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BLENDED POSTURE STATE CLASSIFICATION AND THERAPY DELIVERY

BACKGROUND

A variety of types of medical devices are used for chronic, e.g., long-term,
provision of therapy to patients. As examples, pulse generators are used for provision of
cardiac pacing and neurostimulation therapies, and pumps are used for delivery of
therapeutic agents, such as drugs. Typically, such devices provide therapy continuously
or periodically according to parameters. For instance, a program comprising respective
values for each of a plurality of parameters may be specified by a clinician and used to
deliver the therapy.

It may be desirable in some circumstances to activate and/or modify the therapy
based on a patient state. For example, the symptoms such as the intensity of pain of
patients who receive spinal cord stimulation (SCS) therapy may vary over time based on
the activity level or posture of the patient, the specific activity undertaken by the patient,
or the like. It is desirable to be able to detect and classify the state of the patient
accurately so that this classification may be used to activate and/or select a therapy that

1s most efficacious for that state.

SUMMARY

According to one aspect of the disclosure, techniques are provided for
classification of a posture of a patient. Therapy may be provided in response to the
posture classification. Alternatively, some other response may be taken in response to
the posture classification. In one embodiment, posture classification is performed using
multiple posture definitions. Each such definition may describe a posture in terms of a
defined posture vector, which may be a vector in three-dimensional space. Posture
classification occurs by comparing a detected posture vector, which is a vector
describing the patient’s current posture, to each of the defined posture vectors of the
posture definitions.

In one specific embodiment, comparison of a detected posture vector to a

defined posture vector yields a similarity value (also referred to as a “similarity’”). This
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similarity indicates how similar the detected posture vector is to the defined posture
vector. In one exemplary embodiment, the similarity may be a cosine of an angle
between the detected posture vector and a defined posture vector. Other types of
similarities are possible, including those that relate to distance measurements such as a
Euclidean distance, a city-block distance, and so on.

In one embodiment, the similaritiecs may each be mapped to a respective
weighting factor. This mapping is accomplished using a selected weighting function,
which may be a graph, an equation, or some other relationship that maps a similarity to
a weighting factor value.

After weighting factors are obtained for multiple ones of the defined posture
vectors, the weighting factors may be normalized relative to one another. This produces
a weighting of all of the defined posture vectors relative to one another. Each of the
normalized weighting factors may be conceptualized as describing a percentage of the
patient’s detected posture vector that is attributable to a respective defined posture
vector. Thus, in much the same way a secondary or tertiary color can be described in
terms of some proportion of one or more primary colors, the patient’s detected posture
vector may be “broken down” into, and described in terms of, constituent components
comprising the defined posture vectors. The normalized weighting factors thereby
provide a description of the detected posture vector and the patient’s current posture. In
one instance, this description may be presented as an array of the normalized weighting
factors corresponding to the defined posture vectors.

According to another aspect, the normalized weighting factors may be used to
derive a therapy parameter for use in delivering therapy to the patient. In particular,
cach normalized weighting factor may be used to weight a parameter value (e.g., a pulse
amplitude) that is associated with the respective defined posture vector. If the patient’s
detected posture vector is determined to be very similar to a defined posture vector
based on the similarity value, the corresponding normalized weighting factor may be
close to “one” such that the therapy parameter value for that defined posture vector will
be the primary consideration in determining how therapy is delivered to the patient. In

contrast, if the patient’s detected posture vector is very dissimilar to a particular defined
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posture vector, the corresponding normalized weighting factor may be selected as being
zero or close to zero. In this case, the therapy parameter value associated with this
dissimilar posture will play little or no part in determining how therapy is provided to
the patient. The weighted parameter values may be used to determine a blended
parameter value for use in delivering therapy to the patient. For instance, the blended
parameter value may be derived as the sum of the weighted parameter values obtained
using the normalized weighting factors.

The weighting factors may be used to describe the patient’s posture over time.
For instance, the weighting factors may be averaged over a time period T. Time-
averaged weighting factors may be normalized relative to one another, and then used to
determine the portion of time period T that is considered attributable to a respective
defined posture vector.

As discussed above, similarity values and weighting factors are derived by
comparing a detected posture vector to each of multiple defined posture vectors in a set
of such vectors. The set of defined posture vectors used for this purpose may include all
defined posture vectors in use in the system, or some selected subset of such defined
posture vectors. For instance, the subset may be selected to include only those defined
posture vectors associated with postures that are thought to be most likely occupied by
the patient. This determination may be based on information specific to the patient, if
desired. Alternatively, the subset may be limited to those defined posture vectors
considered to be most important for therapy delivery or for patient analysis and
diagnosis. Other considerations may be taken into account when selecting the subset of
defined posture vectors that are used to classify the patient’s posture in the foregoing
manner.

The above discussion focuses on using similarities and weighting factors to
classify a patient’s posture. These techniques may likewise be applied to classification
of a patient’s activity state. A patient’s activity state may relate to overall activity (e.g.,
footfalls), velocity of motion, acceleration of motion, or some other measure of activity.
As was the case with posture definitions, activity state definitions may be created to

define various activity states in which the patient may be classified. Such definitions
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may be expressed in terms of defined activity parameters (e.g., ranges of activity) in
much the same way the posture definitions were expressed using defined posture
vectors.

To classify a patient’s activity state, a detected activity parameter that is
indicative of the current activity state of the patient may be received from a sensor. This
detected activity parameter may be compared to multiple defined activity parameters
included in multiple activity state definitions. Each such comparison yields a respective
similarity value representing how similar the detected activity parameter is to the
defined activity parameter. A similarity value may be mapped to a respective weighting
factor using a weighting function. The weighting factors for all of the defined activity
parameters may then be normalized relative to one another. The normalized weighting
factors may be used to describe the patient’s current activity state. For instance, these
normalized weighting factors may be presented in an array of values, each of which may
be conceptualized as representing a percentage of the patient’s detected activity
parameter that is attributable to a respective defined activity parameter.

The normalized weighting factors may be employed to determine a therapy
parameter for use in delivering therapy to a patient. In particular, each normalized
weighting factor may be used to weight a respective parameter value (e.g., a pulse
amplitude) that is associated with the respective defined activity state. The weighted
parameter values may be used to determine a blended parameter value for use in
delivering therapy to the patient.

According to another similar approach, posture state definitions may be
employed that specify at least one of a posture and activity state of a patient. These
posture state definitions each include defined parameter values that may be compared to
detected parameter values that indicate a current posture state of the patient. Based on
this comparison, similarity values may be derived that are then used to obtain weighting
factors. The weighting factors may be normalized and used to describe the current
posture state of the patient. They may further be used to derive information describing

the patient’s posture state over time. They may also be utilized to derive therapy
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parameter values for delivering therapy to a patient in a manner similar to that described
above.

In one embodiment, the disclosure relates to a method of obtaining a detected
parameter value for use in classifying a posture state of a patient. Multiple posture state
definitions are obtained, each being associated with a defined parameter value and a
therapy parameter value. For each of selected ones of the posture state definitions a
similarity between the detected parameter value and the associated defined parameter
value is determined. A blended therapy parameter value is determined based on
multiple ones of the similarities and associated therapy parameter values. Therapy is
delivered to the patient according to the blended therapy parameter value.

According to another aspect, a system is described that includes a sensor to
provide a detected parameter value indicative of a posture state of a patient, and a
storage device to store posture state definitions, each posture state definition being
associated with a defined parameter value and a therapy parameter value. The system
further includes a processor to perform the steps of determining a similarity between the
detected parameter value and each of selected ones of the defined parameter values
associated with selected ones of the posture state definitions, and determining a blended
therapy parameter value for use in delivering therapy to the patient based on the
similarities and on the therapy parameter values associated with the selected ones of the
posture state definitions.

A storage medium storing executable instructions to cause a processing circuit to
perform method steps is also disclosed. In one embodiment, the steps include receiving
a detected parameter value indicative of a posture of a patient, obtaining multiple
posture definitions describing defined postures, determining multiple similarities, each
describing how similar the detected parameter value is to a defined parameter value of a
respective posture definition. For each of the posture definitions, a weighted therapy
parameter value is obtained that is based on the similarity determined for the posture
definition and a therapy parameter value associated with the posture definition. A
blended therapy parameter value is obtained based on the weighted therapy parameter

values.
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Another method of the disclosure comprises obtaining from a sensor carried by a
patient a signal indicative of a posture of the patient. The signal is compared to each of
multiple posture definitions to obtain multiple similarities, each describing how similar
the posture is to a respective posture definition. A classification of the posture is
provided that includes the multiple similarities. Care is provided to the patient via a
medical device based on the classification.

The details of one or more embodiments of the disclosed techniques are set forth
in the accompanying drawings and the description below. Other features, objects, and
advantages of the disclosed mechanisms will be apparent from the description and

drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a conceptual diagram illustrating an example system that facilitates the
definition and classification of posture states according to the disclosure.

FIG. 2 is a block diagram illustrating one embodiment of an implantable medical
device in greater detail.

FIG. 3 is a block diagram illustrating an exemplary configuration of a memory of
an implantable medical device according to an embodiment of the disclosure.

FIG. 4 is a three dimensional graph illustrating one method of defining postures
using a sensor such as an accelerometer.

FIG. 5 is a graphical depiction of a posture definition for the Upright posture.

FIG. 6 is another graphical depiction of posture vectors that may be utilized with
one embodiment of the disclosure.

FIG. 7 is a table that lists example postures and associated therapy parameters.

FIGs. 8A — 8D are graphs that provide weighting functions used to convert
similarity values to weighting factors.

FIGs. 9A — 9E are graphs of additional embodiments of weighting functions for
converting similarity values to weighting factors.

FIG. 10 is a flow diagram illustrating delivery of therapy to a patient according

to one embodiment of a blended therapy delivery approach.
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FIG. 11 is a flow diagram illustrating in more detail one exemplary method of
determining similarity values and weighting factors.

FIG. 12 is a flow diagram of one method of tracking the defined posture vectors
to which a patient is closest.

FIG. 13 is a flow diagram illustrating delivery of therapy to a patient according
to another embodiment of a blended therapy delivery approach that uses activity state
definitions.

FIG. 14 is a flow diagram illustrating delivery of therapy to a patient according
to an embodiment of a blended therapy delivery approach that uses posture state
definitions.

The drawings are not necessarily to scale. Like numbers used in the figures refer
to like components, steps and the like. However, it will be understood that the use of a
number to refer to a component in a given figure is not intended to limit the component
in another figure labeled with the same number. In addition, the use of different
numbers to refer to components is not intended to indicate that the different numbered

components cannot be the same or similar.

DETAILED DESCRIPTION

Techniques described herein relate to classifying a patient’s posture state and
then delivering a therapy based on the classification. In one embodiment, classification
is performed by comparing a detected posture vector that is indicative of the patient’s
posture with one or more other vectors. These one or more other vectors (hereinafter
“defined posture vectors”) are each associated with previously-defined postures. Based
on the results of this comparison, a similarity is determined between the detected
posture vector and each of the one or more defined posture vectors. A similarity is a
metric that indicates how similar the detected posture vector is to a respective one of the
defined posture vectors. Together, these similarity metrics describe the patient’s current
posture. These similarity metrics may further be used to determine the therapy to

deliver to a patient, as will be described below.
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According to some embodiments of the disclosure, a medical device, e.g., an
implantable medical device (IMD), includes or is coupled to a sensor that senses a
posture. The sensor may be a three-axis accelerometer such as a piezoelectric and/or
micro-electro-mechanical (MEMs) accelerometer. The sensed posture may then be used
to determine the therapy adjustment.

For example, the IMD may store a table or other data structure that contains
records. Each such record may contain therapy information associated with each of the
defined postures. The IMD may automatically sense the current posture of the patient
and/or changes in the posture of the patient. This sensed information may be employed
to reference the table or other data structure that contains the therapy information. An
appropriate therapy may thereby be selected that provides the most efficacious results
based on the patient’s current posture as it relates to the defined postures.

