for the
plurality of subjects.

38. A computer-readable medium comprising instructions
that cause a programmable processor to:

identify sleep states of a subject during a period of time
based on polysomnography;

record values of a non-polysomnographic physiological
parameter set of the subject during a period of time; and

correlate the recorded values of the non-polysomno-

graphic physiological parameter set to the sleep states

identified by polysomnography during the period of
time.

39. The computer-readable medium of claim 38, further

comprising instructions that cause the programmable pro-
cessor to:

analyze the correlated values of the non-polysomno-
graphic physiological parameter set; and

determine a relationship that relates values of the non-
polysomnographic physiological parameter set to sleep
states based on the analysis.

40. The computer-readable medium of claim 39,

wherein the instructions that cause a programmable pro-
cessor to identify sleep states, record values of a
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14
non-polysomnographic physiological parameter set, wherein the instructions that cause a programmable pro-
and correlate the recorded values to the sleep states cessor to analyze the correlated values and determine a
comprise instructions that cause programmable proces- relationship based on the analysis comprise instructions

that cause a programmable processor analyze the cor-
related values for the plurality of subjects and deter-
mine the relationship based on the analysis.

sor to identify sleep states, record values of the non-
polysomnographic physiological parameter set, and
correlate the recorded values to the sleep states for each
of a plurality of subjects, and ok ok ok
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