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AUTONOMIC AROUSAL DETECTION
SYSTEM AND METHOD

RELATED PATENT DOCUMENTS

[0001] This application is a continuation of U.S. patent
application Ser. No. 10/920,675, filed Aug. 17, 2004, which
claims the benefit of Provisional Patent Application Ser. No.
60/504,344, filed on Sep. 18, 2003, to which priority is
claimed pursuant to 35 U.S.C. §119(e) and which is hereby
incorporated herein by reference.

FIELD OF THE INVENTION

[0002] The present invention relates generally to methods
and systems for detection of arousals from sleep.

BACKGROUND OF THE INVENTION

[0003] Sleep is generally beneficial and restorative to a
patient, exerting great influence on the quality of life. The
human sleep/wake cycle generally conforms to a circadian
rhythm that is regulated by a biological clock. Regular peri-
ods of sleep enable the body and mind to rejuvenate and
rebuild. The body may perform various tasks during sleep,
such as organizing long term memory, integrating new infor-
mation, and renewing tissue and other body structures.
[0004] Lack of sleep and/or decreased sleep quality may be
have a number of causal factors including, e.g., nerve or
muscle disorders, respiratory disturbances, and emotional
conditions, such as depression and anxiety. Chronic, long-
term sleep-related disorders e.g., chronic insomnia, sleep-
disordered breathing, and sleep movement disorders, includ-
ing restless leg syndrome (RLS), periodic limb movement
disorder (PLMD) and bruxism, may significantly affect a
patient’s sleep quality and quality of life.

[0005] Movement disorders such as restless leg syndrome
(RLS), and a related condition, denoted periodic limb move-
ment disorder (PLMD), are emerging as one of the more
common sleep disorders, especially among older patients.
Restless leg syndrome is a disorder causing unpleasant crawl-
ing, prickling, or tingling sensations in the legs and feet and
an urge to move them for relief. RLS leads to constant leg
movement during the day and insomnia or fragmented sleep
at night. Severe RLS is most common in elderly people,
although symptoms may develop at any age. In some cases, it
may be linked to other conditions such as anemia, pregnancy,
or diabetes.

[0006] Many RLS patients also have periodic limb move-
ment disorder (PLMD), a disorder that causes repetitive jerk-
ing movements of the limbs, especially the legs. These move-
ments occur approximately every 20 to 40 seconds and cause
repeated arousals and severely fragmented sleep.

[0007] A significant percentage of patients between 30 and
60 years experience some symptoms of disordered breathing,
primarily during periods of sleep. Sleep disordered breathing
is associated with excessive daytime sleepiness, systemic
hypertension, increased risk of stroke, angina and myocardial
infarction. Disturbed respiration can be particularly serious
for patients concurrently suffering from cardiovascular defi-
ciencies. Disordered breathing is particularly prevalent
among congestive heart failure patients, and may contribute
to the progression of heart failure.

[0008] Sleep apnea is a fairly common breathing disorder
characterized by periods of interrupted breathing experienced
during sleep. Sleep apnea is typically classified based on its
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etiology. One type of sleep apnea, denoted obstructive sleep
apnea, occurs when the patient’s airway is obstructed by the
collapse of soft tissue in the rear of the throat. Central sleep
apnea is caused by a derangement of the central nervous
system control of respiration. The patient ceases to breathe
when control signals from the brain to the respiratory muscles
are absent or interrupted. Mixed apnea is a combination ofthe
central and obstructive apnea types. Regardless of the type of
apnea, people experiencing an apnea event stop breathing for
aperiod oftime. The cessation of breathing may occur repeat-
edly during sleep, sometimes hundreds of times a night and
occasionally for a minute or longer.

[0009] In addition to apnea, other types of disordered res-
piration have been identified, including, for example, hypop-
nea (shallow breathing), dyspnea (labored breathing), hyper-
pnea (deep breathing), and tachypnea (rapid breathing).
Combinations of the disordered respiratory events described
above have also been observed. For example, Cheyne-Stokes
respiration (CSR) is associated with rhythmic increases and
decreases in tidal volume caused by alternating periods of
hyperpnea followed by apnea and/or hypopnea. The breath-
ing interruptions of CSR may be associated with central
apnea, or may be obstructive in nature. CSR is frequently
observed in patients with congestive heart failure (CHF) and
is associated with an increased risk of accelerated CHF pro-
gression.

[0010] An adequate duration and quality of sleep is
required to maintain physiological homeostasis. Untreated,
sleep disturbances may have a number of adverse health and
quality of life consequences ranging from high blood pres-
sure and other cardiovascular disorders to cognitive impair-
ment, headaches, degradation of social and work-related
activities, and increased risk of automobile and other acci-
dents.

SUMMARY OF THE INVENTION

[0011] The present invention is directed to systems and
methods for detecting arousals of a patient during sleep. One
embodiment of the invention is directed to a method for
acquiring sleep information including autonomic arousal
events. The method involves sensing one or more physiologi-
cal conditions modulated by a patient’s autonomic arousal
response. Autonomic arousal events occurring during sleep
are detected based on the one or more sensed signals. At least
one of sensing the physiological signals and detecting the
autonomic arousal events is performed at least in part
implantably.

[0012] Another embodiment of the invention is directed to
amethod for acquiring sleep-related information. An arousal
signal modulated by changes in muscle tone associated with
autonomic arousal is sensed using a sensor disposed on an
implantable therapy device. Autonomic arousal events are
detected based on the arousal signal.

[0013] Yet a further embodiment of the invention involves
a method for detecting arousals from sleep. One or both of a
signal modulated by brainwave activity associated with an
autonomic arousal response and a signal modulated by
changes in muscle tone associated with the autonomic arousal
response are generated. Autonomic arousal events are
detected, using an implantable device, based on at least one of
the brainwave signal and the muscle tone signal.

[0014] Another embodiment of the invention involves a
system for detecting autonomic arousal events. The system
includes an implantable therapy device and one or more sen-
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sors mechanically coupled to the implantable therapy device.
The sensors are configured to sense one or more physiologi-
cal conditions modulated by a patient’s autonomic arousal
response. An arousal detector is coupled to the sensor and is
configured to detect autonomic arousal events based on the
sensed physiological conditions.

[0015] In accordance with another embodiment of the
invention, a system detects autonomic arousal events occur-
ring during sleep. The system includes one or more sensors
configured to sense one or more physiological conditions
associated with a patient’s autonomic arousal response. An
implantable arousal detector is coupled to the one or more
sensors. The arousal detector is configured to detect auto-
nomic arousal events based on the one or more physiological
conditions.

[0016] One embodiment of the invention is directed to a
medical system detecting autonomic arousal events occurring
during sleep. The system includes one or more sensors con-
figured to sense one or more physiological conditions asso-
ciated with a patient’s autonomic arousal response. The sys-
tem also includes an implantable arousal detector coupled to
the one or more sensors. The arousal detector is configured to
detect autonomic arousal events based on the one or more
physiological conditions.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIGS. 1A-1D are a block diagrams of systems that
may be used to implement arousal detection in accordance
with embodiments of the present invention,

[0018] FIG. 1E illustrates graphs of signals from an elec-
troencephalogram (EEG) sensor and an electromyogram
(EMG) sensor used for arousal detection in accordance with
embodiments of the present invention;

[0019] FIGS. 1F-11 are diagrams illustrating various con-
figurations of an arousal sensor coupled to an implanted
medical device in accordance with embodiments of the
present invention;

[0020] FIG. 2 is a graph of a normal respiration signal
measured by a transthoracic impedance sensor that may be
utilized in accordance with embodiments of the present
invention;

[0021] FIG. 3A depicts a flow diagram illustrating various
optional processes that may be implemented in connection
with arousal detection according to embodiments of the
invention;

[0022] FIG. 3B is a flow chart illustrating a sleep detection
method based on signals from an accelerometer and a minute
ventilation sensor in accordance with embodiments of the
present invention,

[0023] FIG.4isagraph of an accelerometer signal indicat-
ing patient activity level that may be used for sleep detection
and arousal in accordance with embodiments of the present
invention;

[0024] FIG. 51s a graph of a patient’s heart rate and sensor
indicated rate that may be used for sleep detection and arousal
in accordance with an embodiment of the present invention;
[0025] FIG. 6 is a graph of baseline trending for a minute
ventilation (MV) signal used for sleep detection in accor-
dance with embodiments of the present invention;

[0026] FIG. 7 illustrates adjustment of an accelerometer
sleep threshold using an MV signal in accordance with
embodiments of the present invention
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[0027] FIG. 8 is a respiration signal graph illustrating res-
piration intervals used for disordered breathing detection
according to embodiments of the present invention;

[0028] FIG. 9 is a graph of a respiration signal illustrating
various intervals that may be used for detection of apnea in
accordance with embodiments of the present invention;
[0029] FIG. 10 is a respiration graph illustrating abnor-
mally shallow respiration utilized in detection of disordered
breathing in accordance with embodiments of the present
invention;

[0030] FIG. 11 is aflow chart illustrating a method of apnea
and/or hypopnea detection according to embodiments of the
present invention;

[0031] FIG. 12 illustrates a medical system including an
implantable cardiac rhythm management device that coopet-
ates with a patient-external respiration therapy device to pro-
vide coordinated patient monitoring, diagnosis and/or
therapy in accordance with an embodiment of the present
invention;

[0032] FIG. 13 is an illustration of an implantable cardiac
device including a lead assembly shown implanted in a sec-
tional view of a heart, the device used in connection with
arousal detection in accordance with embodiments of the
present invention;

[0033] FIG. 14 is an illustration of a thorax having an
implanted subcutaneous medical device that may be used in
connection with arousal detection in accordance with an
embodiment of the present invention; and

[0034] FIG. 15 is a block diagram of a cardiac rhythm
management (CRM) system suitable for implementing an
arousal detection methodology in accordance with embodi-
ments of the present invention.

[0035] While the invention is amenable to various modifi-
cations and alternative forms, specifics thereof have been
shown by way of example in the drawings and will be
described in detail below. It is to be understood, however, that
the intention is not to limit the invention to the particular
embodiments described. On the contrary, the invention is
intended to cover all modifications, equivalents, and alterna-
tives falling within the scope of the present invention as
defined by the appended claims.

DETAILED DESCRIPTION OF VARIOUS
EMBODIMENTS

[0036] In the following description of the illustrated
embodiments, references are made to the accompanying
drawings, which form a part hereof, and in which are shown
by way of illustration, various embodiments by which the
invention may be practiced. It is to be understood that other
embodiments may be utilized, and structural and functional
changes may be made without departing from the scope of the
present invention.

[0037] An adequate quality and quantity of sleep is
required to maintain physiological homeostasis. Prolonged
sleep deprivation or periods of highly fragmented sleep ulti-
mately will have serious health consequences. Chronic frag-
mented sleep may be associated with various cardiac or res-
piratory disorders affecting a patient’s health and quality of
life.