Often times, when a detected posture vector is compared to defined posture
vectors, the detected posture vector will not exactly correspond to any of the defined
posture vectors. That is, the detected posture vector will lie “in between” multiple ones
of the defined posture vectors in three-dimensional space. As an example, a patient
may be transitioning from one posture to another, with the patient’s current position not
matching any of the defined postures. In some systems, the patient’s posture would be
classified as Undefined in these type of situations. As a result, the therapy to be
delivered to the patient may be undetermined.

According to some embodiments of this disclosure, a patient’s posture is not
categorized as Undefined in the foregoing manner when the current posture does not
meet the exact requirements of a defined posture. Instead, the patient’s posture is
always described using similarity metrics, each of which quantifies how similar the
patient’s posture is to a respective defined posture. These similarities may be used to
select weighting factors. Therapy parameters values associated with the one or more
defined posture are scaled by the respective weighting factors to determine a “blended”
therapy parameter value for use in delivering therapy to the patient. That is, the therapy
parameter value that is selected is derived by weighting the therapy parameter values

associated with one or more defined postures. The therapy parameter values that are
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given the most weight are those associated with the postures to which the patient’s
current posture is the most similar. In this manner, an appropriate therapy may be
delivered to a patient even if the patient’s posture does not exactly correspond to a
defined posture.

Examples of therapies that may be delivered using techniques presented in the
current disclosure include electrical stimulation or the delivery of therapeutic agents.
Electrical stimulation may be used, for example, to treat patients that suffer from
chronic back pain, leg pain, or other pain that cannot be treated through other methods.
As a patient changes posture state, which may involve changes in position and/or
activity, the stimulation may need to be adjusted in order to maintain efficacy.

According to an example of the current disclosure, if a patient transitions from
one posture to another, blended therapy techniques may be used to generate similarities,
cach being associated with a respective defined posture. These similarities are used to
select weighting factors that are employed to scale various parameter values, such as
amplitudes of stimulation pulses, widths of stimulation pulses, rates at which the pulses
are delivered, and/or other parameter values.

As a specific example, assume postures P1 and P2 are defined. These postures
are associated with therapy parameter values that include pulse amplitudes Al and A2,
respectively.  When the patient is detected to be in posture P1, electrical stimulation
therapy is delivered using a pulse amplitude of Al, and when the patient is in posture
P2, therapy is delivered using a pulse amplitude of A2.

Next, assume the patient is detected to be in an intermediate posture during
transition from posture P1 to posture P2. Respective similarity values may be derived to
determine how close the patient is to each of these two postures. These similarities may
be used to derive respective weighting factors @, and ; for each of these postures. The
weighting factors are, in turn, used to determine a pulse amplitude for use in delivering
therapy while the patient is in this transition phase. This amplitude may be a function of
1, 0, Al, and A2, for instance. Various techniques and approaches are discussed in

detail below.
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FIG. 1 is a conceptual diagram illustrating an example system 10 that facilitates
the definition and classification of posture for delivery of therapy according to the
disclosure. In the illustrated example, system 10 includes an IMD 12, which is
implanted within a patient 14, and which delivers neurostimulation therapy to patient
14.

IMD 12 delivers neurostimulation therapy to patient 14 via therapy connections
16A and 16B (“therapy connections 16”°), which may be leads carrying electrodes, for
instance. Therapy connections 16 may, as shown in FIG. 1, be implanted proximate to
the spinal cord 18 of patient 14, and IMD 12 may deliver SCS therapy to patient 14 in
order to, for example, reduce pain experienced by patient 14. However, the disclosure is
not limited to the configuration of therapy connections 16 shown in FIG. 1 or the
delivery of SCS therapy. For example, one or more therapy connections 16 may extend
from IMD 12 to the brain (not shown) of patient 14, and IMD 12 may deliver deep brain
stimulation (DBS) therapy to patient 14 to, for example, treat tremor, Parkinson’s
disease, or epilepsy. As further examples, one or more therapy connections 16 may be
implanted proximate to the pelvic nerves, stomach, or other organs (not shown) and
IMD 12 may deliver neurostimulation therapy to treat incontinence, gastroparesis,
sexual dysfunction or other disorders.

Further, as discussed above, the disclosure is not limited to embodiments in
which IMD 12 delivers neurostimulation therapy. For example, in some embodiments,
IMD 12 may additionally or alternatively be coupled to one or more catheters or other
substance delivery devices to deliver one or more therapeutic substances to patient 14,
e.g., one or more drugs.

In exemplary embodiments, IMD 12 functions under the control of one or more
programs. A program includes one or more parameters that define an aspect of posture
classification and/or detection according to that program.

In exemplary embodiments, IMD 12 may initiate actions in response to
information within a record. For instance, a plurality of records may be stored in a table
or other data structure. Each such record may describe at least one posture and an

associated action that is to be taken in response to detection of this posture state. When
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IMD 12 detects a posture, IMD 12 may initiate the action that is indicated by the
information in the record for that posture. This action may involve delivery of therapy
according to a particular program, group of programs and/or a set of parameters. This
action may alternatively or additionally involve providing some notification and/or
recording some information for use in analyzing a patient’s state.

In the illustrated example, system 10 also includes a programming device 20,
which may, as shown in FIG. 1, be a handheld computing device. Programming device
20 allows a user such as a patient or a clinician to interact with IMD 12. Programming
device 20 may, for example, communicate via wireless communication with IMD 12
using radio-frequency (RF) telemetry techniques, or any other techniques known in the
art.

Programming device 20 may, as shown in FIG. 1, include a display 22 and a
keypad 24 to allow the user to interact with programming device 20. In some
embodiments, display 22 may be a touch screen display, and the user may interact with
programming device 20 via display 22. The user may also interact with programming
device 20 using peripheral pointing devices, such as a stylus or mouse. Keypad 24 may
take the form of an alphanumeric keypad or a reduced set of keys associated with
particular functions. In some embodiments, keypad 24 may include an increase
amplitude button and a decrease amplitude button to directly adjust stimulation
amplitude or another therapy delivery parameter.

In exemplary embodiments, programming device 20 is a clinician programmer
used by a clinician to define postures. The defined postures may then be used to detect
postures that the patient assumes as the patient goes about daily life. As discussed
above, the detected postures may be used to determine a type of therapy to provide to
the patient.

FIG 2 is a block diagram illustrating one embodiment of IMD 12 in greater
detail. IMD 12 may deliver neurostimulation therapy via therapy connections 16A and
16B. As discussed above, these therapy connections may be leads having one or more
electrodes 30A-H (collectively “electrodes 30”) or some other therapy delivery

connection, such as one or more catheters for delivering a substance to a patient. IMD

11
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12 may be coupled to any number of therapy connections. Therapy connections 16A
and 16B are coupled to IMD 12 via therapy module 32. This may be a stimulation pulse
generator or a drug delivery controller, for example. Such a therapy module 32 may be
coupled to a power source such as a battery.

Therapy delivery may occur under the control of a processor 34. Processor 34
may comprise a microprocessor, a controller, a digital signal processor (DSP), an
application specific integrated circuit (ASIC), a field-programmable gate array (FPGA),
discrete logic circuitry, or any combination thereof.

Processor 34 may control therapy module 32 to deliver neurostimulation or other
therapy according to a selected program. For instance, processor 34 may control
therapy module 32 to deliver electrical pulses with the amplitudes and widths, and at the
rates specified by the program. Processor 34 may also control therapy module 32 to
deliver such pulses via a selected subset of electrodes 30 with selected polarities, e.g., a
selected electrode configuration, as specified by the program.

IMD 12 may also include a telemetry circuit 38 that allows processor 34 to
communicate with programming device 20. For example, a clinician may select
programs, parameters, posture definitions, and associated therapies and actions that are
to be transferred to memory 36 of IMD 12. Processor 34 may communicate with
programming device 20 to provide diagnostics information stored in memory 36 to a
clinician via telemetry circuit 38. Processor 34 may also communicate with a patient
programming device to receive from a user such as patient 14 therapy parameter
adjustments or other therapy adjustments, as well as commands to initiate or terminate
stimulation or other therapy. Telemetry circuit 38 may correspond to any telemetry
circuit known in the implantable medical device arts.

IMD 12 further includes a sensor 40 to sense one or more parameters used to
detect a posture. In exemplary embodiments, sensor 40 includes a three-axis
accelerometer, such as a piezoelectric and/or MEMs accelerometer. In other
embodiments, multiple single- or multi-axis accelerometers may be employed in place

of one three-axis accelerometer. In yet other examples, sensor 40 may include
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gyroscopes or other sensors capable of sensing posture. Thus, it will be understood that
sensor 40 may comprise more than one sensor.

In exemplary embodiments, sensor 40 is located within a housing (not shown) of
IMD 12. However, the disclosure is not so limited. In some embodiments, sensor 40
may be coupled to IMD 12 via additional therapy connections 16 (not shown). The
sensor may be located anywhere within patient 14. In some embodiments, IMD 12 may
be coupled to multiple accelerometer sensors located at various positions within patient
14 or on the external surface of patient 14, and processor 34 may receive more detailed
information about the posture of, and activity undertaken by, patient 14. For example,
one or more accelerometers may be located within/on the patient’s torso and/or at a
position within/on a limb, e.g. a leg, of patient 14. In yet other embodiments, these one
or more sensors may communicate wirelessly with IMD 12 instead of requiring one or
more leads to communicate with the IMD. For example, sensor 40 may be located
external to patient 14 and may communicate wirelessly with processor 34, either directly
or via programming device 20.

As previously mentioned, sensor 40 senses one or more parameters that are used
to detect a posture. Example postures that may be defined and subsequently detected
include the Upright posture, as well as various prone postures including Right Side, Left
Side, Face Up, and Face Down, for example. This sensor may, in some embodiments,
also detect an activity state related to motion of the patient. The activity state may
describe, for example, an overall activity level, an activity level in one or more selected
directions, a vector associated with velocity or acceleration, and so on.

IMD 12 also includes a memory 36, which may store programmed instructions
that, when executed by processor 34, cause IMD 12 to perform the functions ascribed to
IMD 12 herein. Memory 36 may include any volatile, non-volatile, magnetic, optical,
or clectrical media, such as random access memory (RAM), read-only memory (ROM),
non-volatile RAM (NVRAM), electrically-erasable programmable ROM (EEPROM),
flash memory, and the like.

FIG. 2 further includes control circuitry 41. This control circuitry is provided in

one embodiment to process the analog output of sensor 40. Control circuitry 41 may
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include discrete components, a microprocessor, a controller, a digital signal processor
(DSP), an application specific integrated circuit (ASIC), a field-programmable gate
array (FPGA), and/or the like. Control circuitry 41 may operate alone, or in conjunction
with processor 34, to process the sensor output for use in detecting a posture state. As
an example, control circuitry 41 may process the raw signals provided by sensor 40 to
determine activity counts indicative of activity level, velocity along one or more
accelerometer axes (as may be obtained by integrating the respective accelerometer
signal), and so on, for use in detecting a posture state. This is discussed further below.

FIG. 3 is a block diagram illustrating an exemplary configuration of memory 36
of IMD 12. As illustrated in FIG. 3, memory 36 stores programs 50, one or more of
which processor 34 may employ to create posture definitions 52a. Posture definitions
define the postures in which the patient will be classified. In one embodiment, any
number of such postures may be defined, as will be described below.

Memory further stores activity state definitions 52b. As described above,
activity states are used to classify a patient’s motion. For instance, an activity state of
Active may be defined to classify a patient that is undergoing a relatively high level of
patient activity.  Another activity state may be defined to classify a direction of
acceleration or a direction of velocity. By processing output of sensor 40 (e.g., by
retaining only AC signal portions and filtering for noise, for instance) and then
comparing this output to the activity state definitions, the patient’s motion may be
classified.

Posture definitions 52a and activity state definitions 52b are each subsets of
posture state definitions 55. A posture state definition is a definition that takes into
account at least one of a posture and an activity state. Thus, a posture state definition
may refer only to a posture (e.g., Upright), only to an activity state (e.g., Active), or to
both (Upright and Active).

Posture definitions 52a may be associated with posture weighting functions 53a.
These are the relationships that may be used to create blended therapy parameters

according to the current disclosure. Similarly, activity state definitions 52b may be
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associated with activity state weighting functions 53b, which may also be used to create
blended therapy parameters. Use of these functions will be discussed further below.

Memory may also store therapy information 54. This information may provide a
description of the therapy that should be provided to a patient when the patient is
classified as being in any of the predefined postures and/or predefined activity states.

Memory 36 may also store diagnostics information 56 for use in determining
how a patient is responding to therapy. In addition to this diagnostics information 56, a
patient’s posture and activity state may be recorded as posture state history 58. This
history data may record, for instance, the patient’s current posture information as well as
previous posture information. In some cases, this history data may be communicated to
an external device such as an external monitor which is used to track a patient’s
condition.

As discussed above, the signals of sensor 40 may be used to detect a posture.
For purposes of this discussion, it will be assumed sensor 40 is a three-axis
accelerometer, although sensor 40 could comprise multiple accelerometers instead.
Sensor 40 provides a respective signal describing acceleration along each of the x, y,
and z axis. These axes will be assumed to be orthogonal, although this need not be the
case.

Each of the x-, y-, and z-axis signals provided by sensor 40 has both a DC
component and an AC component. The DC components describe the gravitational force
exerted upon the sensor, and can thereby be used to determine orientation of the sensor
within the gravitational field of the earth. According to the current disclosure, the
orientation of the sensor remains relatively fixed with respect to the patient such that the
DC components of the x, y and z signals may be utilized to determine the patient’s
orientation within the gravitational field, and to thereby classify the posture of the
patient.

To classify a patient’s posture, postures are first defined. According to one
exemplary technique, sensor 40 is positioned on, or in, patient 14 in a substantially fixed
manner. For instance, the sensor may have been implanted in the patient during a

surgical procedure, may have been located on the patient using a transcutancous
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procedure, may be temporarily or permanently affixed to an external surface of the
patient, or may be carried on the patient’s clothing or other articles donned by the
patient. The orientation of the sensor relative to the patient is substantially unchanging,
at least over some period of time during which posture classification will occur.

Once the sensor is disposed in relation to the patient’s body, the patient is asked
to temporarily assume a posture. Outputs from sensor 40 are obtained while the patient
is in the assumed posture. In the case of a three-axis accelerometer, these outputs may
be processed to obtain a vector in three-dimensional space that describes the patient’s
current posture. Such a vector may be obtained, for instance, by retaining only DC
portions of the sensor signals.

Next, the vector, which may be referred to as a defined posture vector, is
associated with the posture that the patient has been asked to assume. This association
may occur by storing the defined posture vector or some representation thereof with a
designation that identifies the posture. Such an association may be stored within a table
or another data structure, such as is represented by posture definitions 52a of FIG. 3.

The patient may be asked to assume any number of postures in the foregoing
manner. As each posture is assumed, signals are obtained from sensor 40 that are
indicative of a defined posture vector. Each such defined posture vector or a
representation thereof is associated with a respective patient posture for use later in
classifying the patient’s posture.

According to one method of classifying a patient’s posture, after a defined
posture vector is associated with a posture, a tolerance may be selected. The tolerance
defines a distance relationship to the posture vector. This distance may define a cone
surrounding the posture vector, for instance. Like the defined posture vector, this
selected tolerance is associated with the posture. According to one method of posture
classification, the defined posture vector and the tolerance may be used to determine
whether a patient has assumed the associated defined posture.

The process of obtaining signals from sensor 40 for use in defining postures may
be initiated using a programming device such as clinician programming device 20. For

instance, a user may utilize programming device 20 to issue a command via telemetry
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circuitry 38 to IMD 12 when a patient has assumed a desired position. This command
causes IMD 12 to obtain signal values from sensor 40, which may be optionally
processed by circuitry 41 of IMD and stored in memory 36. These sensor signals may
also be uplinked via telemetry circuitry 38 to an external device such as programming
device 20 to undergo some of the processing steps.

As previously noted, sensor signals may be associated with an indication (e.g.,
an alpha-numeric tag, a binary tag, etc.) identifying a posture. The indication may be
specified by a user who is employing programming device 20. For instance, a
programming device 20 may include a display 22, keypad 24, a touch screen, a
peripheral pointing device, and/or other types of user interface mechanisms, as
described above. In one embodiment, a user may employ one or more of these
mechanisms to capture the sensor output while a patient is in a given posture, provide an
indication that identifies the posture, and create an association therebetween. Each such
association may be stored in memory of programming device 20, in memory 36 of IMD
12 (e.g., as posture definitions 52a), and/or in some other storage facility.

In a similar manner, a user may employ external programming device 20 to
specify a tolerance value (e.g., a cone surrounding the vector) and associate that
tolerance with a defined posture. This association may likewise be stored in memory of
programming device 20, memory 36 of IMD 12, or another storage facility.

In the foregoing manner, one or more postures are defined. Each posture is
associated with a vector and a tolerance (e.g., a cone surrounding the vector). These
defined postures may then be used to classify a patient’s position according to one
posture classification approach. As may be appreciated, during this classification
process, it is important that sensor 40 be maintained in substantially the same position
relative to the patient as that sensor was positioned when the posture definitions were
originally obtained. This will allow the same sensor coordinate system that was used to
define the postures to likewise be used to classify a patient’s positions. If the sensor
orientation relative to the patient changes, however, as may occur if an IMD 12 rotates
with respect to patient 14, recalibration of the defined postures must be performed. This

will involve again requiring the patient to assume the postures so that the defined
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posture vectors associated with the postures may be re-recorded. Techniques for
recalibration in this manner are described in previously-mentioned Patent Application
Serial No. 61/080,106.

In a manner similar to that described above, activity state definitions 52b may be
created. This may involve requiring the patient to undertake some activity while signals
from sensor 40 are processed to obtain an activity parameter that describes the activity.
Such an activity parameter may be an overall activity level (e.g., footfalls), a vector
indicative of velocity or acceleration involving the activity, some other measure of
motion, or any other indication of this patient activity. The parameter values recorded
during the activity may be used to create activity state definitions. These definitions
may then be used to classify a patient’s motion.

Next, specific techniques for classifying a patient’s posture are considered. As a
patient moves and/or assumes a posture, outputs from sensor 40 are used to obtain
measurements that define a detected posture vector indicative of the patient’s current
posture. According to one technique, this detected posture vector may be compared to
one or more of the defined posture vectors of the posture definitions 52a. This
comparison may be used to determine whether the detected posture vector meets the
requirements of any of the posture definitions.

In one specific embodiment, a posture definition may be described in terms of a
defined posture vector and a cone surrounding the vector. The patient is classified as
being in the defined posture if the detected posture vector for the patient falls within this
cone. Such an example is illustrated in FIG. 4.

FIG. 4 is a three dimensional graph illustrating one method of defining postures
using sensor 40. Sensor 40 (not shown) is disposed in a fixed manner relative to patient
14. When patient 14 is known to be standing upright, sensor 40 will provide outputs
that can be processed to obtain a vector [V}, V,, V3] in three-dimensional space which is
shown as Vy, 60. During a posture definition process, this vector may be associated
with an Upright posture, as by storing some indication of the Upright posture along with
one or more values identifying this vector. A tolerance may then be sclected for this

posture that describes a distance relationship to vector V. In the current example, the

18



10

15

20

25

WO 2010/005822 PCT/US2009/049071

tolerance is an angle 0., 62 which may identify a maximum distance from vector Vy, in
any direction, as illustrated by cone 64.

During subsequent posture classification according to one type of classification
technique, a patient’s detected posture vector will be obtained. This detected posture
vector may be compared to the defined posture vector Viy,. If this comparison indicates
that the detected posture vector lies within this cone, the patient will be considered to be
in the Upright posture. Thus, the patient may be leaning slightly forward, backward, or
to either side of, vector Vy;,, while still being categorized as standing so long as the
detected posture vector lies within cone 64.

In a similar manner, other posture vectors may be defined. For instance, a
vector Vi, 66 may be defined that will be used to determine a Left Side posture in which
the patient 14 may be classified when he is lying on his left side. In a manner similar to
that described above, a tolerance is defined for this vector that involves an angle 6 68.
This angle may be used to describe a cone 70 defining a maximum distance from Vi, 66.
When a detected posture vector lies within this posture cone 70, the patient 14 will be
classified as lying on his left side.

Any other one or more postures may be defined in a similar manner. For
instance, a vector Via 72 may be associated with some arbitrary posture in which a
patient may be classified when he is lying face down with his head somewhat below his
feet. As was the case above, this example shows a tolerance being selected for this
posture that involves an angle 014 74 that describes a cone 76 surrounding this vector. If
a detected posture vector lies within this cone, the patient will be classified as being in
this posture.

In the foregoing manner, any vector may be selected for use in defining a
posture. The selected vectors need not be in any particular plane or be in any
relationship to any other posture vector. For instance, an Upright posture need not be
orthogonal to a Left Side posture. Moreover, postures assumed while the patient is
reclining (e.g., Right Side, Left Side, Face Up, Face Down, etc.) need not be co-planar.

As still another illustration, a Right Side posture defined to describe a patient lying on
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his right side may, but is not required to, have a particular relationship (e.g., “opposite”)
to the Left Side posture. Any number of such postures may be defined.

All of the above examples of posture definitions use a vector and a tolerance.
The tolerance may be expressed as a cone. According to posture classification
techniques that require use of both the vector and the tolerance involving a cone, a
patient may be classified as occupying the associated posture if a sensor reading
provides a detected posture vector that is within the cone.

It may be noted that some space may not be included within any posture
definition. Specifically, all of the space outside of cones 64, 70 and 76 is excluded from
a posture definition in the illustrated embodiment. The size of this space will vary
depending on the number of posture definitions in use in the system, as well as the size
of the tolerance associated with each posture definition. When a patient’s detected
posture vector falls outside of the cones, the therapy to be delivered to the patient may
be undetermined, as will be described further below.

FIG. 5 is a graphical depiction of a technique for classifying a patient’s posture
using both a defined posture vector and a cone surrounding this vector. The posture
definition for this example is defined in terms of defined posture vector Vi, 60 and a
tolerance described using angle Oy, 62. As previously described in reference to FIG. 4,
the angle 0y, may be used to describe a cone 64 disposed in relationship to vector V.
In this example, a patient’s posture will be classified as being Upright if the detected
posture vector Vp; 130 for the patient lies within cone 64. This determination may be
made using the cosine of angle By, 132, which is the angle between a detected posture

vector Vi 130 and Vi, 60 as follows:

If cos (Bup) > cos (Bup), Posture = Upright (Equation 1)
This is depicted by FIG. 5, which represents the cosine of the angle 132 via arrow 134.
The cosine of the angle Oy, 1s designated by arrow 136. Since in this case cos(By,) 134

1s greater than cos(0yp,) 132, the patient will be classified as being in the Upright
posture.
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Assuming for illustration purposes that the Upright posture is the only posture
definition that has been created, if the defined posture vector Vi is outside of cone 64 of
FIG. 5, the patient’s posture cannot be readily classified. This may pose challenges for
therapy delivery in an embodiment that relies on defined posture vectors and cones to
determine therapy parameters.

FIG. 6 is another graphical depiction of posture vectors that may be utilized to
classify a patient’s posture. For illustration purposes, it will be assumed that the plane
represented by FIG. 6 is that in which the Anterior-Posterior (front-to-back) and Lateral-
Medial (side-to-side) axes of the patient also resides. This plane may be occupied by a
patient who is lying down, and thus will be used to illustrate exemplary lying down
postures. For case of reference, the various posture vectors associated with the lying
down postures are shown to be co-planar, but it will be understood that this need not be
the case.