[0038] Assessment of sleep is traditionally performed in a
polysomnographic sleep study at a dedicated sleep facility.
Polysomnographic studies involve acquiring sleep-related
data, including the patient’s typical sleep patterns and the
physiological, environmental, contextual, emotional, and
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other conditions affecting the patient during sleep. However,
such studies are costly, inconvenient to the patient, and may
not accurately represent the patient’s typical sleep behavior.
Sleep assessment in a laboratory setting presents a number of
obstacles in acquiring an accurate picture of a patient’s typi-
cal sleep patterns including arousals and sleep disorders. For
example, spending a night in a sleep laboratory typically
causes a patient to experience a condition known as “first
night syndrome,” involving disrupted sleep during the first
few nights in an unfamiliar location. In addition, sleeping
while instrumented and observed may not result in a realistic
perspective of the patient’s normal sleep patterns.

[0039] Various aspects of sleep quality, including number
and severity of arousals, number and severity of autonomic
arousal events, sleep disordered breathing episodes, noctut-
nal limb movements, and cardiac, respiratory, muscle, and
nervous system functioning may provide important informa-
tion for diagnosis and/or therapy delivery. Superficially, sleep
may viewed as a monolithic event that is characterized by a
period of unconsciousness. If examined in greater detail,
sleep periods may be described as involving a series of events
or stages. For example, sleep is typically divided into various
stages of sleep, including rapid eye movement (REM) sleep
and non-REM (NREM) sleep. Non-REM sleep may be fur-
ther subdivided into stage 1, stage 2 and stage 3 non-REM
sleep, for example.

[0040] One indicator of sleep quality is the number of
arousals experienced during sleep. An arousal is an event that
occurs during sleep and may be identified based on changes in
electroencephalogram (EEG) signals during non-REM sleep
and changes in FEG and electromyogram (EMG) signals
during REM sleep. Arousal events may or may not culminate
in wakefulness. The patient may experience an arousal event
during sleep and never wake up.

[0041] Inone implementation, arousal from sleep has been
identified, for example, based on a shift in the patient’s EEG
signal to a higher frequency for a specified period of time
during non-REM sleep assuming sleep has been previously
detected. Arousals during REM sleep have been identified by
the EEG arousal defined above in addition to changes in an
EMG signal or body movements. Arousals, as identified
based on changes in EEG signals, encompass activation of the
patient’s autonomic nervous system.

[0042] Activation of the patient’s autonomic nervous sys-
tem during sleep may be used to identify arousal events
referred to herein as an autonomic arousal event. Autonomic
arousal events may be identified by an autonomic arousal
response involving transient activation of the patient’s auto-
nomic nervous system. The autonomic arousal response may
or may not result in detectable changes to the patient’s EEG
signal.

[0043] Autonomic arousal events comprise transient
changes during sleep that affect autonomic physiological
parameters such as heart rate, blood pressure, cardiac output,
peripheral vasoconstriction, sympathetic nerve traffic, and
arteriole size, among other conditions. For example, an auto-
nomic arousal event may be detected based on a change of
about 4 mm Hg increase in systolic blood pressure and/or
about a 4 beat per minute increase in heart rate. As previously
mentioned, autonomic arousal events begin during sleep and
may or may not result in wakefulness. Thus, the patient may
experience a number of autonomic arousal events while
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asleep without achieving a waking state. Nevertheless, these
autonomic arousal events disrupt the patient’s sleep and
degrade sleep quality.

[0044] Information about the autonomic arousal events
may be stored in memory, and/or transmitted to a separate
device for printing or display. Information about the auto-
nomic arousal events may be used to diagnose sleep disorders
and/or adjust patient therapy, such as cardiac stimulation
therapy, drug therapy, neural stimulation therapy, and/or res-
piration therapy. Trending sleep information including auto-
nomic arousal events and correlating the sleep information
with sleep disorder events may be helpful in determining and
maintaining appropriate therapies for patients suffering from
a range of sleep disorders.

[0045] Many sleep disorder events, e.g., disordered breath-
ing events and movement disorder events, are followed by
autonomic arousal events. These autonomic arousals disrupt
the normal sleep pattern and may be involved in causing
chronic hypertension. The autonomic arousal response may
be visible on signals generated by electroencephalogram
(EEG) sensors, electromyogram (EMG) sensors, and/or other
sensors sensitive to autonomic nervous system changes.

[0046] In accordance with embodiments of the present
invention, information related to the patient’s autonomic
arousal response may be collected and/or analyzed. The iden-
tification of autonomic arousal events may be used for a
variety of purposes, including detecting and/or verifying
sleep disorder events, trending the number of arousals per
night, and developing various indices such as an arousal index
and/oracomposite index based on arousals and sleep disorder
events. The arousal information may be collected and used in
the evaluation of sleep and/or sleep disorders.

[0047] Frequent arousals are indicative of a number of
medical disorders, including sleep disorder such as nocturnal
periodic limb movement syndrome and/or sleep disordered
breathing. Further, frequent arousals of the sympathetic ner-
vous system may lead to chronic hypertension or other medi-
cal problems. The ability to detect individual and/or aggre-
gate arousals may be used in diagnosing various medical
disorders, including disordered breathing, movement disor-
ders, and hypertension, for example.

[0048] If the patient receives therapy to treat a diagnosed
medical disorder, then the ability to count and trend arousals
also provides information regarding therapy efficacy. For
example, if arousals decline after therapy is delivered, then it
may be assumed that the therapy provides an effective treat-
ment forthe diagnosed medical disorder. Further, detection of
an arousal following delivery of therapy may be used to
provide feedback for therapy control.

[0049] The methodologies described herein involve using
arousal information in combination with disordered breath-
ing information. For example, the system may provide the
capability of discriminating between disordered breathing
events that cause arousals and disordered breathing events
that do not cause arousals. The detection of arousals may
allow trending of arousals that occur during sleep. The disor-
dered breathing events that are followed by arousals are con-
sidered to be the most disruptive, because repeated arousals
prevent the patient from receiving a restful sleep. Some
patients continue to experience disordered breathing events
during an aroused status. It may be desirable to ignore disor-
dered breathing events that occur during an aroused state. The
ability to detect an arousal and ignore subsequently detected
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disordered breathing events during arousal may improve the
accuracy of disordered breathing indices, e.g., apnea/hypop-
nea index.

[0050] FIGS. 1A through 1C illustrate embodiments of the
invention directed to detection arousal from sleep. As
depicted in FIG. 1A, an arousal detection system may com-
prise, for example, a sensor 105 that generates a signal modu-
lated by changes in muscle tone associated with autonomic
arousal. Such a signal may be generated, for example, using
an electromyogram sensor or a strain gauge positioned in
contact with or near skeletal muscle, such as the pectoral
muscle. The sensor 105 is disposed on an implantable device
150, such as an implantable cardiac rhythm management
system (pacemaker, defibrillator, cardiac monitor, cardiac
resynchronizer), implantable drug pump, implantable neural
stimulator, or other implantable diagnostic or therapeutic
device. The implantable device 150 may implantably monitor
various physiological conditions and deliver therapy to the
patient. For example, the implantable device may deliver
cardiac stimulation therapy, neural stimulation therapy, drug
therapy, and/or other therapies or combinations of therapies
to treat various diseases or disorders affecting the patient. In
some embodiments, the implantable device delivers therapy
to treat sleep disorders, for example. Implantably performing
an operation comprises performing the operation using a
component, device, or system that is partially or fully
implanted within the body.

[0051] The sensor 105 may be positioned on the housing,
header, lead system, or other component of the implantable
device 150 so that the sensor 105 is in contact with, or near,
skeletal muscle. The sensor 105 generates signals modulated
by changes in muscle tone associated with autonomic arousal
from sleep. The sensor 105 is communicatively coupled to an
arousal detector 120. The sensor 105 and the arousal detector
120 may communicate through a wired or wireless commu-
nication link, for example. The arousal detector 120 detects
arousals from sleep based on the signal generated by the
sensor 105.

[0052] FIG. 1B illustrates another embodiment of the
invention. A sensor system 110 may comprise one or both of
a muscle tone sensor e.g., an EMG sensor, configured to
generate a signal modulated with changes in muscle tone
associated with autonomic arousals and a brainwave sensor,
e.g., an EEG sensor, configured to generate a signal modu-
lated by brainwave activity associated with autonomic arous-
als. The EMG sensor generates signals modulated by changes
in muscle tone associated with autonomic arousals from
sleep. The EEG sensor generates a signal modulated by brain-
wave activity associated with autonomic arousals from sleep.
The EMG and EEG sensors are communicatively coupled to
an arousal detector 120 disposed within a housing of an
implantable device 140. The arousal detector 120 detects
arousals from sleep based on at least one of the EEG signal
and the EMG signal.

[0053] Other sensors may be used in connection with
arousal detection. For example, an accelerometer may be
employed to detect patient movement correlated to arousal.
An electrogram or other cardiac sensor may be used to detect
various cardiac parameters associated with arousal. For
example, heart rate increases upon arousal, the AV delay
decreases upon arousal, and heart rate variability is modified
by autonomic tone changes associated with arousal. Cardiac
output increases during arousal, as may be measured via an
impedance sensor. Blood pressure, measured, for example,
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by a lead-based pressure gauge, is modulated by arousal and
may be utilized in arousal detection. Peripheral arterial tonog-
raphy may be used in arousal detection. Arteriole size, which
may be measured by photoplethysmography, decreases upon
arousal due to sympathetic nervous system activation. Sym-
pathetic nerve traffic modulated by arousal may be sensed
using microelectrodes coupled to an implantable device.
[0054] The implantable device 150 may monitor various
physiological conditions and/or deliver therapy to the patient.
For example, the implantable device may deliver cardiac
stimulation therapy, neural stimulation therapy, drug therapy,
or other therapies or combinations of therapies to treat dis-
eases or disorders affecting the patient. The implantable
device may deliver therapy to treat sleep disorders, for
example.

[0055] The block diagram of FIG. 1C depicts another
embodiment of a system that may be used to detect arousals
from sleep. The system includes a detector 115 configured to
detect changes in the patient’s nervous system. The changes
may comprise sympathetic and/or parasympathetic nervous
system changes. The system also includes an arousal detector
in an implantable device, the arousal detector configured to
detect arousals from sleep based on the nervous system
changes. The system may be configured to detect the presence
of individual arousal events, the presence of aggregate arous-
als, or the presence of both individual and aggregate arousals.
[0056] For example, in one implementation, the sensors
may sense conditions that are modulated contemporaneously
with an arousal event. In this implementation, the system may
detect an individual arousal event during or slightly after the
occurrence of the arousal event, for example. In another
implementation, the sensors may be sensitive to conditions
that are modulated by the aggregate effect of multiple arousal
events that occur over a period of time. In such an implemen-
tation, detection of individual arousals may or may not occur.
The implantable device 130 may detect changes in physi-
ological conditions that are caused by the occurrence of mul-
tiple arousals. The changes in the physiological conditions
are used by the system to determine that multiple arousal
events that have occurred over a period of time. A represen-
tative set of conditions indicative of the occurrence of mul-
tiple arousal events over a period of time may include, heart
rate variability, blood pressure, AV-delay, arteriole size, sym-
pathetic nerve activity, among others. This list is not exhaus-
tive and other conditions may be sensed by the system to
determine the occurrence of multiple arousal events.

[0057] FIG. 1D illustrates an embodiment of the present
invention involving detection of arousals during sleep peri-
ods. The processes and systems exemplified by these embodi-
ments may be implemented alone or in combination with one
or more processes and systems exemplified by other embodi-
ments described herein to provide a coordinated approach to
patient monitoring, diagnosis, and/or therapy.