Postures occupied by a patient when lying down may include a Face Down
posture assumed when the patient is lying on his stomach, a Face Up posture assumed
when the patient is on his back, a Right Side posture assumed when the patient is on his
right side, and a Left Side posture assumed when the patient is on his left side. Each of
these postures is associated with a respective one of defined posture vectors Vyq 160,
Vi 162, Vi 164, and Vi, 166. As shown in FIG. 6, the vectors need not be equidistant
from one another, and may be anywhere within three-dimensional space.

Each of the four defined posture vectors Vig 160, Vi, 162, Vi 164, and Vi, 166
described above is associated with a respective cone 170, 172, 174 and 176. The cones
need not be of the same size, and in one embodiment, are of a selectable size that may
be chosen by a user, such as a clinician who is creating the posture definitions.

As was the case in regards to FIG. 5, in this example, a cone and the associated
defined posture vector defines a posture. A patient will be classified as being in a
defined posture if a detected posture vector falls within a corresponding cone. For
instance, if detected posture vector Vy,; 180 were located within cone 170 surrounding

Viq 160, the patient will be classified as being in the Face Down posture.
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As was the case involving FIGs. 4 and 5, the graph of FIG. 6 includes some
space that is not part of any posture definition. This space is represented using diagonal
hashing. According to the current example, if a detected posture vector falls within this
space, the posture will not be classified as one of the four defined postures. This may
pose questions regarding the type of therapy the patient is to receive, as will be
discussed further below.

FIG. 7 is a table that lists example postures and associated therapy parameters.
Such a table may be stored as therapy information 54 of FIG. 3, for instance. Example
postures, shown listed in column 200, correspond to those discussed in regards to FIG.
6. More or fewer defined postures may be utilized, and the postures may include any
others instead of, or in addition to, those shown. Columns 202 -206 list various therapy
parameters that may be used to control how therapy is delivered to a patient when the
patient is detected to be in a corresponding posture. For instance, column 202 indicates
an eclectrical stimulation amplitude for use in provided electrical stimulation to the
patient. Column 204 indicates a pulse width to be used in delivering electrical
stimulation. Column 206 indicates an electrode combination to be used to deliver the
stimulation, and so on. Any other parameters may be included in the table instead of, or
in addition to, those shown, as represented by columns 208. For instance, the
combination of programs used to deliver therapy may be identified in this table, and so
on.

The table of FIG. 7 may be created in several ways. It may be provided by a
device manufacturer.  Alternatively, it may be populated with postures and
corresponding parameter values that are provided by a user such as a clinician via a user
interface (e.g., the user interface of programmer 20 of FIG. 1). As another possibility, it
may be developed dynamically as a patient goes about his daily routine. In this latter
case, population of the table may occur as the patient enters therapy adjustments via a
patient programmer 20. Such therapy adjustments may be entered into the table of FIG.
7 in association with a posture that the patient occupies contemporancously with entry
of the adjustment, for instance. Such parameters may be periodically updated using

patient-provided adjustments or updates provided in some other manner.
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Once created, the table of FIG. 7 may be used to deliver therapy to the patient as
the patient goes about daily life. As a patient moves about, signals from sensor 40 may
optionally be processed in preparation for posture classification. Processed or
unprocessed sensor signals may then be compared to the posture definitions 52a to
obtain a posture classification (e.g., “Face Up”). This posture classification may be used
to select a therapy parameter, as by using this classification to reference a data structure
similar to the table of FIG. 7. The therapy parameters provided in association with the
posture classification may be used to determine whether therapy adjustment is needed.
The posture classification may also be optionally stored for objectification purposes,
which may include determining how well a patient is responding to therapy.

As an example of using posture classification to control therapy delivery, assume
a patient has transitioned from being on his Right Side to a Face Up position. In this
case, therapy delivery may be changed from that involving pulses having an amplitude
and pulse width of Ar and Wg, respectively, to that associated with pulses having an
amplitude and pulse width of A, and Wy, respectively.

It will be understood that although electrical stimulation parameters are shown in
the table of FIG. 7, other types of therapies may be delivered in a posture-responsive
manner. For instance, parameters associated with drug delivery may be modified based
on patient posture. Thus, the example is merely illustrative, and not limiting.

When classifying postures using posture definitions that are described in terms
of a defined posture vector and a tolerance (e.g., a surrounding cone), the patient’s
posture may not meet the requirements of any defined posture. For instance, this occurs
in the example of FIG. 6 if the detected posture vector V,; 180 falls within the hashed
arca. In this case, it may be difficult to determine how to provide therapy to a patient.

The current disclosure provides a different approach to posture classification
than that which requires use of vectors and tolerances as shown in FIGs. 5 and 6. This
alternative approach may be used alone, or in conjunction with the methods shown in
FIGs. 5 and 6, as will be described below.

According to the alternative techniques described herein, a patient’s posture may

be described in terms of multiple defined postures rather than a single defined posture.
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These multiple defined postures may include all defined postures, or some subset of all
defined postures. The patient’s posture is compared to all, or a subset of all, defined
posture vectors. Based on each comparison, a similarity value is derived that indicates
how similar the patient’s posture is to a defined posture vector. Once a similarity value
is determined, this value may be used to derive a respective weighting factor o.
Multiple weighting factors may be normalized and employed to describe the patient’s
posture. This description is provided in terms of multiple ones of the defined postures
rather than according to a single posture, as is the case in the methods described in
reference to FIGs. 5 and 6.

The weighting factors may further be employed to derive a therapy parameter
value for use in delivering therapy to the patient. In particular, ecach weighting factor
may be used to weight a respective parameter value (e.g., a pulse amplitude) that is
associated with the respective defined posture. As one example, if the patient’s posture
is determined to be very similar to a defined posture based on the similarity value, the
corresponding weighting factor may be close to “one” such that the therapy parameter
value for that posture will be the primary consideration in determining how therapy is
delivered to the patient. In contrast, if the patient’s posture is very dissimilar to a
particular defined posture, the corresponding weighting factor may be selected as being
zero or close to zero. In this case, the therapy parameter value associated with this
dissimilar posture will play little or no part in determining how therapy is provided to
the patient. The weighted parameter values are used to determine the final parameter
value for use in delivering therapy to the patient.

As will be appreciated from the more detailed description that follows, the
current mechanism does not require the patient’s posture to be classified as being in any
single posture. Instead, the patient’s posture may be described in terms of all, or a
subset of all, defined postures. Therapy delivery may be performed according to a
continuum of values.

Next, each of the aspects of the current mechanism is considered in more detail.
As noted above, the current method utilizes similarity values to describe how similar a

patient’s posture is to each of multiple defined postures. This may be considered in

24



10

15

20

25

WO 2010/005822 PCT/US2009/049071

more detail by returning to FIG. 6. In FIG. 6, the patient’s defined posture is represented
by detected posture vector V,; 180, which would fall outside of all of the posture
definitions if a cone-based approach were being used to classify the posture.

According to the current approach, detected posture vector Vo 180 is not
classified in terms of the cones. Rather, a similarity is derived between detected posture
vector Vy,; 180 and each of the four defined posture vectors Vig 160, Vi, 162, Vi 164,
and Vi 166. In one embodiment, the angles Brq 190, Bry 192, Br 194, and P 196
between the detected posture vector Vi 180 and each of the other defined posture
vectors Vg 160, Vi, 162, Vi 164, and Vi 166 are employed for this purpose. In
particular, trigonometric functions (e.g., sines or cosines) of the angles Brq 190, Pry 192,
Br 194, and Br 196 may be used to describe how similar Vi is to the corresponding
defined posture vectors. For purposes of the current illustration, the cosines of the
angles PBrq 190, Bru 192, Br 194, and Pr, between V,; and a respective one of the defined
posture vectors Vg 160, Vi, 162, Vi 164, and Vi 166 are used as similarity values G4,
Oru, OR, and or, respectively.

In the case of cosines, the larger the cosine of an angle between V,,; and a defined
posture vector, the more similar Vi, is to that defined posture vector. Conversely, if the
cosine of the angle is negative, it may be concluded that the angle between V,; and the
corresponding defined posture vector is between 90 and 270 degrees, indicating V,; and
the defined posture vector are at least somewhat dissimilar. This is the case, for
instance, with defined posture vectors Vi, 166 and Vg, 162, which point in a somewhat
opposite direction to V,; 180 such that cosines of angles Bry 192 and Br, 196 will be
negative.

Other types of trigonometric functions may be used instead of cosines to express
how similar V; is to a defined posture vector. For instance, a sine of an angle may be
used for this purpose. In this case, the similarity value as expressed by the sine of the
angle is indirectly proportional to how similar V; is to the defined posture vector. In yet
another scenario, an angle itself may be used to express the similarity, with the size of

the angle decreasing as the two vectors become more similar.
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As another example, a scalar distance between Vy and a defined posture vector
may be determined for use as a similarity. For instance, a city-block distance may be
derived between a detected posture vector Vi = [Vpu Ve V] and a defined posture

vector V= [V, V;, V3] as follows:
o= ‘V1 - sz1|+‘V2 - szz

+ ‘VS - thS

(Equation 2)
A variation of this technique provides a Euclidean distance as follows:

o= \/(V1 - thl)z + (Vz - thZ)z + ( 37 thS)z (Equation 3)

Yet another technique utilizes a maximum absolute difference d.. (V, Vp) as

follows:

’I/Z_VpIZ’I/S_VpIS

} (Equation 4)

o= rnax{lV1 —Von
Still another approach employs the following:

VoVt Vo Vor V3 V)

ptl pt2

o= Sign(Vy Vg Vo Vo +V5 -V )
(Vl'Vl+V2'V2+V3'V3)'(sz1'sz1+sz2'sz2+sz3'szz) 3 3 3
where sign (x) = 1ifx>0; (Equation 5)
=-1ifx <1; and
= 0 otherwise

Yet another approach utilizes Minkowski (p-norm) distances as a similarity
metric. Any type of function that may be used to quantify how similar V; is to a
defined posture vector may be employed to derive similarity values between V,; and
cach of the defined posture vectors, as described herein.

As previously noted, once similarity values have been determined that express
the similarity between Vy and each of the defined posture vectors, these similarity
values may be mapped to a respective weighting factor ®. For instance, in the example
of FIG. 6, assume similarity values 6rq4, Gru, Or, and op, have been derived to describe
how similar V; is to each of the four defined posture vectors Viq 160, Vi, 162, Vi 164,
and Vi 166. A weighting function may then be sclected that maps each of these
similarity values Gr4, Oru, Or, and oy to a respective weighting factor ® g4, ® ry, ® r, and

o 1. These weighting factors will be used to determine the relative importance of each
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of the defined posture vectors in classifying V, and to determine how to weight the
therapy parameter values of each of the defined posture vectors when delivering therapy
to the patient.

Weighting factors are derived from respective similarity values using one of the
posture weighting functions 53a (FIG. 3). In a most simple case, a posture weighting
function maps a similarity value to itself. That is, the same value derived for use as the
similarity value will also be used as the corresponding weighting factor . This type of
weighting function may be employed, for instance, when the cosine of an angle is used
as the similarity value in the manner described above. In this case, a weighting factor
will have a value ranging from -1 to 1. Thus, the weighting factor may be negative
some of the time, as will occur when the detected posture vector is in a direction that is
at least somewhat opposite to that of a defined posture vector.

For reasons to be discussed below, it may be undesirable to utilize a negative
weighting factor. Therefore, another type of weighting function may be utilized that
eliminates any negative similarity values. According to this embodiment, the weighting
function maps the similarity value to itself if the similarity value is positive, and maps
the similarity value to zero if the similarity value is negative. This will essentially
disregard all negative similarity values.