[0058] As is illustrated in FIG. 1D, a system 160, in accor-
dance with an embodiment of the present invention, may
include one or more patient-internal and/or patient-external
sensors 170 for sensing the autonomic arousal response of the
patient. In one configuration, one or more EMG sensors may
be used. In other configurations, one or more EEG sensors, a
combination of one or more EMG sensors and one or more
EEG sensors, and/or one or more other types of sensors
capable of sensing arousal may be employed.

[0059] IfEMG sensors are employed, the sensors are posi-
tioned on or near muscles and used to sense muscle electrical
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signals (myopotentials) associated with the autonomic
arousal response. In one example, the EMG sensors are
placed on the header, housing, or lead system of'an implanted
device. For example, the EMG sensors may be placed on the
housing of a cardiac device capable that is capable of sensing
cardiac activity and/or delivering electrical stimulation to the
heart. The cardiac device housing may be implanted in the
pectoral region. In this implementation, the EMG sensors are
positioned to detect arousals based on the electrical activity of
the pectoral muscle.

[0060] Alternatively, or additionally, the system 160 may
include, for example, one or more EEG sensors used to detect
brain activity. The EEG sensors may be positioned on a res-
piratory mask assembly such as on the respiratory mask and/
or respiratory mask strap of a CPAP device, for example, or
may be positioned appropriately to detect brain activity. Sig-
nals from the one or more sensors 170 may be transmitted to
an arousal detector 162 located in an implantable device 161
via leads or a wireless communication link, for example.
[0061] Theimplanted medical device 161 may perform one
or a combination of monitoring, diagnostic, and/or therapeu-
tic functions. Arousal information may be stored in the
memory of a monitoring/diagnostic unit 167 of the implanted
medical device 161. The monitoring/diagnostic unit 167 may
include a processor for making evaluating the arousal infor-
mation and/or determining values or indices using the arousal
information. For example, the monitoring/diagnostic unit
processor may determine the number of arousals occurring
within a sleep period, or other specified time period. The
monitoring/diagnostic unit processor may determine an
arousal index (arousals detected per unit time), an apnea/
hypopnea index (apneas or hypopneas detected per unit time),
or other indices. Further, the monitoring/diagnostic unit pro-
cessor may evaluate the sleep disorder events to determine if
arousals are associated with the sleep disorder events. For
example, ifan arousal is detected within a predetermined time
period after a sleep disorder event is detected, the arousal may
be associated with the sleep disorder event. Using this pro-
cess, arousals from sleep that are associated with sleep dis-
order events can be discriminated from arousals from sleep
that are not associated with sleep disorder events.

[0062] The arousal information may be processed, trended,
displayed, and/or transmitted to another device, such as an
advanced patient management (APM) system 180 or a pro-
grammer 190, periodically or on command. Advanced patient
management systems involve a system of medical devices
that are accessible through various communications tech-
nologies, including wireless and wired communication links.
Patient data may be downloaded from one or more of the
medical devices periodically or on command, and stored at
the patient information server. The physician and/or the
patient may communicate with the medical devices and the
patient information server, for example, to provide or acquire
patient data or to initiate, terminate or modify therapy.
[0063] The data stored on the patient information server
may be accessible by the patient and the patient’s physician
through one or more terminals, e.g., remote computers
located in the patient’s home or the physician’s office. The
patient information server may be used to communicate to
one or more of the patient-internal and patient-external medi-
cal devices to provide remote control of the monitoring, diag-
nosis, and/or therapy functions of the medical devices.
[0064] In one embodiment, the patient’s physician may
access and evaluate patient data transmitted from the medical

Apr. 17,2014

devices to the patient information server. After evaluation of
the patient data, the patient’s physician may communicate
with one or more of the patient-internal or patient-external
devices through the APM system to initiate, terminate, or
modify the monitoring, diagnostic, and/or therapy functions
of the patient-internal and/or patient-external medical sys-
tems. Systems and methods involving advanced patient man-
agement techniques are further described in U.S. Pat. Nos.
6,336,903, 6,312,378, 6,270,457, and 6,398,728, hereby
incorporated herein by reference.

[0065] In one application, for example, the number of
arousals may be counted and used to calculate an arousal
index to quantify the number of arousals experienced by the
patient per unit time. Arousal information may be used to
determine a number of sleep quality indices. Various
approaches for sleep quality assessment that may be utilized
in connection with embodiments of the invention, such as the
implementation of various sleep quality indices, are
described in commonly owned U.S. patent application Ser.
No. 10/642,998, (Docket No. GUID.058PA), filed Aug. 18,
2003, and incorporated herein by reference.

[0066] Autonomicarousal represents a sleep stage that may
be detected by the approaches described herein. Arousal
detection may be utilized in connection with determining
sleep stage and information about various sleep stages expe-
rienced by the patient. Various processes for acquiring infor-
mation about sleep stages, some of which may be used in
connection with embodiments described herein, are
described in commonly owned U.S. patent application Ser.
No. 10/643,006 (Docket No. GUID.060PA), filed Aug. 18,
2003, and incorporated herein by reference.

[0067] The arousal information may be used in diagnosing
and treating a variety of disorders, including nocturnal sleep
disorders, such as periodic leg movement disorder, sleep dis-
ordered breathing, such as sleep apnea, hypertension, and
other conditions. The ability to count and trend these arousals
provides diagnostic information regarding patient status with
respect to the disorders. For example, autonomic arousals are
associated with causing hypertension. A presence of hyper-
tension may be determined or predicted based on arousal
information, such as a trend of arousal events over time.
Trending arousals may be used to improve therapy used to
treat sleep disorders.

[0068] Arousals fracture sleep staging, leading to disrupted
sleep, and as a consequence, daytime sleepiness. An arousal
will bring a patient out of REM sleep or deep sleep (stage
3-4), and bring them temporarily to a waking state. As a
consequence, the amount of REM and deep sleep is limited,
since the patient has to go back through Stage 1-2 sleep before
they enter REM or deep sleep.

[0069] The implanted device 161 may include a sleep
detector 176 and one or more sleep sensors 166 for determin-
ing the onset and/or offset of sleep. The sleep detector 176
may determine the sleep state of the patient using one or more
patient conditions related to sleep, such as activity level, time
of day, heart rate, respiration rate, posture, proximity to bed,
and/or other factors indicative of sleep. Sleep detection may
involve, for example, sensing sleep-related conditions and
comparing the sensed sleep-related conditions to thresholds.
The patient’s sleep state may be determined based on the
comparison. In one embodiment described below, sleep
detection involves comparing a first sleep-related parameter
to a threshold that is modulated by a second sleep-related
parameter. Automatic sleep detection facilitates calculation
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of various indices used to assess sleep quality such as number
of arousals per sleep period, and/or other indices based on
sleep period, for example.

[0070] In one configuration, arousal information may be
used by a therapy control unit 175 within the implantable
device 161 for initiating, terminating, or adjusting therapy.
Alternatively, the arousal information may be transmitted to
the APM system 180 or other remote device for automatic or
physician conducted analysis. The APM system 180 may
transmit control signals to the implanted device 161 to ini-
tiate, terminate or modify therapy delivered by the implanted
device 161. For example, arousal feedback information may
be used by an APM system, an implantable cardiac device, an
external respiration therapy device, or other therapy device or
combinations of devices to provide closed-loop control of the
therapy using arousal information feedback.

[0071] In one configuration, the arousal detector 162 is a
component of the implanted device 161 and is positioned
within the implanted device housing, for example. The
arousal detection function may alternatively be performed in
a patient-internal or patient-external device other than the
implanted device 161, such as an APM system 180, for
example. In this configuration, sensor data collected by the
implanted device 161 from the sensors 170 may be transmit-
ted to the APM system 180 and used for arousal detection.
[0072] Detection of arousals involves evaluating the
arousal information acquired from the sensors 170 for a char-
acteristic signature of autonomic arousal. Autonomic arousal
responses, as detected using EEG sensors and EMG sensors,
are illustrated in the graph of FIG. 1B.

[0073] Referring now to FIG. 1E, a sleep study sensor array
output is illustrated including an apnea event terminating in
an arousal. Arousal detection may be implemented using
implantable sensors capable of detecting changes in the sym-
pathetic or parasympathetic nervous system. These changes
may be either short-term (i.e., changes associated with indi-
vidual arousals) or long-term (i.e., aggregate effect of mul-
tiple arousals). A short-term effect of arousal includes, for
example, the activation of sympathetic nerve activities. Sym-
pathetic or parasympathetic changes, or the changes of auto-
nomic balance can be assessed, for example, by heart rate
variability (HRV), which can be detected using a device con-
figured to sense cardiac activity, changes in heart rate, and/or
changes in AV conduction.

[0074] 1In the graphs of FIG. 1E, the abscissa of all the
graphs is the same time period during the sleep analysis of a
patient. The ordinate of each of the graphs is the signal ampli-
tude of the respective sensor. Traces 181, 182, 183, and 184
are the top, second, third, and fourth traces respectively, plot-
ted from sensors adapted to produce electroencephalogram
(EEG) signals. Evident in all four traces, but particularly
pointed out in traces 181 and 182 is a characteristic signature
of an EEG signal indicative of arousal 194. A trace 185
provides an electrocardiogram (EKG) of the heart beats dur-
ing the time period of the graph. A trace 186 provides an
electromyogram defining muscular movement during the
time period of the graph. Particularly evident in the trace 186
is a characteristic signature of an EMG signal indicative of
arousal 192.

[0075] Traces 187, 188, 191, and 189 illustrate various
parameters related to respiration. Trace 187 is nasal pressure,
188 is thoracic effort, 191 is abdominal effort, and 189 is the
sum of the thoracic and abdominal effort. Trace 193 depicts
the blood oxygen saturation level of the patient. Pulmonary
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activity may be sensed through the use of internal sensors,
such as impedance sensors and/or minute ventilation sensors
described further below.

[0076] Inaccordance with aspects of the present invention,
arousal detection may be used in connection with detection of
sleep disorders, such as disordered breathing. Sleep disor-
ders, such as disordered breathing and/or PLMD may cause
the patient to arouse from sleep frequently during a sleep
period. Thus arousals from sleep follow the sleep disorder
event. In one configuration, arousal detection may be used as
a surrogate for direct detection of the disordered condition.
For example, in systems that do not have a respiration sensor
capable of detecting disrupted respiration, arousal detection
may be used as a surrogate for detecting disrupted respiration.
In systems that do not have a sensor capable of detecting
nocturnal limb movements, arousal detection may be used as
a surrogate for detecting PLMD, or other movement disor-
ders.

[0077] In one implementation, arousal detection may be
combined with sleep disorder event detection to verify the
occurrences of sleep disorders. Referring again to FIG. 1D,
the system 160 may include sleep disorder event detector
6015 for sensing patient conditions associated with sleep
disorders, e.g., sleep apnea and PLMD. In one configuration,
the sleep disorder sensor system 6015 includes a transtho-
racic impedance sensor capable of sensing respiration. The
respiration signals are evaluated by a sleep disorder event
detector 164 to detect occurrences of disordered breathing. In
another configuration, the sleep disorder sensor system 6015
includes an accelerometer positioned on a limb of the patient
to sense nocturnal movements. The accelerometer signals are
evaluated by the sleep disorder event detector 164 to detect
occurrences of sleep movement disorders.