The foregoing types of weighting functions are generally used when the
similarity value is directly proportional to the similarity between V,; and a defined
posture vector. This is the case, for instance, when cosines of angles between the two
vectors are used to derive similarity values. When other types of metrics are utilized to
derive similarity values, this is not necessarily the case. For instance, when a sine of an
angle, an angle itself, or a distance such as a city-block, Euclidean, Minkowski,
maximum absolute, or some other distance is used to derive a similarity, an inverse
relationship exists between the similarity value and degree of similarity between the two
vectors. In other words, as the distance between the vectors increases, the two vectors
are less similar to each other. Thus, a weighting function is needed that will address this
inverse relationship. For instance, the weighting function may involve subtracting the

similarity value from one (e.g., as may be useful in the case of the sine of an angle) or
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some other maximum similarity value om.x and then dividing by omax to obtain the
corresponding weighting factor . This is represented as follows:

o =Tme — 7 (Equation 6)

O

Another type of weighting function that may be employed is as follows:

1
o=

= > (Equation 7)
l+o

Like the function of Equation 6, this weighting function maps the similarity value ¢ to a
weighting factor @ when an inverse relationship exists between ¢ and the similarity
between two vectors.

According to an alternative approach, “fuzzy” logic may be employed as
weighting functions, as described in relation to FIGs. 8 and 9.

FIGs. 8A — 8D are graphs that provide weighting functions used to convert
similarity values ¢ to weighting factors ®. The weighting functions of FIGs. 8A — 8D
are adapted for use when the similarity values ¢ are directly proportional to the
similarity between a detected posture vector and a defined posture vector.

In these examples, the similarity values, shown along the x axis, range from -1 to
1, although this need not be the case. In all of these examples, when the similarity value
is less than 0, indicating that the two vectors being compared are dissimilar, the
weighting factor © (shown along the y axis in each graph) is zero. Thus, these
weighting functions will disregard the negative similarity values.

Each of graphs 8A - 8D provides different correlations between a positive
similarity value and the weighting factors. In the example provided in FIG. 8A, the
similarity value is mapped to itself. In FIG. 8B — 8D, a positive similarity value is
mapped to a different positive weighting factor ranging between 0 and 1. For instance,
in FIG. 8D, a similarity value of approximately .33 will result in a weighting factor of 1.
In contrast, the same similarity value will result in a weighting factor closer to .5 when
the graphs of FIG. 8B and 8C are employed. Virtually any type of weighting function
may be chosen to map a similarity value to a weighting factor.

FIGs. 9A — 9E are graphs of additional embodiments of weighting functions for

converting similarity values to weighting factors. Unlike the examples of FIGs. 8A —
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8D, these weighting functions are adapted for use when the similarity values are
inversely proportional to the similarity between the two vectors that are being compared,
as is the case when distance measurements (e.g., city-block, Euclidean, Minkowski,
absolute distances, ectc.) are being used as the similarity values. In such cases, the
similarity values (shown along the X axis) range between 0 and «. The weighting
factor, shown along the Y axis, will be the largest when the similarity value is 0,
indicating the two vectors being compared are substantially the same. In each of the
examples of FIGs. 9A — 9E, the weighting factors diminish to 0 at some predetermined
maximum similarity value which may be different for each of the graphs. Any type of
relationship may be used to map the similarity values to the weighting factors. For
instance, FIGs. 9A and 9D utilize various non-linear relationships. In FIGs. 9B and 9E,
step-like functions are employed. In FIG. 9C, a linear relationship is used.

It will be appreciated that the various weighting functions, including the
relationships shown in FIGs. 8A- 9D and 9A-9E, are merely exemplary. A substantially
infinite number of weighting functions may be contemplated to map similarity values to
weighting factors. Such functions may include equations or other relationships in
addition to, or instead of, graphs. In one embodiment, the weighting functions may be
stored as weighting functions 53a (FIG. 3).

In one embodiment, the weighting function that is in use at any given time
within the system may be selected by a user such as a clinician using a programming
interface, as may be provided via programmer 20. This weighting function may
alternatively be pre-selected by the device manufacturer. In another embodiment, a
default weighting function is selected by the device manufacturer, with the user being
allowed to override this default using a programming interface. In another scenario,
detection of an event or condition within the system may cause re-selection of the
weighting function.

Once weighting factors have been obtained, these weighting factors may be
normalized. Normalization converts each weighting factor ® into a corresponding
normalized weighting factor @ that conforms to the following requirements:

0<o<l1; and (Equation 8)
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Z o=1 (Equation 9)

The need for normalization can best be considered by example. Assume that two
defined posture vectors Vg, and Vi exist within the system. The patient’s detected
posture vector V, lies equidistant from these two defined posture vectors. The cosine of
the angle between Vi, and Vi, 1s 9. Likewise, the cosine of the angle between V,; and
Vi is .9. Thus, Vy is relatively close to each of Vg, and Vi, being separated from each
of these vectors by an angle of only about 26° degrees.

Next assume that the cosine value is used as the similarity. Moreover, the
mapping function that has been selected corresponds to that shown in FIG. 8A, which
maps a positive similarity value to itself for use as the weighting factor. That is,
weighting factors wpy and wr. for defined posture vectors Vg, and Vi, respectively, are
both .9. As will be appreciated, these values alone do not indicate the relative
similarities of Vg, and Vi to V. Some normalization is required to provide this type of

information. This may be accomplished using the following normalization function:

w; = — (Equation 10)

In this equation, &; is the normalized weighting factor for the i defined posture vector.
Normalization is accomplished by dividing the weighting factor for the i defined
posture vector by the sum of the weighting factors for all of the defined posture vectors.
In the current example, a weighting factor @ of .9 is converted to a
corresponding normalized weighting factor ® using Equation 10 as follows:

9
9+.9

Thus, the normalized weighting factors dr, and @y, for defined posture vectors Vg, and
Vi, respectively, both have values of .5. The detected posture vector V. may be
described in terms of an array [.5, .5] of these normalized weighting factors that
corresponds to an array of the defined posture vectors [Vey, Vi].

As is apparent, the way in which the detected posture vector is described
depends on the defined posture vectors that are in use within the system. For instance,

assume a user decides to define another posture vector Vig for use within the system.
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This new posture vector is separated from V,; by a larger angle (e.g., an angle of about
78°) for which the cosine is above .2. Upon re-applying Equation 10 to obtain the three
normalized weighting factors for Vg, Vi, and Vgq, V,y may now be described according
to the updated array of normalized weighting factors [.45, .45, .1]. Note that all of the
normalized weighting factors have a value ranging from 0 to 1, and that the sum is one,
thus satisfying the relationships of Equations 8 and 9, above.

The foregoing illustrates how the normalized weighting factors may be obtained
and then used to describe a patient’s detected posture vector V.. For instance, returning
to the foregoing example, it may be appreciated that detected posture vector Vi 1s quite
similar to both of the defined posture vectors Vg, and Vi, but is not very similar to the
third defined posture vector Vyq. Moreover, the degree of similarity to Vg, is equal to
that of V. This is reflected in the array [.45, .45, .1] of normalized weighting factors
for V that corresponds to [Vr,, Vi, Vrg]. Each normalized weighting factor may be
thought of as representing that portion of the patient’s posture that is similar to the
corresponding defined posture vector. Thus, in much the same way a secondary or
tertiary color can be described in terms of some proportion of one or more primary
colors, the patient’s detected posture vector V, may be “broken down” into, and
described in terms of, constituent components comprising portions, or percentages, of
the defined posture vectors.

In an embodiment wherein negative weighting factors are possible, it is likely
desirable to utilize modified normalization techniques. For instance, it may be desirable
to utilize an absolute value of a negative weighting factor when deriving the sum that
appears in the denominator of Equation 10. Otherwise, a negative value may result for
use in the denominator, leading to the unwanted result of a negative weighting factor
producing a positive normalized weighting factor. For this reason, and other reasons to
be discussed below, it is often preferable to select a weighting function that does not
produce negative weighting factors.

According to the current disclosure, the description of V,,; will depend on the
defined posture vectors that are being used for this purpose. In one embodiment, all of

the defined posture vectors in the system may be used. For example, each detected
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posture vector may be described in terms of an array representing all defined posture
vectors in the system. This may be prohibitive, however, if a large number of posture
definitions are in use.

According to yet another approach, some subset of all of the defined posture
vectors may be selected for use in classifying a patient’s posture in the foregoing
manner. For instance, the subset may be selected to include only those defined posture
vectors for postures that are thought to be most likely occupied by the patient. This
determination may be based on information specific to the patient, if desired.
Alternatively, the subset may be limited to those defined posture vectors considered to
be most important for therapy delivery or for patient analysis and diagnosis. Any one or
more of these or additional factors may be used to determine the subset of defined
posture vectors to be used to classify a patient’s posture in any of the foregoing ways.

In another embodiment, the defined posture vectors that are used to classify a
patient’s detected posture vector may be selected dynamically. For instance, the
patient’s detected posture vector may be compared to all defined posture vectors to
derive similarity values. A predetermined number K of the defined posture vectors that
are determined to be closest, or most similar to (e.g., produce non-negative similarity
values), the detected posture vector may be selected for use in classifying the detected
posture vector. If this predetermined number K of such defined posture vectors does not
exist (e.g., only some smaller number of defined posture vectors produce a positive
similarity value), some other selection mechanism may be used. In this latter case, all
defined posture vectors resulting in positive similarity values may be selected for use,
for instance. The predetermined number K may be programmable, may be a value that
is “hard-coded” by device manufacturers, or may be a value selected dynamically based
on other considerations, such as the size of storage within the system, the amount of
processing capability available within the system, power constraints of the IMD, sensed
physiological parameters of the patient, and/or some other value or condition.

Yet another example of the foregoing involves performing some initial
comparison of the detected posture vector to determine which defined posture vectors to

use in classifying a patient’s posture. For instance, assume that the defined posture
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vectors have been divided into groups. A first group may include all defined posture
vectors for standing positions (e.g., Upright, Upright Leaning Forward, Upright Leaning
Backward, etc.). A second group may include defined posture vectors associated with
prone positions (e.g., Face Up, Face Down, Right Side, Left Side, etc.). A third group
may involve defined posture vectors for inverted positions, and so on. Before posture
classification is initiated, a patient’s detected posture vector is associated with one or
more of the groups of the defined posture vectors. Such an association may be
performed, for example, based on a comparison between the detected posture vector and
a vector that is representative of the defined posture vectors in a corresponding group.
After the detected posture vector has been associated with one or more of the groups in
this or some other manner, the patient’s detected posture vector may be classified using
only the defined posture vectors included in the associated groups.

If desired, the subset of defined posture vectors that is used to classify a patient’s
posture may be changed automatically based on sensed events such as physiological
signals received from the patient, commands issued from a programmer, or some other
sensed condition. Alternatively, a time of day may prompt re-selection of the defined
posture vectors. For instance, a clock of IMD 12 may be utilized to enable a first subset
of the defined posture vectors for use in classifying a detected posture vector during the
day. A different subset may be enabled for use in classifying the patient’s posture at
night. In the foregoing manner, any or all of the defined posture vectors may be used to
classify a patient’s current posture state, and the set of defined posture vectors used for
this purpose may change throughout the day, or based on sensed events.

Next, therapy delivery is considered in more detail. As previously discussed,
once the normalized weighting factors have been determined, these values may be used
to derive a value for a parameter that will be employed to delivery therapy to the patient.
Returning to the example discussed in relation to FIG. 7, assume the Face Down, Face
Up, Right Side, and Left Side postures have been associated with pulse amplitude values
of Apq, Ary, Ar, and Ap, respectively, as shown in column 202 of FIG. 7. Further assume
corresponding normalized weighting factors ®rq4, Ory, Or, and ©r, have been derived in

any of the ways discussed above for a detected posture vector Vp,. These normalized
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weighting factors may be used to scale (or weight) the amplitudes associated with the
four defined posture vectors to obtain a “blended” parameter value that is specific to Vp;
as follows:

Avpt = Ord "Ard T Opy "Apg + OrR'AR + OL. "AL (Equation 11)

In a similar manner, blending may be performed for other types of parameters,
such as pulse widths, pulse rates, and so on. This blending of therapy parameters allows
values used to deliver therapy to be adjusted according to a continuum of values in a
smooth manner as a patient’s posture changes.