[0078] Arousal information may be used by the sleep dis-
order event detector 164 to augment detection of sleep disor-
der events. For example, arousal information may be used to
confirm occurrences of disordered breathing as described
earlier. Arousal information may be used to distinguish
between correctly and incorrectly identified sleep disorder
events indicated by the sleep disorder event detector 164.
[0079] Further, information from the arousal detector may
be used to separate sleep disorder events, e.g., apnea, hypop-
nea and/or PLMD, followed by arousal versus those termi-
nated without arousal. The sleep disorder events that are
followed by arousal are considered to be the most disruptive,
as these arousals interrupt the normal course of sleep and
prevent the patient from receiving a full sleep cycle each
night. Detecting these types of sleep disorder events enharnces
the specificity of sleep disorder event detection and guides
diagnosis and/or therapy.

[0080] The arousal information may be used to modify
therapy for sleep disorder events such as disordered breath-
ing. In various implementations, the arousal information and/
or disordered breathing information may be used by a therapy
control unit 175 in the implanted device 161 to modify dis-
ordered breathing therapy delivered to the patient. The
therapy may be delivered by the implanted device, or by a
separate, possibly external, therapy device.

[0081] For example, electrical stimulation therapy may be
provided by the implanted device 161. Detection of disor-
dered breathing may be used to initiate the electrical stimu-
lation therapy. Detection of arousal, indicating the end of the
disordered breathing event, may be used to terminate the
electrical stimulation therapy, for example.
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[0082] 1In another example, electrical stimulation therapy
may be provided, and the number of arousals monitored. If
the electrical stimulation therapy causes too many arousals,
the electrical stimulation therapy may be adjusted or termi-
nated.

[0083] In another example, the APM system 180 may
receive information about sleep disorder events from the
sleep disorder event detector 164 and/or arousal information
from the arousal detector 162. The information may be auto-
matically evaluated by the APM system 180, or may be evalu-
ated by the patient’s physician. The APM system 180 may be
used to transmit control signals to the therapy control unit 175
of the implanted device 161 to initiate, terminate or modify
the therapy delivered to the patient. Further details of systems
and methods for advanced patient management will be
described further below, in particular with reference to FIG.
16.

[0084] In various configurations, an EMG sensor may be
positioned on a housing or header of an implantable device,
such as a cardiac rhythm management device, or may be
located on a catheter or lead coupled to the cardiac rhythm
management device. An EMG sensor located on a device
positioned in the pectoral region provides access to skeletal
muscle that may be exploited to detect arousal.

[0085] FIGS. 1F-11 illustrate various configurations of an
arousal sensor mechanically coupled to an implanted medical
device 121, such as an implantable pacemaker or implantable
cardioverter/defibrillator in accordance with embodiments of
the invention. The implantable medical device 121 may
include a housing 122 enclosing the medical device circuitry
and a header 124 for coupling a lead system 141 to the
circuitry of the medical device 121.

[0086] An arousal sensor may be implemented, for
example, using an electromyogram (EMG) electrode 126 or
force responsive sensor 131 positioned on the housing 122 of
the medical device 121 as illustrated in FIGS. 1C and 1D,
respectively. FIG. 1H illustrates an arousal sensor 128 posi-
tioned on the header 124 of the medical device 121. Alterna-
tively, an arousal sensor 142, e.g., EMG electrode or strain
gauge, may be positioned on the lead system 141 or may be
coupled to the housing 122 through a catheter or lead system
141, such as by using the header 124, as illustrated in FIG. 1F.
[0087] FIG. 3A depicts a flow diagram illustrating various
optional processes that may be implemented in connection
with arousal detection according to embodiments of the
invention. Detection of sleep 320 may be used to inform the
arousal detection process 310 and the sleep disorder event
detection process 340. Information about sleep, sleep disor-
der events, and arousals from sleep are monitored 370. The
information may be used to diagnose sleep-related disorders
and/or other disorders 375, calculate arousal and sleep disor-
der indices, develop trend information 380, correlate arousals
with sleep disorder events 385, and/or adjust therapy deliv-
ered to the patient 390. Upon detection of a sleep disorder
event 340, e.g., sleep disordered breathing, therapy to miti-
gate the sleep disorder event may be initiated 350. Arousal
detection 310 signals the end of the sleep disorder event, and
therapy may be terminated 360 following detection of arousal
from sleep.

[0088] Various embodiments of the invention involve the
use of arousal detection cooperation with sleep detection.
Various aspects of sleep quality, including number and sever-
ity of arousals, sleep disordered breathing episodes, nocturnal
limb movements, correlation of sleep disorder events to
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arousals, and other cardiac, respiratory, muscle, and nervous
system functioning may provide important information for
diagnosis and/or therapy delivery. An initial step to sleep
quality evaluation is an accurate and reliable method for
discriminating between periods of sleep and periods of wake-
fulness. Various approaches to sleep detection, some of which
may be used in combination with embodiments of the inven-
tion presented herein, are described in commonly owned U.S.
patent application Ser. No. 10/309,771 (Docket No. GUID.
064PA), filed Dec. 4, 2002, and incorporated herein by refer-
ence.

[0089] The flowchart illustrated in FIG. 3B is one example
of an algorithmic approach to sleep detection that may be
used in cooperation with detection of arousal from sleep in
accordance with embodiments of the invention. In an exem-
plary methodology described below, detection of sleep is
based in part on patient respiration. FIG. 2 illustrates normal
breathing cycles. Respiration may be sensed, for example, by
measuring the patient’s transthoracic impedance. Transtho-
racic impedance increases with respiratory inspiration 220
and decreases with respiratory expiration 210. The imped-
ance signal 200 is also proportional to the amount of air
inhaled. Referring now to FIG. 2, a tranthoracic impedance
signal 200 is illustrated. The impedance signal 200 may be
developed, for example, using intracardiac impedance elec-
trodes in combination with a CRM device.

[0090] The variations in impedance during respiration,
identifiable as the peak-to-peak variation of the impedance
signal 200, may be used to determine the respiration tidal
volume. Tidal volume (TV) corresponds to the volume of air
moved in a breath. Minute ventilation (MV) may also be
determined, corresponding to the amount of air moved in a
one minute.

[0091] Inthe flow chart of FIG. 3B, an accelerometer and a
minute ventilation sensor are used to develop the first and
second signals associated with sleep. A preliminary acceler-
ometer signal sleep threshold is determined 312. For
example, the preliminary sleep threshold may be determined
from clinical data taken from a group of subjects or historical
data taken from the patient over a period of time.

[0092] The activity level of the patient is monitored using
an accelerometer 314 that may be incorporated into an
implantable cardiac pacemaker as described above. Alterna-
tively, the accelerometer may be attached externally to the
patient. The patient’s minute ventilation (MV) signal is moni-
tored 316. The MV signal may be acquired, for example,
based on the transthoracic impedance signal as described
above using an implantable cardiac device. Other methods of
determining the MV signal are also possible and are consid-
ered to be within the scope of this invention.

[0093] Inthis example, the accelerometer signal represents
the sleep detection signal associated with the sleep threshold.
The MV signal is the threshold adjustment signal used to
adjust the sleep threshold. Heart rate is monitored 318 in this
example to provide a sleep confirmation signal.

[0094] Threshold adjustment may be accomplished by
using the patient’s MV signal status 322 to moderate the
accelerometer sleep threshold. If the patient’s MV signal
status 322 is low relative to an expected MV level associated
with sleep, the accelerometer sleep threshold is increased
324. Similarly, if the patient’s MV signal status 322 is high
relative to an expected MV level associated with sleep, the
accelerometer sleep threshold is decreased 344. Thus, when
the patient’s MV level is high, less activity is required to make
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the determination that the patient is sleeping. Conversely
when the patient’s MV level is relatively low, a higher activity
level may result in detection of sleep. The use of two sleep-
related signals to determine a sleep condition enhances the
accuracy of sleep detection over previous methods using only
onesleep-related signal to determine that a patientis sleeping.

[0095] Various signal processing techniques may be
employed to process the raw sensor signals. For example, a
moving average of a plurality of samples of each sleep-related
signal may be calculated and used as the sleep-related signal.
Furthermore, the sleep-related signals may be filtered and/or
digitized. If the MV signal status 322 is high relative to an
expected MV level associated with sleep, the accelerometer
sleep threshold is decreased 344. If the MV signal status 322
1s low relative to an expected MV level associated with sleep,
the accelerometer sleep threshold is increased 324.

[0096] If the sensed accelerometer signal is less than or
equal to the adjusted sleep threshold, indicated by a yes at
decision 326, and if the patient is not currently in a sleep state
328, then the patient’s heart rate is checked 334 to confirm the
sleep condition. If the patient’s heart rate is compatible with
sleep 334, then sleep onset is determined 336. If the patient’s
heart rate is incompatible with sleep, then the patient’s sleep-
related signals continue to be monitored.

[0097] Ifthe accelerometer signal is less than or equal to the
adjusted sleep threshold at decision 326, and if the patient is
currently in asleep state 328, then a continuing sleep state 332
is determined and the patient’s sleep-related signals continue
to be monitored for sleep termination to occur.

[0098] If the accelerometer signal is greater than the
adjusted sleep threshold, as indicated by a no condition at
decision 326, and the patient is not currently in a sleep state
338, then the patient’s sleep-related signals continue to be
monitored until sleep onset 336 is detected. If the accelerom-
eter signal is greater than the adjusted sleep threshold at
decision 326, and the patient is currently in a sleep state 338,
then sleep termination is detected 342.

[0099] The graphs of FIGS. 4-7 illustrate sensor data,
trends, and the adjustment of the accelerometer sleep thresh-
olds using the MV signal. The relationship between patient
activity and the accelerometer and MV signals is trended over
aperiod of time to determine relative signal levels associated
with a sleep condition. FIG. 4 illustrates an activity level 430
as indicated by an accelerometer signal 410 (the accelerom-
eter signal 410 is represented in the graph legend as trace XL.).
The accelerometer signal 410 indicates a period of sleep 420
associated with a relatively low level of activity beginning at
slightly before time 23:00 and continuing through time 6:00.
The accelerometer trends may be used to establish a threshold
for sleep detection. The activity level 430 may be derived, for
example, by integrating the accelerometer signal 410 withina
moving time window, where the length of the time window is
adjusted to compensate for movement during sleep or other
spurious activity or inactivity sources.

[0100] The patient’s heart rate for the same time period
illustrated in FIG. 4 is graphed in FIG. 5. A heart rate signal
510 appropriately tracks the activity level 430 (FIG. 4) indi-
cated by the accelerometer, indicating a similar period 530 of
low heart rate corresponding to sleep. A sensor indicated rate
520 is graphed in FIG. 5, and is represented in the graph
legend as trace SIR. As illustrated in FIG. 5, the sensor indi-
cated rate 520 may differ from the actual heart rate signal 510.
For example, the sensor indicated rate 520 may be sensed
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from an implanted electrode or other sensor and correlates to
the hemodynamic need of the patient.