A general approach for deriving a value for a therapy parameter Py, using the
normalized weighting factors ®; - ® ; corresponding to defined posture vectors V; — V;

may be summarized as follows:

P, = sz ‘® (Equation 12)

iel
In this equation, the set I includes the set of defined posture vectors selected for use in
deriving the parameter Pyy.  As discussed above, this set I may contain all defined
posture vectors, or some subset of all defined posture vectors that may be selected in
virtually any manner, including in some automated manner based on sensed events
and/or conditions. The parameter values P; include those values associated with the
defined posture vectors in set I, as are exemplified by the table of FIG. 7. Many other
types of parameters may usefully employ the blending techniques described herein.

Upon considering Equations 11 and 12, one may appreciate that large negative
weighting factors resulting from defined posture vectors that are “opposite” to a
detected posture vector may greatly influence the resulting therapy parameter value Py,
even “cancelling out” desired therapy levels associated with more similar defined
postures. This may not be desirable. Therefore, in one embodiment, weighting
functions such as those shown in FIGs. 8A — 8D and 9A-9E may be used to ensure that
negative similarity values are mapped to weighting factors having values of zero.

FIG. 10 is a flow diagram illustrating delivery of therapy to a patient according
to one embodiment of a blended therapy delivery approach. A set I of the defined
posture vectors that are to be used to deliver therapy is obtained (220). This set may

include all defined posture vectors for all defined postures, or may instead be some

34



10

15

20

25

30

WO 2010/005822 PCT/US2009/049071

subset K of all defined posture vectors. For instance, the subset may involve only those
defined posture vectors that are thought to be most likely occupied by the patient, those
believed most important for therapy delivery, those selected based on an initial inquiry
(e.g., group associations), and so on.

Next, a detected posture vector is obtained from a patient for use in classifying
the patient’s posture (222). A defined posture vector is selected from the set I of defined
posture vectors (226). A similarity between the detected posture vector and the selected
defined posture vector is determined (228). This similarity may be an angular distance,
a non-angular scalar distance, a trigonometric function of an angle between the two
vectors, or some other type of measure of the similarity between the two vectors. In one
exemplary instance, the similarity is a cosine of an angle between the two vectors.

Next, a weighting factor o is obtained from the similarity (230). This weighting
factor may be obtained using any of the weighting functions described herein, or any
other weighting function. Many such functions may be contemplated. The weighting
function that is selected may be patient-specific, may be based on one or more
physiological signals measured by the system, or on some other characteristic of the
system. In general, a same weighting function will be selected for use in deriving all of
the weighting factors that are used to obtain a given blended therapy parameter value.
That is, the same weighting function will be selected for use during all iterations of the
method of FIG. 10.

A therapy parameter P may be obtained for the defined posture vector that is
currently being processed (232). Such a therapy parameter may involve electrical
stimulation (e.g., a pulse amplitude, pulse width, stimulation frequency, etc.).
Alternatively, the parameter may involve some other therapy such as drug delivery (e.g.,
drug bolus amount, frequency of drug delivery, etc.). Any type of parameter associated
with therapy delivery to a patient that may be adapted for use according to this blended
approach may be selected.

A weighted value of the therapy parameter is determined by multiplying the
parameter value P by the current weighting factor © (234). Next, it is determined

whether all of the defined posture vectors in set I have been processed (236). If not,

35



10

15

20

25

WO 2010/005822 PCT/US2009/049071

execution returns to step 226 where another defined posture vector is selected, and
processing steps 228 — 234 are repeated.

When all of the defined posture vectors in set I have been processed, execution
continues to step 238 wherein a value for the blended therapy parameter for the detected
posture vector is determined. This blended parameter value, Pyy, is determined as
follows:

2.0 P
B, = (Equation 13)

Vpt
Z @;

iel
Note that the parameter value Py, is determined by dividing the sum of all of the
weighted parameter values P;.o; obtained during all iterations of step 234 by a sum of all
of the weighting factors determined in step 230. This provides the necessary
normalization, which could alternatively be performed for each of the weighting factors
individually in the manner described above with respect to Equation 10. Therapy may
be delivered using this parameter value Py (240), and processing is then complete
(242). The process of FIG. 10 may be repeated periodically, as when a change in the
patient’s posture is detected and/or at predetermined time intervals.

FIG. 11 is a flow diagram illustrating in more detail one exemplary method of
determining similarity values and weighting factors. This method may be used to
accomplish steps 228 and 230 of the method of FIG. 10, for instance. According to this
approach, a relationship is selected for use in determining a similarity value (250). This
may be an angle that expresses distance is degrees, radians, or some other angular
measure. Alternatively, this relationship may be a non-angular scalar distance, such as a
cosine of an angle, a sine of an angle, a city-block distance, a Euclidean distance, a
Minkowski distance, an absolute distance, or some other distance.

The selected relationship is utilized to determine a similarity value between a
detected posture vector and a defined posture vector (252). This similarity value
describes how close, or similar, the detected posture vector is to the defined posture

vector. This similarity value may be directly proportional to the degree of similarity
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between the two vectors (e.g., cosines), or may instead be inversely proportional to the
degree of similarity between the two vectors (e.g., sines, city-block distances, etc.)

A weighting function may next be selected to determine a weighting factor from
the similarity (254). Such a function, which may be stored as one of weighting
functions 53a (FIG. 3), may be described using an equation, a graph, or some other
mechanism that maps a similarity value to a weighting factor. The selected relationship
is used to determine the weighting factor (256).

As described above, many methods are available for obtaining a parameter value
Py for detected posture vector V.. Once a therapy parameter has been determined in
any of the foregoing ways, this parameter may be used to adjust the therapy being
delivered to the patient. For instance, in the case of amplitude, therapy may be modified
from a current amplitude value to the newly-derived, target amplitude in a linear
manner, with a slope that will be positive or negative depending on whether the target
amplitude is greater than, or less than, respectively, the current amplitude. In another
embodiment, the change from an existing amplitude to a new target amplitude may be
accomplished exponentially, as may be accomplished using an exponential attack or
decay function. In this case, an exponential constant may be utilized. This exponential
constant may serve as a positive attack value if the target amplitude value is greater than
the current value, or may instead serve as a negative decay value if the target amplitude
value is less than the current amplitude value.

The choice as to whether to use a linear or an exponential function to accomplish
therapy level transitions may be hardcoded in some embodiments, or selected by a user
via a programming interface such as provided on a clinician programmer.

These techniques described herein may be used to accumulate statistical data on
the patient’s posture states. One type of measure that may prove useful for such analysis
is a time average of the similarity values and/or the weighting factors for one or more
postures. According to this approach, a time-averaged similarity value ¢ may be
generated for the detected posture vector and a predetermined defined posture vector, as

follows:
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T

o
o _ave= & (Equation 14)

Using this approach, the similarity between the patient’s detected posture vector and a
predetermined one of the defined posture vectors may be determined periodically, as at
regular time intervals. The average for T such similarity values obtained over time may
be determined according to Equation 14. This metric will provide an indication of how
close, or similar, on average, a patient’s posture was to the predetermined defined
posture vector during a given time period.

As an example of the foregoing, assume a patient’s detected posture vector is
sampled once per minute. Each such sample of the detected posture vector is compared
to the defined posture vector for the Upright posture to determine a similarity value. At
the end of an hour, an average may be taken for all T such similarity values (where “T”
is “sixty” in this case). This will provide a measure of how similar, on average, the
patient’s detected posture was to the Upright posture during the hour. This type of
average may be derived for any one or more of the defined posture vectors.

The numerator of Equation 14 may be thought of as an accumulator of all
similarity values associated with the predetermined defined posture over the hour. This
type of accumulator may be used to track a patient’s posture with respect to this defined
posture vector, if desired. For instance, in the current example, assume for simplicity
that each similarity value is .5. The sum of all 60 similarity values yields “30”, which
could be considered a surrogate indication of how much time the patient spent in the
Upright posture over the course of the hour. That is, this could be viewed as
representing 30 minutes that the patient spent in the Upright posture during this time.

In a similar manner, a time average of a weighting factor may be derived for a
predetermined defined posture vector as follows:

N
2.0,

o ave=-1 (Equation 15)

To derive this average, the patient’s detected posture vector may be sampled S times

over some time period. Each of these detected posture vector samples is compared to a
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predetermined one of the defined posture vectors to obtain S similarity values. Each
obtained similarity value may be mapped to a respective weighting factor using any of
the techniques described above. The average for the S weighting factors may then be
determined. This will provide a time average of the weighting factor for the
predetermined one of the defined posture vectors over the period of time represented by
the S detected posture vector samples.

Returning to the foregoing example, assume that the sixty similarity values
derived for the Upright posture over the course of an hour are each mapped to a
respective weighting factor using a weighting function. For simplicity, it is assumed
that each similarity of .5 maps to a weighting factor of .5. These sixty weighting factors
may be averaged according to Equation 15 above to determine a time-averaged
weighting factor of .5 that is assigned to the Upright posture over this one-hour period.

It may be noted that the numerator of Equation 15 is an accumulator that tallies
all weighting factors associated with the predetermined defined posture (e.g., the
Upright posture) over the period of time during which the S weighting factors were
derived. Like the accumulator discussed in regards to Equation 14, this accumulated
value may be conceptualized as a surrogate measure of the total time spent in the
associated posture. For instance, again assume that all sixty weighting factors obtained
for the Upright posture during the one hour period have a value of exactly .5. Each such
weighting factor may be conceptualized as representing one-half minute that the patient
occupied the Upright posture during each one-minute sample period. Adding all sixty
one-half minute portions that were recorded for the one-hour time period yields thirty
minutes of time attributable to the Upright posture. In a similar manner, accumulated
times may be calculated for other ones of the defined posture vectors for which
weighting factors were determined.

Each of the time-averaged similarity values and time-averaged weighting factors
may be normalized in a manner similar to that described above with respect to Equation
10, if desired. For instance, assume a time-averaged weighting value o ave is derived
for each of K defined postures using Equation 14 set forth above. Each of these values

may be normalized as follows:
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O ave= —=—"1 (Equation 16)

As may be noted, the time-averaged weighting factor for the i™ defined posture is
divided by the sum of all time-averaged weighting factors for all K defined postures.
Similar normalized time-averaged weighting factors may be derived for each of the K
defined postures. When all of these normalized values are added together, the result will
be “1”.

As previously discussed, all postures in use within the system may be
normalized with respect to each other. Alternatively, fewer than all such postures may
be normalized in this manner.

The normalized time-averaged weightings may be conceptualized as that
portion, or percentage, of the patient’s posture that is attributable to a particular defined
posture during a particular time period. Returning to the foregoing example, assume
that the normalized time-averaged weighting factor for the Upright posture over a
predetermined period of time is .5. This indicates that approximately 50% of all of the
weighting used to perform therapy delivery or to classify a patient’s posture during this
time period is attributable to the Upright posture. Stated otherwise, the therapy
parameter values associated with the Upright posture received 50% of the weighting
used to derive the therapy parameter values that were actually used to deliver therapy to
the patient during this time period.

As discussed above, the normalized time-averaged weightings may be used as a
representation of the portion of the time spent in a particular defined posture. For
instance, assume again that the normalized time-averaged weighting factor for the
Upright posture for some predetermined period of time is .5. This may be
conceptualized as an indication that approximately 50% of this time period was spent in
the Upright posture as opposed to any of the other defined postures being used to
calculate the normalized average weighting factors. By multiplying each normalized
time-averaged weighting factor @; by a total time T over which the weighting factors
were derived, a conceptualization of the total time T; spent in the i posture may be

derived as follows:
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T;=T " o ave (Equation 17)

Returning to the above illustration, if the normalized time-averaged weighting factor for
the Upright posture during a one-hour time period is determined to be .5, the total time
spent in the Upright posture during this one-hour period may be calculated as one-half
of sixty minutes, or thirty minutes. Thus, this is another way to derive a representation
of the total time spent in a defined posture over a predetermined time period. Recall that
another way to arrive at substantially the same value is to add all of the weighting
factors for the defined posture over the predetermined time period. This was as
described above in reference to the “accumulator” appearing in the numerator of
Equation 15.