[0101] FIG. 6 is a graph of baseline trending for an MV
signal. Historical data of minute ventilation of a patient is
graphed over an 8 month period. In FIG. 6, a trace is provided
for: one month as a trace 610; one month plus one day as a
trace 620; three months as a trace 630; three month plus one
day as a trace 640; five months as a trace 650; and eight
months as a trace 660. The MV signal trending data is used to
determine the MV signal level associated with sleep. In this
example, a composite MV signal using the historical data
indicates a roughly sinusoidal shape with the relatively low
MYV levels occurring approximately during the period from
about hours 21:00 through 8:00. The low MV levels are
associated with periods of sleep, particularly evident at about
hours 3:00 through 6:00 in the graphs of FIG. 6, having The
MYV signal level associated with sleep may be used to imple-
ment sleep threshold adjustment as will be described further
below and in association with F1G. 7.

[0102] FIG. 7 illustrates adjustment of the accelerometer
sleep threshold using the MV signal. FIG. 7 is based on the
graph of FIG. 4, including the activity level 430 as indicated
by the accelerometer signal 410 (again, represented in the
graph legend as trace XL). An initial sleep threshold 710 is
established using the baseline accelerometer signal data
acquired as discussed above. Ifthe patient’s MV signal is low
relative to an expected MV level associated with sleep, the
accelerometer sleep threshold is increased to an increased
sleep threshold 720. If the patient’s MV signal level is high
relative to an expected MV level associated with sleep, the
accelerometer sleep threshold is decreased to a decreased
sleep threshold 730. When the patient’s MV level is high, less
activity detected by the accelerometer is required to make the
determination that the patient is sleeping. However, if the
patient’s MV level is relatively low, a higher activity level
may result in detection of sleep. The use of two sleep-related
signals to adjust a sleep threshold for determining a sleep
condition enhances the accuracy of sleep detection.

[0103] Additional sleep-related signals may be sensed and
used to improve the sleep detection mechanism described
above. For example, a posture sensor may be used to detect
the posture of the patient and used to confirm sleep. If the
posture sensor indicates a vertical posture, then the posture
sensor signal may be used to override a determination of sleep
using the sleep detection and threshold adjustment signals.
Other signals may also be used in connection with sleep
determination or confirmation, including the representative
set of sleep-related signals associated with sleep indicated
above.

[0104] Various embodiments of the invention involve the
use of arousal detection cooperation with detection of sleep
disorder events. In some implementations presented herein,
arousal detection is used in cooperation with detection of
sleep disordered breathing. Methods and systems for detect-
ing disordered breathing, aspects of which may be utilized in
connection with the embodiments presented herein, are
described in commonly owned U.S. patent application Ser.
No. 10/309,770 (Docket No. GUID.054PA), filed Dec. 4,
2002, and incorporated herein by reference.

[0105] Episodes of disordered breathing may be deter-
mined, for example, using the tranthoracic impedance signal,
and/or other information available to the sleep disorder event
detection circuitry. In one exemplary implementation, a dis-
ordered breathing event is declared when the patient’s tidal
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volume (TV) falls below a threshold. For example, when the
TV, as indicated by the transthoracic impedance signal, falls
below a hypopnea threshold, then a hypopnea event is
declared. In one implementation, a hypopnea event may be
declared if the patient’s tidal volume falls below about 50% of
a recent average tidal volume or other baseline tidal volume
value. If the patient’s tidal volume falls further to an apnea
threshold, e.g., about 10% of the recent average tidal volume
or other baseline value, an apnea event is declared.

[0106] FIGS. 8-10 are graphs of transthoracic impedance,
similar to FIG. 2 previously described. FIG. 8 illustrates
respiration intervals used for disordered breathing detection
useful in accordance with embodiments of the present inven-
tion. Detection of disordered breathing may involve defining
and examining a number of respiratory cycle intervals. A
respiration cycle is divided into an inspiration period 830
corresponding to the patient inhaling, an expiration period
850, corresponding to the patient exhaling, and a non-breath-
ing period 860 occurring between inhaling and exhaling.
Respiration intervals are established using an inspiration
threshold 810 and an expiration threshold 820. The inspira-
tion threshold 810 marks the beginning of an inspiration
period 830 and is determined by the transthoracic impedance
signal 200 rising above the inspiration threshold 810. The
inspiration period 830 ends when the transthoracic imped-
ance signal 200 is a maximum 840.

[0107] The maximum transthoracic impedance signal 840
corresponds to both the end of the inspiration interval 830 and
the beginning of an expiration interval 850. The expiration
interval 850 continues until the transthoracic impedance 200
falls below an expiration threshold 820. A non-breathing
interval 860 starts from the end of the expiration period 850
and continues until the beginning of a next inspiration period
870.

[0108] Detection of sleep apnea and severe sleep apnea is
illustrated in FIG. 9. The patient’s respiration signals are
monitored and the respiration cycles are defined according to
an inspiration 930, an expiration 950, and a non-breathing
960 interval as described in connection with FIG. 8. A con-
dition of sleep apnea is detected when a non-breathing period
960 exceeds a first predetermined interval 990, denoted the
sleep apnea interval. A condition of severe sleep apnea is
detected when the non-breathing period 960 exceeds a second
predetermined interval 995, denoted the severe sleep apnea
interval. For example, sleep apnea may be detected when the
non-breathing interval exceeds about 10 seconds, and severe
sleep apnea may be detected when the non-breathing interval
exceeds about 20 seconds.

[0109] Hypopnea is a condition of disordered breathing
characterized by abnormally shallow breathing. FIG. 10 is a
graph of tidal volume derived from transthoracic impedance
measurements. The graph of FIG. 10 illustrating the tidal
volume of a hypopnea episode may be compared to the tidal
volume of a normal breathing cycle illustrated previously in
FIG. 2, which illustrated normal respiration tidal volume and
rate. As shown in FIG. 10, hypopnea involves a period of
abnormally shallow respiration.

[0110] Hypopnea is detected by comparing a patient’s res-
piratory tidal volume 1003 to a hypopnea tidal volume 1001.
The tidal volume for each respiration cycle may be derived
from transthoracic impedance measurements acquired in the
manner described previously. The hypopnea tidal volume
threshold may be established by, for example, using clinical
results providing a representative tidal volume and duration
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of hypopnea events. In one configuration, hypopnea is
detected when an average of the patient’s respiratory tidal
volume taken over a selected time interval falls below the
hypopnea tidal volume threshold. Furthermore, various com-
binations of hypopnea cycles, breath intervals, and non-
breathing intervals may be used to detect hypopnea, where
the non-breathing intervals are determined as described
above.

[0111] In FIG. 10, a hypopnea episode 1005 is identified
when the average tidal volume is significantly below the
normal tidal volume. In the example illustrated in FIG. 10, the
normal tidal volume during the breathing process is identified
as the peak-to peak value identified as the respiratory tidal
volume 1003, The hypopnea tidal volume during the hypop-
nea episode 1005 is identified as hypopnea tidal volume 1001.
For example, the hypopnea tidal volume 1001 may be about
50% of the respiratory tidal volume 1003. The value 50% is
used by way of example only, and determination of thresholds
for hypopnea events may be determined as any value appro-
priate for a given patient.

[0112] Inthe example above, if the tidal volume falls below
about 50% of the respiratory tidal volume 1003, the breathing
episode may be identified as a hypopnea event. The period of
time that the patient’s tidal volume remains below about 50%
of the respiratory tidal volume 1003 defines the period of the
hypopnea event. FIG. 11 is a flow chart illustrating a method
of apneaand/or hypopnea detection useful in accordance with
embodiments of the present invention. Various parameters are
established 1101 before analyzing the patient’s respiration
for disordered breathing episodes, including, for example,
inspiration and expiration thresholds, sleep apnea interval,
severe sleep apnea interval, and hypopnea tidal volume (TV)
threshold.

[0113] The patient’s transthoracic impedance is measured
1105 as described in more detail above. If the transthoracic
impedance exceeds 1110 the inspiration threshold, the begin-
ning of an inspiration interval is detected 1115. If the tran-
sthoracic impedance remains below 1110 the inspiration
threshold, then the impedance signal is checked 1105 peri-
odically until inspiration 1115 occurs.

[0114] During the inspiration interval, the patient’s tran-
sthoracic impedance is monitored until a maximum value of
the transthoracic impedance is detected 1120. Detection of
the maximum value signals an end of the inspiration period
and a beginning of an expiration period 1135.

[0115] The expiration interval is characterized by decreas-
ing transthoracic impedance. When, at determination 1140,
the transthoracic impedance falls below the expiration thresh-
old, a non-breathing interval is detected 1155.

[0116] If the transthoracic impedance determination 1160
does not exceed the inspiration threshold within a first prede-
termined interval, denoted the sleep apnea interval 1165, then
a condition of sleep apnea is detected 1170. Severe sleep
apnea 1180 is detected if the non-breathing period extends
beyond a second predetermined interval, denoted the severe
sleep apnea interval 1175.

[0117] When the transthoracic impedance determination
1160 exceeds the inspiration threshold, the tidal volume from
the peak-to-peak transthoracic impedance is calculated,
along with a moving average of past tidal volumes 1185. The
peak-to-peak transthoracic impedance provides a value pro-
portional to the tidal volume of the respiration cycle. This
value is compared at determination 1190 to a hypopnea tidal
volume threshold. If, at determination 1190, the peak-to-peak
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transthoracic impedance is consistent with the hypopnea tidal
volume threshold for a predetermined time 1192, then a
hypopnea cycle 1195 is detected.

[0118] In some exemplary implementations presented
herein, arousal detection is used in cooperation with detection
of nocturnal disordered movement events. Restless leg move-
ment syndrome and periodic limb movement disorder are
closely associated disorders also known as Myoclonus and
Fkbom Syndrome, respectively. Restless Leg Syndrome
(RLS) and Periodic Limb Movement Disorder (PLMD) affect
2-8% of the population in the United States. Both conditions
are characterized by involuntary movements of the limbs,
most typically the legs.

[0119] Restless Leg Syndrome (RLS) is a disorder that
occurs during periods of wakefulness. Periodic Limb Move-
ment Disorder (PLMD) occurs during sleep or in transitions
from wake to sleep or sleep to wake. Patients with RLS or
PLMD may suffer twitching, tingling, aching, burning, itch-
ing, or pulling sensations in their arms and/or legs. Because
RLS patients may also suffer from sleep-related PLMD, these
patients are often aroused from sleep, and their ability to
return to sleep is delayed by RLS.

[0120] RLS patients are unable to sit still and may have to
remain active to relieve limb discomfort. For patients suffer-
ing from RLS, relaxation and passive activities become
increasingly problematic, adversely affecting the quality of
life.

[0121] For both PLMD and RLS patients, sleep quality
deteriorates. When a patient tries to fall asleep, the leg dis-
comfort begins. In severe cases, patients only sleep a few
hours at night, resulting in excessive daytime sleepiness and
disruption of the normal daily routine. RLS and PLMD
patients often complain of irritability, anxiety, and depres-
sion. The severity of RLS and/or PLMD ranges from infre-
quent minor discomfort to daily agony that leads some
patients to contemplate suicide.