Similar time values may be derived for all of the defined posture vectors used to
perform the normalization process. This type of data may be stored as posture state
history 58 (FIG. 3) if desired. This information may be used to assess the patient’s well-
being and response to therapy, perform diagnosis, obtain a patient baseline, and so on.

As may be appreciated, the conceptualized time values obtained using Equation
17 will, in all likelihood, not correspond to actual time spent by the patient in any
particular defined posture. For instance, the patient will rarely spend time in a position
that exactly aligns with the defined posture vector for the Upright posture. Rather, even
when the patient is generally upright, the patient is typically leaning slightly in any
direction as compared to the exact defined posture vector for the Upright posture. The
patient’s detected posture will therefore be classified as a “blend” of the Upright posture
vector and one or more other defined posture vectors, such as the defined posture vector
for Face Down or Face Up, etc. The precise blend is described by the weighting factors.
Therefore, a conceptualized time value derived in the manner described with respect to
Equation 17 merely provides an indication regarding the amount of the overall “posture
blend” that is attributable to a corresponding defined posture vector, and is not
necessarily to be viewed as the actual time spent in a defined posture that corresponds to
this vector.

FIG. 12 is a flow diagram of one method of classifying a patient’s posture using

multiple defined posture vectors. A set I of defined posture vectors is obtained for the
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defined postures in use within the system (260). This set may be all, or some subset of
all, of the defined posture vectors. For instance, the set may include only the K defined
posture vectors to which the patient is most likely to be closest. The set may include the
subset of defined posture vectors for postures that are considered most important to
therapy delivery, or some other method may be used to select a subset of defined
posture vectors for this purpose.

A detected posture vector is obtained from a patient for use in classifying the
patient’s posture state (262). In one embodiment, detected posture vectors may be
obtained at a predetermined sampling rate or may instead be obtained at irregular time
intervals.

When a detected posture vector is received, a record of the total time T may be
updated, where T is the total time over which the posture classification is occurring
(266). In embodiments wherein time data is not required, this step may be eliminated.

Next, a defined posture vector is seclected from the set 1 of defined posture
vectors [V, — Vi] (268). A weighting factor @ may be determined between the detected
posture vector and the selected defined posture vector (270). This step may involve
determining a similarity, selecting a weighting function, and obtaining a weighting
factor corresponding to the similarity based on the weighting function. In general, a
same weighting function will be selected for use in deriving all of the weighting factors
that are used during all iterations of the method of FIG. 12.

A time average, @ ave, of the derived weighting factor may then be determined,
if desired (272). This time average may be obtained by averaging all of the values
derived over time T for the weighting factor for the selected defined posture vector,
including that value for the weighting factor derived in step 270. This step assumes that
such values have been derived and are being retained for this purpose, of course.
Derivation of the time average may be performed as shown in Equation 15 above, for
instance.

If there are more defined posture vectors in the set I to process (274), processing
continues to step 268 where another defined posture vector is selected from set I.

Otherwise, if all defined posture vectors in the set have been processed in step 274,
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processing proceeds to step 276. There, a normalized value & for each of the weighting
factors is determined. This will result in a weighting factor for each of the defined
posture vectors [V, — Vi] in set I. The detected posture vector may then be classified as
an array [, — ;] of the normalized weighting factors (278).

If desired, a normalized value @ ave may likewise be determined for each of the
time-averaged weighting factors o _ave, if such time-averaged weighting factors are
being maintained (280). This may be accomplished according to Equation 16, for
instance. The amount of time T attributable to a given defined posture vector V; in set I
may then be determined as & ave; - T (282). One or more of the determined values may
be recorded (284). Recording of such values will be required, for instance, if averages
of the weighting factors are being maintained over time T. Any of the derived values
may be retained for analysis, for therapy delivery purposes, for performing diagnostics,
for initiating some other type of response, or for some other purpose. If set I is to be
modified (286), as may occur automatically based on time of day or some other sensed
condition or event, or instead based on user input, execution returns to step 260.
Otherwise, processing returns to step 262 where another detected posture vector may be
received from the patient. The method of FIG. 12 may continue for a predetermined
period of time, until a user stops the process, or until some other detected event occurs.

The foregoing focuses on posture classification based on a patient’s body
positioning, as may be determined in one embodiment using DC portions of one or more
signals generated by sensor 40. According to another aspect, a patient’s posture state
may alternatively or additionally be classified using AC signal portions of the signal(s)
from sensor 40, for instance, which indicates a patient’s motion.

As described above, a patient’s motion may be classified using activity state
definitions 52b (FIG. 3). For instance, an activity state of Active may be defined to
classify a patient that is undergoing a relatively high level of patient activity. Another
activity state may be defined to classify a direction of acceleration or a direction of
velocity.

As is the case with posture definitions, a patient’s activity state classification

may be used to determine parameter values and/or adjustments (e.g., adjusting therapy
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upward or downward), or to initiate some other type of response. This may be
accomplished using a data structure similar to that shown in FIG. 7 for associating
postures with therapy parameters. As was the case with the associations between
posture definitions and therapy parameters, such associations between activity state
definitions and therapy parameters may be stored along with therapy information 54.

According to one embodiment, blending techniques may be applied to activity
state classification in a manner similar to that described above with respect to posture
classification. For instance, assume processing of an AC portion of the signal of sensor
40 yields an activity count of between 0 and 100, which may represent footfalls or some
other activity measurement, for instance. This activity level range may be used to
define activity state definitions, as by associating certain subsets of this range with
activity states (e.g., 0 — 20 is a Low activity state, 20-40 is a Moderate activity state, and
so on). Multiple such activity state definitions may be created.

Next, assume a patient’s current activity level (that is, a “detected activity level”)
is measured by sensor 40 and compared to defined activity levels to determine similarity
values. As one example, this may be accomplished by determining a difference between
the patient’s detected activity level and some activity level associated with the activity
level definitions.

As a more specific example, assume a patient’s activity level is measured to be
“30”. This value may be compared to the range 0-20 for the Low activity state, as may
be accomplished by comparing a median value of “10” for this range to the detected
level of “30”. The absolute difference between these two number, or “20”, may be used
as the similarity value. As another example, the detected activity parameter of “30” may
be compared to the closest range endpoint of “20” for the activity state definition, or
instead to the farthest range endpoint of “0”. Alternatively, some other measure may be
used to derive the similarity value. This process may be repeated for the activity state
definition that has an activity level range that is greater than the detected activity level.
Once these similarity values are determined, these values may be used to determine
weighting factors. These weighting factors may be normalized. The patient’s activity

state may be classified according to an array of such normalized values. The various
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processing steps shown in FIG. 12 describing posture classification may likewise be
applied to classification of activity state. The foregoing discussion describes activity
levels as an example of the types of activity parameters used to determine an activity
state. However, activity states may be defined in terms of vectors, such as velocity or
acceleration vectors. In such cases, the type of vector processing discussed above in
regards to posture classification may be used to classify a patient’s activity state.

It may be desirable to determine a therapy parameter value based on activity
state. In this case, the blending techniques described herein may be utilized to obtain
the value for the therapy parameter based on the weighting factors for the defined
activity states.

FIG. 13 is a flow diagram illustrating delivery of therapy to a patient according
to one embodiment of a blended therapy delivery approach that is based on activity state
definitions. First, a set A of defined activity parameter values for defined activity states
are obtained (300). The defined activity parameter values may involve an activity level
(e.g., a measure of footfalls, for instance), a vector indicative of acceleration, velocity,
or some other vector indicative of activity, or any other measure of activity and/or
motion.

The obtained set A may include a parameter value for all defined activity states,
or may instead involve only a subset of all defined activity states. For instance,
generally the subset will include only those definitions that are defined in terms of a
particular type of activity parameter that is currently being processed. The subset may
alternatively or additionally involve only those defined activity states in which the
patient is most likely to be engaged, that are most important for therapy delivery, or that
are selected on some other basis.

In some cases, it may be desirable to only select a predetermined number of
activity parameters for inclusion in set A that are the closest to the detected activity
parameter. For instance, in the case of activity levels, the two activity parameters that
occupy ranges on ‘“‘either side” (greater than, and less than) of that detected activity
parameter may be selected. In the case of vectored activity parameters, the K closest

vectors may be selected in the manner described above, and so on.
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Next, a detected activity parameter value is obtained for use in classifying the
patient’s activity state (302). This detected activity parameter value should be of a
similar type as those parameters included in the selected set A so that a meaningful
comparison between the detected activity parameter and those parameter values in set A
may be obtained. A defined activity parameter value may then be selected from set A
(306). A similarity between the detected activity parameter value and the selected
defined activity parameter value is determined (308). This similarity may be an angular
distance (if the parameters involve vectors), a non-angular scalar distance between the
parameters (e.g., an absolute difference), or some other type of measure of how similar
the two parameter values are to one another. Any of the various types of similarity
mechanisms described herein or otherwise known in the art may be used for this
purpose.

Next, a weighting factor o is obtained from the similarity (310). This weighting
factor may be the similarity value itself, or may be based on another relationship. As
was the case involving postures, the weighting factor may be selected using any
weighting function that maps the similarity value to a respective weighting factor.

A therapy parameter P may be obtained for the defined activity parameter value
that is currently being processed (312). Such a therapy parameter may involve electrical
stimulation (e.g., a pulse amplitude, pulse width, stimulation frequency, etc.).
Alternatively, the parameter may involve some other therapy such as drug delivery (e.g.,
drug bolus amount, frequency of delivery, etc.). Any type of parameter associated with
therapy delivery may be utilized.

A weighted value of the therapy parameter for the current activity parameter
value is determined as the product o - P (314). If some of the defined activity parameter
values remain to be processed (316), execution returns to step 306 where another
defined activity parameter is selected.

When all of the defined activity parameters in set A have been processed,
processing continues to step 318 wherein a value for the therapy parameter is

determined. This therapy parameter value is determined as follows:
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Pact= (Equation 18)

This equation is similar to Equation 13 described above with respect to deriving therapy
parameter values using detected posture vectors.

Processing next continues to step 322, where therapy is delivered to the patient
based on at least one of Pac; and Py, where Pyyy is a therapy parameter value that was
determined based on the patient’s current classified posture. This value may be
determined using blending techniques described above.

In one embodiment, Py,,; may be used as a base parameter value, and P may be
used to determine an adjustment to this base value. For instance, Pa,y may be scaled
(e.g., divided by 10 or 100) and then added to Py, Alternatively, Pac may be used as a
base parameter value and Py, may be used to determine an adjustment to this base
value. In yet another embodiment, some other relationship may be utilized to take into
account both Py, and Pag, if desired, as by using weighting factors to determine the
relative importance of the two values. In another embodiment, only one of these values
may be used to deliver therapy, if desired.

If desired, the process may be repeated periodically by returning to step 300 and
processing a newly-acquired detected activity state. For instance, the process may be
repeated at the sampling rate of the sensor signal.

As may be appreciated, the methods of FIGs. 10 and 13 may be combined such
that the steps related to classifying posture and activity state, and to obtaining blended
therapy parameters for one or both of the posture and activity state, are included in a
single iteration. In any case, those skilled the art will recognize that the ordering of the
steps of the methods may, in some cases, be rearranged, and some steps may be omitted,
within the scope of the disclosure.

As discussed previously, a posture state definition may refer to, or include, a
posture definition, an activity state definition, or both. That is, a posture state definition
may describe a patient’s posture, motion, or posture and motion. Posture definitions 52a

and activity definitions 52b are therefore two subsets of posture state definitions 55
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(FIG. 3). With this in mind, the methods of FIGs. 10 and 13, which involve posture
definitions and activity definitions, respectively, may be generalized as a single method
that refers to posture state definitions. This is shown in regards to FIG. 14.