[0122] Symptoms of PLMD may come and go through the
night and over the course of one’s life. PLMD episodes may
last a few minutes or several hours. There may be an interval
of days, weeks or months between episodes. PLMD patients
may experience sudden but rhythmic limb jerks occurring
periodically, e.g., every 20 to 40 seconds. PLMD episodes
may be seen primarily in the first third of the night, during
non-REM sleep. Patients with RLS often have PLMD, but
patients with PLMD do not always have RLS. Polysomno-
graphic studies indicate that about 70% to 90% of patients
with RLS have PLMD.

[0123] PLMD movements may be characterized, for
example, by periodic flexion of one or both legs involving
bending at the hip and knee with upward bending of the foot
and the great toe, resembling a flexion reflex. A normal
healthy person may have five of these movements per hour.
The diagnosis of PLMD is given when more than five move-
ments per hour occur.

[0124] Both genders are affected, with a slightly higher
incidence in women. These conditions are seen more com-
monly with advancing age. The prevalence of PLMD or RLS
is 2% of the population of ages less than 30, 5% of ages 30 to
50, and 25% of ages 50-60. The highest prevalence is seen in
age 65 or older, with 44% of the population affected. While
usually diagnosed in older groups, these disorders may be
traced to childhood. Hyperactive, fidgeting children or youths
often labeled with “growing pains” may actually be showing
the early manifestations of PLMD and RLS.
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[0125] In accordance with embodiments of the invention,
nocturnal disordered movement events such as bruxism
events and PLMD events, for example, may be detected using
a system that is fully or partially implantable. With reference
to FIG. 1D an implantable medical device, e.g., a CRM
device, incorporates a sleep disorder event detector 164 that
may include a movement disorder detector. One or more sleep
disorder sensors 165, e.g., movement sensors may be coupled
to the sleep disorder event detector 164 within the implant-
able device 161.

[0126] The sleep disorder sensors 165 may include any
sensor or any combination of sensors capable of detecting
motion and/or muscle activity associated with motion. For
example, the patient’s movements may be detected using one
or more accelerometers, one or more EMG sensors, and/or a
combination of one or more accelerometers and one or more
EMG sensors.

[0127] Inoneembodiment, one or more movement sensors
(e.g., accelerometers and/or sub-movement EMG sensors)
are coupled to the patient at appropriate locations to detect
movements of the extremities, e.g., limb movements, or other
movements. Signals from the sleep disorder sensors 165 are
received and processed by the sleep disorder event detector
164 in the implantable device 161. The sleep disorder event
detector 164 may cooperate with a memory in a monitoring
unit 167 to store information about the detected movements.
Movement information may be stored, trended, displayed,
and/or transmitted to a separate device, such as an APM
system 180 or a programmer 190 for further operations.
[0128] In another embodiment, illustrated in FIG. 1D, one
or more movement sensors 165 are coupled to a sleep disorder
event detector 164 within the implantable device 161, as
previously discussed. The implantable device 161 also
includes a therapy unit 175 that receives movement informa-
tion from the sleep disorder event detector 164, the arousal
detector 162, and/or other components of the implantable
device 161. The therapy unit may provide therapy, e.g., drug
therapy, for various movement disorders such as RLS and/or
PLMD.

[0129] In one example, the movement sensors 165 may
include one of more EMG sensors placed on or in the anterior
tibialis. Typical EMG bursts due to PLMD movements may
last between 0.5-5 seconds and may recur every 20-40 sec-
onds, for example. The sleep disorder event detector 164 may
detect PLMD if at least about 40 EMG bursts are detected
within an 8 hour sleep period, for example. Sleep disruption
caused by the PLMD movements may be determined by any
or a combination of the sleep detection techniques described
herein, including, for example, electrical muscle activity
(EMQ) sensing, brain wave (EEG) sensing and/or a combi-
nation of respiration (MV) and activity sensing, among oth-
ers. Movement disorder information may be downloaded to a
programmer 190, an APM system 180, or other therapeutic or
diagnostic device.

[0130] Arousal detection with or without sleep disorder
event detection may be used in connection with delivering
therapy to the patient. In one implementation, detection of an
excessive number of arousals may trigger therapy adjust-
ments that promote more restful sleep. Some examples of
therapies that may be used to treat patients with sleep disor-
ders are outlined below.

[0131] Drug therapy has been used to treat movement dis-
orders and sleep disordered breathing. Disordered breathing
may also be treated using oral appliances, electrical stimula-
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tion, respiration therapy, and surgery, for example. Obstruc-
tive apnea is caused by an obstruction in the patient’s airway.
Obstructive apnea has been associated with prolapse of the
tongue and the surrounding structure into the pharynx during
sleep, thus occluding the respiratory pathway. Central apnea
is a neurological disorder causing a derangement of the res-
piratory drive signals, typically without any mechanical
obstruction or other ventilatory defects. A commonly pre-
scribed treatment for both obstructive and central apneas is
positive airway pressure. Positive air pressure devices deliver
air pressure to the patient, often through a facial or nasal mask
worn by the patient. In the case of obstructive apnea, the
application of a positive airway pressure keeps the patient’s
throat open, reducing the occlusion causing the apnea.
[0132] Prolapse of the tongue muscles has been attributed
to diminishing neuromuscular activity of the upper airway. A
treatment for obstructive sleep apnea involves compensating
for the decreased muscle activity by electrical activation of
the tongue muscles. The hypoglossal (HG) nerve innervates
the protrusor and retractor tongue muscles. An appropriately
applied electrical stimulation to the hypoglossal nerve, for
example, may prevent backward movement of the tongue,
thus preventing the tongue from obstructing the airway.
[0133] Central sleep apnea may also be treated by phrenic
nerve pacing, also referred to as diaphragmatic pacing.
Phrenic nerve pacing uses an electrode implanted in the chest
to stimulate the phrenic nerve. The phrenic nerve is generally
known as the motor nerve of the diaphragm. It runs through
the thorax, along the heart, and then to the diaphragm. Dia-
phragmatic pacing is the use of electronic stimulation of the
phrenic nerve to control the patient’s diaphragm and induce a
respiratory cycle. Pacing the phrenic nerve may be accom-
plished by surgically placing a nerve cuff on the phrenic
nerve, and then delivering an electric stimulus. The electric
stimulus of the phrenic nerve then causes the diaphragm to
induce a respiratory cycle.

[0134] Recently, cardiac electrical stimulation therapy has
been used as a therapy for disordered breathing. Cardiac
electrical stimulation is typically implemented using an
implanted electrical pulse generator coupled to endocardiac
leads inserted into one or more heart chambers.

[0135] Cardiac electrical stimulation therapy may involve
pacing one or more chambers of the heart. Pacing therapy
may involve, for example, pacing one or more atria and/or one
or more ventricles. In one implementation, overdrive pacing
is used to mitigate disordered breathing.

[0136] Therapy for disordered breathing may involve non-
excitatory electrical stimulation of one or more heart cham-
bers, e.g., the left and/or right ventricles, or other cardiac
sites. Non-excitatory electrical stimulation may be delivered
during absolute refractory periods of the cardiac tissue, for
example, to improve cardiac contractility. The non-excitatory
stimulation therapy may be used alone or in combination with
pacing therapy to provide a comprehensive therapy regimen
for patients with CHF and disordered breathing such as
Cheyne-Stokes respiration.

[0137] Some patients may benefit from a therapy regimen
that includes a combination of the therapy techniques out-
lined above. For example, disordered breathing therapy may
involve a combination of cardiac electrical stimulation
therapy and external respiration therapy.

[0138] In the example illustrated in FIG. 12, a mechanical
respiration therapy device 1220 providing positive airway
pressure therapy cooperates with an implantable cardiac
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device, e.g., cardiac rhythm management system (CRM)
device 1210 providing cardiac electrical stimulation therapy.
Positive airway pressure devices may be used to deliver a
variety of respiration therapies, including, for example, con-
tinuous positive airway pressure (CPAP), bi-level positive
airway pressure (bi-level PAP), proportional positive airway
pressure (PPAP), auto-titrating positive airway pressure, ven-
tilation, gas or oxygen therapies. All types of positive airway
pressure devices are referred to generically herein as xPAP
devices.

[0139] A typical CPAP device delivers air pressure through
a nasal mask worn by the patient. The application of continu-
ous positive airway pressure keeps the patient’s throat open,
reducing or eliminating the obstruction causing apnea. Posi-
tive airway pressure devices may be used to provide a variety
of respiration therapies, including, for example, continuous
positive airway pressure (CPAP), bi-level positive airway
pressure (bi-level PAP), proportional positive airway pres-
sure (PPAP), auto-titrating positive airway pressure, ventila-
tion, gas or oxygen therapies. Some positive airway pressure
devices may also be configured to provide both positive and
negative pressure, such that negative pressure is selectively
used (and de-activated) when necessary, such as when treat-
ing Cheyne-Stokes breathing, for example. The term xPAP
will be used herein as a generic term for any device using
forms of positive airway pressure (and negative pressure
when necessary), whether continuous or otherwise.

[0140] The xPAP device 1220 develops a positive air pres-
sure that is delivered to the patient’s airway through a tube
system 1252 and a mask assembly 1254 connected to the
XPAP device 1220. The mask assembly 1254 may include
EEG sensors, such as one or more EEG sensors 1256 attached
to astrap 1257 that is placed around the head of the patient, or
electrocardiogram (ECG) sensors attached to the mask or
strap. In one configuration, for example, the positive airway
pressure provided by the xPAP device 1220 acts as a pneu-
matic splint keeping the patient’s airway open and reducing
the severity and/or number of occurrences of disordered
breathing due to airway obstruction.

[0141] The CRM 1210 may deliver cardiac electrical
stimulation therapy for disordered breathing and/or for car-
diac dysfunctions such as bradycardia, tachycardia and con-
gestive heart failure. The CRM device 1210 may include a
number of sensors, such as cardiac sense electrodes, transtho-
racic impedance sensors, and/or patient activity sensors that
may be used in connection with arousal detection, disordered
breathing detection, sleep detection and/or sleep disorder
event detection. In one embodiment, an arousal sensor e.g., an
EMG sensor 1211, is positioned on the housing of the CRM
device 1210.

[0142] The CRM 1210 and xPAP 1220 devices may com-
municate directly through a wireless communications link,
for example. Alternatively, or additionally, the CRM 1210
and xPAP 1220 devices may communicate with and/or
through an APM device such as an APM system 1230, as will
be described further below. The CRM 1210 may include a
lead system having electrodes for electrically coupling to the
heart, for example.

[0143] In the embodiment depicted in FIG. 12, the EMG
sensor 1211 and/or the EEG sensor 1256 may communicate
with an arousal detector that may be housed within the CRM
device 1210 or within the xPAP device 1220, for example.
The arousal detector detects arousals from sleep based on
signals from one or both of the EEG sensor 1256 and the
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EMG sensor 1211. Information about the detected arousals
from sleep may be communicated to the CRM 1210 and/or
the xPAP 1220. The arousal information may be used to
initiate, terminate or adjust the cardiac electrical stimulation
and/or respiration therapy delivered to the patient.

[0144] Although FIG. 12 illustrates a CRM device 1210
used with a xPAP device 1220 to provide coordinated patient
monitoring, diagnosis and/or therapy, any number of patient-
internal and patient-external medical devices may be
included in a medical system in accordance with the present
invention. For example, a drug delivery device, such as a drug
pump or controllable nebulizer, may be included in the sys-
tem 1200. The drug delivery device may cooperate with either
or both of the CRM device 1210 and the xPAP device 1220
and may contribute to the patient monitoring, diagnosis, and/
or therapeutic functions of the medical system 1200.

[0145] FIG. 13 is a partial view of an implantable device
that may include circuitry for autonomic arousal detection in
accordance with embodiments of the invention. In this
example, an arousal detector 1335 is configured as a compo-
nent of a pulse generator 1305 of a cardiac rhythm manage-
ment (CRM) device 1300. The implantable pulse generator
1305 is electrically and physically coupled to an intracardiac
lead system 1310. The arousal detector 1335 may alterna-
tively be implemented in a variety of implantable monitoring,
diagnostic, and/or therapeutic devices, such as an implantable
cardiac monitoring device, an implantable drug delivery
device, or an implantable neurostimulation device, for
example.

[0146] Portions of the intracardiac lead system 1310 are
inserted into the patient’s heart 1390. The intracardiac lead
system 1310 includes one or more electrodes configured to
sense electrical cardiac activity of the heart, deliver electrical
stimulation to the heart, sense the patient’s transthoracic
impedance, and/or sense other physiological parameters, e.g.,
cardiac chamber pressure or temperature. Portions of the
housing 1301 of the pulse generator 1305 may optionally
serve as a can electrode.

[0147] Communications circuitry is disposed within the
housing 1301, facilitating communication between the pulse
generator 1305 including the arousal detector 1335 and an
external device, such as a sleep disordered breathing therapy
device and/or APM system. The communications circuitry
can also facilitate unidirectional or bidirectional communica-
tion with one or more implanted, external, cutaneous, or
subcutaneous physiologic or non-physiologic sensors,
patient-input devices and/or information systems.

[0148] The pulse generator 1305 may optionally incorpo-
rate a EMG sensor 1320 disposed on the housing 1301 of the
pulse generator 1305. The EMG sensor may be configured,
for example, to sense myopotentials of the patient’s skeletal
muscle in the pectoral region. Myopotential sensing may be
used in connection with arousal detection as described in
more detail herein.

[0149] The pulse generator 1305 may further include a
sensor configured to detect patient motion. The motion detec-
tor may be implemented as an accelerometer positioned in or
on the housing 1301 of the pulse generator 1305. If the motion
detector is implemented as an accelerometer, the motion
detector may also provide acoustic information, e.g. rales,
coughing, S1-S4 heart sounds, cardiac murmurs, and other
acoustic information.

[0150] Thelead system 1310 of the CRM device 1300 may
incorporate a transthoracic impedance sensor that may be
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used to acquire the patient’s cardiac output, or other physi-
ological conditions related to the patient’s autonomic arousal
response. The transthoracic impedance sensor may include,
for example, one or more intracardiac electrodes 1341, 1342,
1351-1355, 1363 positioned in one or more chambers of the
heart 1390. The intracardiac electrodes 1341, 1342, 1351-
1355, 1361, 1363 may be coupled to impedance drive/sense
circuitry 1330 positioned within the housing of the pulse
generator 1305.

[0151] Theimpedance signal may also be used to detect the
patient’s respiration waveform and/or other physiological
changes produce a change in impedance, including pulmo-
nary edema, heart size, cardiac pump function, etc. The res-
piratory and/or pacemaker therapy may be altered on the basis
of the patient’s heart condition as sensed by impedance.
[0152] Inoneexample, the transthoracic impedance may be
used to detect the patient’s respiratory waveform. A voltage
signal developed at the impedance sense electrode 1352,
illustrated in FIG. 2, is proportional to the patient’s transtho-
racic impedance and represents the patient’s respiration
waveform. The transthoracic impedance increases during res-
piratory inspiration and decreases during respiratory expira-
tion. The transthoracic impedance may be used to determine
the amount of air moved in one breath, denoted the tidal
volume and/or the amount of air moved per minute, denoted
the minute ventilation. A normal “at rest” respiration pattern,
e.g., during non-REM sleep, includes regular, rhythmic inspi-
ration-expiration cycles without substantial interruptions, as
indicated in FIG. 2.

[0153] Returning to FIG. 13, the lead system 1310 may
include one or more cardiac pace/sense electrodes 1351-1355
positioned in, on, or about one or more heart chambers for
sensing electrical signals from the patient’s heart 1390 and/or
delivering pacing pulses to the heart 1390. The intracardiac
sense/pace electrodes 1351-1355, such as those illustrated in
FIG. 13, may be used to sense and/or pace one or more
chambers of the heart, including the left ventricle, the right
ventricle, the left atrium and/or the right atrium. The lead
system 1310 may include one or more defibrillation elec-
trodes 1341, 1342 for delivering defibrillation/cardioversion
shocks to the heart.

[0154] The pulse generator 1305 may include circuitry for
detecting cardiac arrhythmias and/or for controlling pacing or
defibrillation therapy in the form of electrical stimulation
pulses or shocks delivered to the heart through the lead sys-
tem 1310. Arousal detection circuitry 1335 may be housed
within the housing 1301 of the pulse generator 1305. The
arousal detection circuitry 1335 may be coupled to various
sensors, including the transthoracic impedance sensor 1330,
EMG sensor 1320, EEG sensors, cardiac electrogram sen-
sors, nerve activity sensors, and/or other sensors capable of
sensing physiological signals modulated by the patient’s
autonomic arousal response.

[0155] Thearousal detector 1335 may be coupled to a sleep
disorder detector configured to detect sleep disorders such as
disordered breathing, and/or movement disorders. The
arousal detector and the sleep disorder detector may be
coupled to a processor that may use information from the
arousal detector and the sleep disorder detector to associate
sleep disorder events with arousal events. The processor may
trend the arousal events, associate the sleep disorder events
with arousal events, and/or use the detection of the arousal
events and/or the sleep disorder events for a variety of diag-
nostic purposes. The sleep disorder detector and/or the pro-
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cessor may also be configured as a component of the pulse
generator 1305 and may be positioned within the pulse gen-
erator housing 1301. In one embodiment, information about
the arousal events and/or the sleep disorder events may be
used to adjust therapy delivered by the CRM device 1300
and/or other therapy device.

[0156] In addition to the EMG sensor, the cardiac sensors
and the impedance sensor described above, various other
sensors, including, for example, EEG sensors, accelerom-
eters, posture sensors, proximity sensors, electrooculogram
(EOG) sensors, photoplethymography sensors, blood pres-
sure sensors, peripheral arterial tonography sensors, and/or
other sensors useful in detecting autonomic arousal events
and/or sleep disorder events may also be coupled to the CRM
device 1300.

[0157] FIG. 14 is a diagram illustrating an implantable
transthoracic cardiac device that may be used in connection
with detection of arousals from sleep in accordance with
embodiments of the invention. The implantable device illus-
trated in FIG. 14 is an implantable transthoracic cardiac sens-
ing and/or stimulation (ITCS) device that may be implanted
under the skin in the chest region of a patient. The ITCS
device may, for example, be implanted subcutaneously such
that all or selected elements of the device are positioned on
the patient’s front, back, side, or other body locations suitable
for sensing cardiac activity and delivering cardiac stimulation
therapy. It is understood that elements of the ITCS device may
be located at several different body locations, such as in the
chest, abdominal, or subclavian region with electrode ele-
ments respectively positioned at different regions near,
around, in, or on the heart.

[0158] In accordance with one embodiment, an arousal
sensor may be positioned on housing 1402, lead assembly
1406, or subcutaneous electrode assembly 1407 of the ITCS
device. An arousal detector may be positioned within the
primary housing of the ITCS device. The primary housing
(e.g., the active or non-active can) of the ITCS device, for
example, may be configured for positioning outside of the rib
cage at an intercostal or subcostal location, within the abdo-
men, or in the upper chest region (e.g., subclavian location,
such as above the third rib). In one implementation, one or
more electrodes may be located on the primary housing and/
or at other locations about, but not in direct contact with the
heart, great vessel or coronary vasculature.

[0159] In another implementation, one or more electrodes
may be located in direct contact with the heart, great vessel or
coronary vasculature, such as viaone or more leads implanted
by use of conventional transvenous delivery approaches. In
another implementation, for example, one or more subcuta-
neous electrode subsystems or electrode arrays may be used
to sense cardiac activity and deliver cardiac stimulation
energy in an [TCS device configuration employing an active
can ora configuration employing a non-active can. Electrodes
may be situated at anterior and/or posterior locations relative
to the heart.

[0160] Inthe configuration shown in FIG. 14, a subcutane-
ous electrode assembly 1407 can be positioned under the skin
in the chest region and situated distal from the housing 1402.
The subcutaneous and, if applicable, housing electrode(s) can
be positioned about the heart at various locations and orien-
tations, such as at various anterior and/or posterior locations
relative to the heart. The subcutaneous electrode assembly
1407 is coupled to circuitry within the housing 1402 viaa lead
assembly 1406. One or more conductors (e.g., coils or cables)
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are provided within the lead assembly 1406 and electrically
couple the subcutaneous electrode assembly 1407 with cit-
cuitry in the housing 1402. One or more sense, sense/pace or
defibrillation electrodes can be situated on the elongated
structure of the electrode support, the housing 1402, and/or
the distal electrode assembly (shown as subcutaneous elec-
trode assembly 1407 in the configuration shown in FIG. 14).
[0161] Itis noted that the electrode and the lead assemblies
1407, 1406 can be configured to assume a variety of shapes.
For example, the lead assembly 1406 can have a wedge,
chevron, flattened oval, or a ribbon shape, and the subcuta-
neous electrode assembly 1407 can comprise a number of
spaced electrodes, such as an array or band of electrodes.
Moreover, two or more subcutaneous electrode assemblies
1407 can be mounted to multiple electrode support assem-
blies 1406 to achieve a desired spaced relationship amongst
subcutaneous electrode assemblies 1407.

[0162] In particular configurations, the ITCS device may
perform functions traditionally performed by cardiac rhythm
management devices, such as providing various cardiac
monitoring, pacing and/or cardioversion/defibrillation func-
tions. Exemplary pacemaker circuitry, structures and func-
tionality, aspects of which can be incorporated in an ITCS
device of a type that may benefit from multi-parameter sens-
ing configurations, are disclosed in commonly owned U.S.
Pat. Nos. 4,562,841;5,284,136; 5,376,476, 5,036,849; 5,540,
727, 5,836,987 6,044,298; and 6,055,454, which are hereby
incorporated herein by reference in their respective entireties.
It is understood that ITCS device configurations can provide
for non-physiologic pacing support in addition to, or to the
exclusion of, bradycardia and/or anti-tachycardia pacing
therapies. Exemplary cardiac monitoring circuitry, structures
and functionality, aspects of which can be incorporated in an
ITCS of the present invention, are disclosed in commonly
owned U.S. Pat. Nos. 5,313,953; 5,388.578; and 5,411,031,
which are hereby incorporated herein by reference in their
respective entireties.