FIG. 14 is a flow diagram illustrating delivery of therapy to a patient according
to an embodiment of a blended therapy delivery approach that uses posture state
definitions. According to this method, a set of N defined parameter values are obtained
for defined posture states (330). The defined parameter values may involve vectors, as
used for posture definitions or for some activity state definitions. Alternatively, the
defined parameter values may involve some other parameter type, such as an activity
level parameter used to define activity states. A detected parameter value is then
obtained from sensor 40 for use in classifying a patient’s current posture state (332).
Like the defined parameter values, this detected value may be a vector or some other
type of parameter, such as an activity level. To have a meaningful comparison between
this detected parameter value and the defined parameter values in set N, all parameters
should be of a similar type.

Next, one of the defined parameters from set N is selected (336). A similarity
between the detected parameter value and the selected defined parameter value is
determined (338). This similarity may be used to determine a weighting factor W (340).
Step 340 may involve selecting one of weighting functions 53a, 53b to be used to map
the similarity to the weighting factor W. The weighting function that is selected may be
patient-specific, may be based on one or more physiological signals measured by the
system, may be based on a type of the parameter values that are being considered (e.g.,
vectors, activity levels, etc.), or may be based on some other characteristic of the
system. In general, a same weighting function will be selected for use in deriving all of
the weighting factors that are used to obtain a given blended therapy parameter value.
That is, the same weighting function will be selected for use during all iterations of the
method of FIG. 14.

Next, a therapy parameter value P associated with the defined parameter value is
obtained (342). The weighted value of the therapy parameter may next be determined as
W - P (344). If any more defined parameter values are to be processed from set N (346),
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processing returns to step 336. If no more defined parameter values are to be processed,
execution continues to step 348, where the blended therapy parameter value for the
patient’s current posture state is determined as follows:
A
P = (Equation 19)

PSS
2,

ieN

where 1 is the index value of the defined parameters from the set N, the numerator is the
sum of all of the weighted values determined in step 344, and the denominator is the
sum of all of the weighting factors determined in step 340. Therapy may then be
delivered according to this blended therapy parameter value Ppg (350). This method
may be repeated each time a next detected parameter value is obtained, as from sensor
40. Thus, this method may be repeated at the sampling rate of system, or at some other
interval, if desired.

In the foregoing manner, blending techniques may be used to classify a patient’s
posture state in terms of multiple defined posture states rather than in terms of a single
defined posture state. This leads to more meaningful classification in some
circumstances.

These blending mechanisms may further be used to derive therapy parameters
based on defined postures, defined activity states, or both. This smoothes changes in
therapy that will occur as a patient transitions from one defined posture to the next,
and/or from one defined activity state to the next.

According to one alternative embodiment, the techniques described herein may
be with some other posture classification technique, such as that shown in FIG. 6. In
FIG. 6, posture definitions involve both a detected posture vector and an associated
tolerance (e.g., a cone surrounding the vector). A detected posture vector may be
compared to each of the posture definitions to see whether it is within the associated
tolerance. If so, the patient is classified as being in the corresponding defined posture,
and therapy is delivered accordingly. For instance, Vy; 180 (FIG. 6) may be determined
to fall within cone 170 such that the patient is classified as being in the Face Down

posture. Therapy is therefore provided according to the therapy parameters associated
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with the Face Down posture. Using one embodiment of the disclosure, if the detected
posture vector does not meet the requirements of any of the defined postures, (e.g., the
detected posture vector falls within the hashed region of FIG. 6) the patient’s posture
may be classified using the blended approach described herein. Therapy may then be
delivered to the patient based on a blended approach that uses a combination of multiple
therapy parameter values associated with multiple ones of the defined postures. This
hybrid technique utilizes blending in some situations and a tolerance-based approach
(e.g., use of cones) in other situations.

A similar technique may be applied to activity. That is, a detected parameter
that describes a current activity state of the patient may be compared to defined
parameter ranges for defined activity states. If the detected parameter falls within one of
the defined parameter ranges, the patient is classified as being in the associated activity
state, and therapy is delivered according to a tolerance-based approach. Otherwise, if
the detected parameter falls outside of all ranges, the blended approach may be utilized
wherein the patient’s activity state is classified based on multiple defined activity states,
and therapy is delivered using a blended technique.

Alternative embodiments may be contemplated wherein blending for postures
and/or activity states are selectively enabled. Such enabling may occur based on
monitored system conditions, physiological signals received from the patient,
commands received from a user, and any other type of event that may be used to trigger
use of blending.

While the above-description has applied the blending techniques disclosed
herein to classifying posture states and adjusting therapy delivery, it will be appreciated
that the posture state classifications may be used to initiate other types of responses. As
an example, it may be desirable to automatically issue some type of notification if the
time-averaged normalized weighting factor for some defined posture (e.g., some prone
posture) exceeds a certain value over a period of time (e.g., exceeds .75, for example).
For instance, a time-averaged normalized weighting factor for a prone posture of .75

could indicate that roughly 75% of the patient’s time during the monitored period was
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attributable to this prone posture, which may indicate a problem with the patient’s
therapy, or may even indicate a patient fall.

Other types of responses may likewise be initiated based on the posture state
classification. For instance, a new therapy regimen could be selected. Any other type of
response associated with the patient, the patient’s care, the patient’s therapy system, and
so on, may be initiated additionally or in the alternative based on the posture state
classification mechanisms herein disclosed.

Those skilled in the art will recognize that various modifications may be made to
the systems, methods, and techniques described herein. For instance, the methods
described by the various flow diagrams may be implemented by a processor such as
processor 34 that is executing programmed instructions stored as programs 50.
Alternatively, some of the steps of the methods may be implemented in hardware such
as control circuitry 41. In many cases, steps may be re-ordered, and some steps may be
eliminated. It will be further understood that this disclosure is not limited to
implantable devices. Any medical device that classifies postures for use in delivering
therapy may utilize techniques of the current disclosure. Thus, the description of the
embodiments discussed above are merely exemplary, with the scope of the invention to

be defined by the Claims that follow.
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What is claimed is:

1. A method, comprising:

obtaining a detected parameter value for use in classifying a posture state of a
patient;

obtaining multiple posture state definitions, each being associated with a defined
parameter value and a therapy parameter value;

determining for each of selected ones of the posture state definitions a similarity
between the detected parameter value and the associated defined parameter value; and

determining a blended therapy parameter value based on multiple ones of the

similarities and associated therapy parameter values.

2. The method of Claim 1, wherein the detected parameter value is
indicative of a posture of the patient, cach of the defined parameter values is indicative
of a defined posture, and wherein determining a similarity determines how close the

posture of the patient is to an associated defined posture.

3. The method of Claim 2, wherein determining the similarity further
comprises determining a cosine of an angle between the detected posture vector and

cach of the selected ones of the defined posture vectors.

4. The method of Claim 1, wherein determining the similarity further

comprises selecting the selected ones of the posture state definitions.
5. The method of Claim 1, further comprising determining a weighting
factor W for each of the similarities and using the weighting factor to weight the

associated therapy parameter value to obtain the blended therapy parameter value.

6. The method of Claim 5, wherein each weighting factor is determined

using a weighting function.
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7. The method of Claim 6, further comprising:
determining as the similarity a distance between the detected parameter
value and the associated defined parameter value; and
selecting the weighting function to map the distance to a value between 0

and a predetermined maximum positive number.

8. The method of Claim 5, wherein each of the selected posture state
definitions is included in a set I and is associated with a therapy parameter value P, and
the blended therapy parameter value is determined as

2P

iel

W,

iel
9. The method of Claim 1, further comprising selecting a subset of multiple
positive ones of the similarities for use in determining the blended therapy parameter

value.

10. The method of Claim 1, further comprising:
determining a weighting factor for each of the similarities;
normalizing each of the weighting factors; and

classifying the posture state based on the normalized weighting factors.

11.  The method of Claim 1, further comprising:
using selected ones of the similarities to determine time-averaged weighting

factors;

normalizing all of the time-averaged weighting factors with respect to each

other; and
determining from any one of the normalized time-averaged weighting factors an
amount of time attributable to an associated one of the multiple posture state definitions

over a predetermined period of time.
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12.  The method of Claim 1, wherein the detected parameter value is
indicative of a posture of the patient, and further comprising:

obtaining a second detected parameter value for use in classifying an activity
state of a patient;

determining for each of second selected ones of the posture state definitions a
similarity between the second detected parameter value and the associated defined
parameter value;

using the similarity between the second detected parameter value and the
associated defined parameter value to weight an associated therapy parameter value; and

determining a second blended therapy parameter value based the weighted

therapy parameter values.

13. A system, comprising:
a sensor to provide a detected parameter value indicative of a posture state of a
patient;
a storage device to store posture state definitions, each posture state definition
being associated with a defined parameter value and a therapy parameter value; and
a processor to perform the steps of:
determining a similarity between the detected parameter value and each
of sclected ones of the defined parameter values associated with selected ones of the
posture state definitions; and
determining a blended therapy parameter value for use in delivering
therapy to the patient based on the similarities and on the therapy parameter values

associated with the selected ones of the posture state definitions.

14.  The system of Claim 13, wherein the detected parameter value indicates
a detected posture vector, the defined parameter values each indicate a defined posture
vector, and determining the similarity determines how close the detected posture vector

is to a defined posture vector.
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15.  The system of Claim 14, wherein determining the similarity determines a

cosine of an angle between the detected posture vector and a defined posture vector.

16.  The system of Claim 13, wherein the processor further performs the steps
of:

determining a respective weighting factor from each similarity;

multiplying each weighting factor by a therapy parameter value for an associated
posture state definition to obtain a weighted therapy parameter value;

obtaining a sum of all of the weighted therapy parameter values; and

determining the blended therapy parameter value by dividing the obtained sum

by a sum of all of the weighting factors.

17.  The system of Claim 13, further comprising a therapy module to deliver
therapy to the patient based on the blended therapy parameter value.

18.  The system of Claim 13, wherein the storage device further stores
weighting functions and wherein the processor further performs the steps of:

selecting one of the weighting functions;

employing the selected weighting function to determine for each of selected ones
of the similarities a respective weighting factor; and

determining the blended therapy parameter value based on the weighting factors.

19.  The system of Claim 13, wherein the processor further performs the steps
of:

determining for a similarity a respective weighting factor;

time-averaging the weighting factor; and

employing the time-averaged weighting factor to obtain an amount of time

attributable to an associated defined posture state.
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20.  The system of Claim 13, wherein the posture state definitions include at

least one of activity state definitions and posture definitions.

21. A storage medium storing executable instructions to cause a processing
circuit to perform the steps, comprising:

receiving a detected parameter value indicative of a posture of a patient;

obtaining multiple posture definitions describing defined postures;

determining multiple similarities, each describing how similar the detected
parameter value is to a defined parameter value of a respective posture definition;

obtaining for each of the posture definitions a weighted therapy parameter value
that is based on the similarity determined for the posture definition and a therapy
parameter value associated with the posture definition; and

obtaining a blended therapy parameter value based on the weighted therapy

parameter values.

22. The storage medium of Claim 21, wherein the steps further comprise
controlling delivery of therapy according to at least one of the blended therapy
parameter value and a therapy parameter value associated with one of the defined

postures.

23. The storage medium of Claim 21, wherein the steps further comprise:

receiving a detected parameter value indicative of an activity level of a patient;
and

modifying the blended therapy parameter value to take into account the activity

level of the patient.

24.  The storage medium of Claim 21, wherein the steps further comprise:
classifying the posture of the patient based on the posture definitions; and
controlling delivery of therapy to the patient based on the blended therapy

parameter value if the patient is not classified as being in any posture that is associated
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with the posture definitions, and otherwise, controlling delivery of therapy of the patient
based on a therapy parameter value associated a posture in which the patient is

classified.

25. The storage medium of Claim 21, wherein the steps further comprise:

selecting a weighting function;

using the weighting function to determine a respective weighting factor for each
of the similarities; and

for each of the posture definitions, obtaining a weighted therapy parameter value
for the posture definition by multiplying the respective weighting factor by the

associated therapy parameter value.
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