[0163] AnITCS device can incorporate circuitry, structures
and functionality of the subcutaneous implantable medical
devices disclosed in commonly owned U.S. Pat. Nos. 5,203,
348; 5,230,337, 5,360,442 5,366,496, 5,397,342; 5,391,200;
5,545,202, 5,603,732; and 5,916,243 and commonly owned
U.S. patent application Ser. No. 10/820,642 filed Apr. 8,
2004, and Ser. No. 10/821,248, filed Apr. 8, 2004 which are
incorporated herein by reference.

[0164] The housing of the ITCS device may incorporate
components of a arousal detection system including one or
more of arousal detection circuitry, sleep detection circuitry,
sleep disorder event detection circuitry, monitoring unit, for
example as described in connection with FIG. 1D.

[0165] In one implementation, the ITCS device may
include an impedance sensor configured to sense the patient’s
transthoracic impedance. The impedance sensor may include
the impedance drive/sense circuitry incorporated with the
housing 1402 of the ITCS device and coupled to impedance
electrodes positioned on the can or at other locations of the
ITCS device, such as on the subcutaneous electrode assembly
1407 and/or lead assembly 1406. In one configuration, the
impedance drive circuitry generates a current that flows
between a subcutaneous impedance drive electrode 1409 and
a can electrode on the primary housing 1402 of the ITCS
device. The voltage at a subcutaneous impedance sense elec-
trode 1408 relative to the can electrode changes as the
patient’s transthoracic impedance changes. The voltage sig-
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nal developed between the impedance sense electrode and the
can electrode is sensed by the impedance drive/sense cit-
cuitry.

[0166] Communications circuitry is disposed within the
housing 1402 for facilitating communication between the
ITCS device and an external communication device, such as
a portable or bed-side communication station, patient-car-
ried/worn communication station, external programmer,
APM system, or separate therapy device for example. The
communications circuitry can also facilitate unidirectional or
bidirectional communication with one or more external, cuta-
neous, or subcutaneous physiologic or non-physiologic sen-
sors that may be used in connection with arousal detection in
accordance with embodiments of the invention.

[0167] FIG. 15 is a block diagram of an arousal detection
system that is implemented in cooperation with a cardiac
rhythm management (CRM) system such as a pacemaker
and/or cardioverter/defibrillator in accordance with an
embodiment of the invention. The system may be completely
implantable.

[0168] Cardiac sense circuitry 1560, cardiac therapy unit
1555, disordered breathing detector 1520, arousal detector,
1565, and sleep detector 1550 are arranged within a housing
that is hermetically sealed and suitable for implanting within
the patient, such as in the pectoral region of the patient’s
chest. An accelerometer 1536, configured to detect patient
activity, may also be incorporated within the housing. An
arousal sensor 1535, e.g., an EMG sensor, is disposed on the
housing so that the EMG sensor 1535 is positioned in contact
with or near skeletal muscle, such as the pectoral muscle. An
intracardiac lead system includes cardiac electrodes 1555 for
electrically coupling to the patient’s heart and one or more
transthoracic impedance electrodes for generating a respira-
tion signal.

[0169] The sleep detector uses the patient activity signal
generated by the accelerometer 1536 and the respiration sig-
nal generated by the transthoracic impedance electrodes 1542
to determine if the patient is asleep or awake.

[0170] The disordered breathing detector detects disor-
dered breathing events based on the patient’s respiration pat-
terns, as described more fully above. The arousal detector
compares the EMG signal to a characteristic arousal signature
and detects arousal based on the comparison. Disordered
breathing detection and arousal detection may be enhanced
using sleep/wake information provided by the sleep detector.
[0171] Inoneembodiment, the CRM provides cardiac elec-
trical stimulation the to one or more heart chambers as
therapy for disordered breathing. Various approaches to
delivering cardiac electrical stimulation therapy for treatment
of disordered breathing, some of which may be utilized con-
nection with embodiments presented herein, are described in
commonly owned U.S. patent application Ser. No. 10/643,
203, (Docket No.: GUID.059PA), filed Aug. 18, 2003, and
incorporated herein by reference.

[0172] The therapy control unit 1555 may utilize signals
from the sleep detector 1550, disordered breathing detector
1520, and arousal detector 1565 to initiate, terminate, and/or
adjust the cardiac electrical stimulation therapy for disor-
dered breathing. For example, the therapy control unit 1555
may initiate a process for treating disordered breathing epi-
sodes when the sleep detector 1550 determines that the
patient is asleep.

[0173] In one scenario, the therapy control unit 1555 may
initiate cardiac electrical stimulation, e.g., cardiac overdrive
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pacing, to treat disordered breathing upon detection of a
disordered breathing event during sleep. In another scenario,
the therapy control unit 1555 may initiate cardiac electrical
stimulation to treat disordered breathing when sleep is
detected. The therapy control unit 1555 may adjust the car-
diac electrical stimulation when a disordered breathing event
is detected during sleep. If an arousal is detected, then the
therapy control unit 1555 may terminate or adjust the cardiac
electrical stimulation therapy for disordered breathing.
Adjustment of the cardiac electrical stimulation therapy may
involve increasing the pacing rate, initiating multi-site pac-
ing, switching the cardiac pacing from one site to another site.
The pacing mode may be switched to a pacing mode that
promotes atrial pacing, or promotes consistent ventricular
pacing. The pacing mode may be switched from single cham-
ber to multiple chambers, or the reverse. For example, a
bi-ventricular mode may be switched to a left ventricular
mode only. Alternatively, a single chamber mode, e.g., LV or
RV, may be switched to a bi-ventricular mode. Other adjust-
ments are also possible.

[0174] A number of the examples presented herein involve
block diagrams illustrating functional blocks used for coor-
dinated monitoring, diagnosis and/or therapy functions in
accordance with embodiments of the present invention. It will
be understood by those skilled in the art that there exist many
possible configurations in which these functional blocks can
be arranged and implemented. The functional blocks may be
implemented, for example, in hardware, software, or a com-
bination of hardware and software. The examples depicted
herein provide examples of possible functional arrangements
used to implement the approaches of the present invention.
[0175] While preferred embodiments of the present inven-
tion have been shown and described herein, it will be obvious
to those skilled in the art that such embodiments are provided
by way of example only. Numerous variations, changes, and
substitutions will be apparent to those skilled in the art with-
out departing from the invention. Accordingly, it is intended
that the invention be limited only by the scope of the
appended claims.

What is claimed is:

1. A method for adjusting a patient neurostimulation
therapy, comprising:

sensing one or more physiological conditions modulated

by a patient’s autonomic arousal response;
detecting autonomic arousal events occurring during sleep
based on the one or more sensed physiological condi-
tions, wherein at least one of sensing the physiological
conditions and detecting the autonomic arousal events is
performed at least in part implantably;
discriminating between autonomic arousal events associ-
ated with sleep disorder events and autonomic arousal
events not associated with sleep disorder events; and

adjusting the patient neurostimulation therapy based, at
least in part, on the discriminated autonomic arousal
events.

2. The method according to claim 1, wherein the patient
therapy further comprises a cardiac stimulation therapy, and
wherein the method further comprises adjusting the patient
cardiac stimulation therapy based, at least in part, on the
discriminated autonomic arousal events.

3. The method according to claim 1, wherein the patient
therapy further comprises a hypertension therapy, and
wherein the method further comprises adjusting the patient
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hypertension therapy based, at least in part, on the discrimi-
nated autonomic arousal events.

4. The method according to claim 1, wherein only auto-
nomic arousal events associated with sleep disorder events
are used in adjusting the patient neurostimulation therapy.

5. The method according to claim 1, wherein only auto-
nomic arousal events not associated with sleep disorder
events are used in adjusting the neurostimulation therapy.

6. A method for monitoring a patient therapy, comprising:

sensing one or more physiological conditions modulated

by a patient’s autonomic arousal response;

detecting autonomic arousal events occurring during sleep

based on the one or more sensed physiological condi-
tions, wherein at least one of sensing the physiological
conditions and detecting the autonomic arousal events is
performed at least in part implantably; and
discriminating between autonomic arousal events associ-
ated with sleep disorder events and autonomic arousal
events not associated with sleep disorder events; and
monitoring a patient therapy based at, least in part, on the
discrimination of the autonomic arousal events.

7. The method according to claim 6, further comprising
adjusting the patient therapy based, at least in part, on the
detected autonomic arousal events.

8. The method according to claim 6, wherein the patient
therapy comprises a neural stimulation therapy.

9. The method according to claim 6, wherein:

sensing the one or more physiological conditions com-

prises sensing sympathetic nerve activity; and
detecting the autonomic arousal events based at least in
part on the sensed sympathetic nerve activity.

10. The method according to claim 6, wherein the patient
therapy comprises one or more of a cardiac stimulation
therapy, a neural stimulation therapy and a therapy for treat-
ing hypertension.

11. The method according to claim 6, further comprising:

determining a trend of the autonomic arousal events; and

using the autonomic arousal event trend to monitoring the
patient therapy.

12. The method according to claim 6, wherein:

sensing the one or more physiological conditions com-

prises sensing heart rate; and

detecting the autonomic arousal events comprises:

determining heart rate variability based on the sensed heart

rate; and

detecting one or more of the autonomic arousal events

based at least in part on the heart rate variability.

13. The method according to claim 6, wherein:

sensing the one or more physiological conditions com-

prises sensing at least one physiological condition that is
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modulated contemporaneously with an occurrence of an
autonomic arousal event; and

detecting the autonomic arousal events comprises detect-
ing the autonomic arousal events contemporaneously
with modulation of the physiological condition.

14. A medical system for monitoring a patient therapy

comprising:

one or more sensors configured to sense one or more physi-
ological conditions associated with a patient’s auto-
nomic arousal response;

an implantable arousal detector coupled to the one or more
sensors, the arousal detector configured to detect auto-
nomic arousal events based on the one or more physi-
ological conditions; and

a controller operatively coupled to the arousal detector, the
controller configured to discriminate between auto-
nomic arousal events associated with sleep disorder
events and autonomic arousal events not associated with
sleep disorder events, and to monitoring the patient
therapy based at, least in part, on the discriminated auto-
nomic arousal events.

15. The medical system of claim 14 further comprising:

a therapy unit, operatively coupled to the controller, con-
figured to adjust the patient therapy based, at least in
part, on the discriminated autonomic arousal events.

16. The medical system of claim 15, wherein the therapy
unit is configured to deliver a neurostimulation therapy to the
patient, and is further configured to adjust the neurostimula-
tion therapy based, at least in part, on the discriminated auto-
nomic arousal events.

17. The medical system of claim 15, wherein the therapy
unit is configured to deliver a cardiac electrical stimulation
therapy to the patient, and is further configured to adjust the
cardiac electrical stimulation therapy based, at least in part,
on the discriminated autonomic arousal events.

18. The medical system of claim 15, wherein the therapy
unit is configured to deliver a therapy to treat hypertension in
the patient, and is further configured to adjust the therapy
based, at least in part, on the discriminated autonomic arousal
events,

19. The medical system of claim 14, wherein the controller
is configured to determine a trend of the detected autonomic
arousal events, and to use the autonomic arousal event trend to
monitoring the patient therapy.

20. The medical system of claim 14, wherein the controller
is configured to determine an arousal event index based on the
detected autonomic arousal events, and to monitor the patient
therapy based on the index.
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