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Description
TECHNICAL FIELD

[0001] The disclosure relates generally to implantable medical devices and, in particular, to an apparatus and method
for detecting that a patient has fallen.

BACKGROUND

[0002] In implantable medical devices (IMDs) used for monitoring for syncope, patients are often provided with a
patient activator to use when the patient feels symptomatic for triggering physiological data storage by the implanted
device. Physiological data may include subcutaneous ECG signal data as well as other physiological signals depending
on the capabilities of the IMD. In some circumstances, the patient may experience syncope, fall down and be unable to
get to or use the patient activator in order to trigger the data storage. It is desirable to store signals sensed by the
implanted device leading up to and during the syncope episode causing the fall.

[0003] Document US 2007/0143145 discloses a system which has a sensor provided for sensing accelerative phe-
nomena of a body relative to a three dimensional frame of reference in an environment. The sensor includes a set of
acceleration measuring devices for measuring acceleration of the body. A processor is associated with the sensor for
processing the sensed accelerative phenomena of the body as a function of an accelerative event characteristic. The
processor operates to monitor both an activity such as walking, and inactivity relative to an environmental representation.
[0004] Document WO 2007/148246 A1 discloses sensors for sensing accelerations. the sensors are provided with
accelerometers for measuring accelerations, with magnetometers for measuring magnetic fields, and with processors
for, in response to acceleration measurements and magnetic field measurements, judging the accelerations. The proc-
essors may comprise acceleration units for comparing acceleration signals with acceleration thresholds, and magnetic
field units for comparing changes of magnetic field signals per time interval with rate thresholds. The processors may
further comprise decision units for, in response to comparison results from the acceleration units and the magnetic field
units, deciding whether a total acceleration forms part of a tumbling free-fall or a non-tumbling free-fall or not. The
processors may yet further comprise distinguishing units and control units.

[0005] The invention is defined in claim 1 and claim 14. Further aspects and preferred embodiments are defined in
the dependent claims. Aspects, embodiments and examples of the present disclosure which do not fall under the scope
of the appended claims do not form part of the invention and are merely provided for illustrative purposes.

BRIEF DESCRIPTION OF THE DRAWINGS
[0006]

Figure 1 is a schematic diagram of an IMD implanted in a patient and including a three-axis accelerometer for use
in detecting if a patient has fallen.

Figure 2 is a three-dimensional diagram of an output of a three-axis accelerometer with respect to gravity.

Figure 3 is a functional block diagram of IMD 10 according to one embodiment.

Figure 4 is a flow chart of one method for detecting if a patient has fallen.

Figure 5 is a flow chart of a method for detecting if a patient has fallen according to one embodiment.

Figure 6 is a flow chart of a method for determining if fall verification criteria are met according to an alternative
embodiment.

Figure 7 is plot of an acceleration signal and computed angles ® over an analysis window.

DETAILED DESCRIPTION

[0007] In the following description, references are made to illustrative embodiments for carrying out the invention. It
is understood that other embodiments may be utilized without departing from the scope of the invention. For purposes
of clarity, the same reference numbers are used in the drawings to identify similar elements. As used herein, the term
"module" refers to an application specific integrated circuit (ASIC), an electronic circuit, a processor (shared, dedicated,
or group) and memory that execute one or more software or firmware programs, a combinational logic circuit, or other
suitable components that provide the described functionality.

[0008] Figure 1 is a schematic diagram of an IMD 10 implanted in a patient 8 and including a three-axis accelerometer
12 for use in detecting if a patient has fallen. As used herein, the terminology "has fallen" is distinguished from "is falling"
in that if the patient "has fallen" the patient has already made impact with a surface such as the ground or floor. When
a patient "is falling", the patient is still in the process of falling from an upright position and has not yet made impact with
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a surface. In other words, the patient that "is falling" is still moving through the air and has not yet struck the ground or
another surface; the patient that "has fallen" has made impact with a surface and is in a non-upright position subsequent
to the impact.

[0009] An "upright position" as used herein generally refers to a position from which a patient can fall downward in
response to gravity, particularly during syncope, but is not already in the act of falling. An "upright position" is typically
a position in which at least the patient’s upper body is substantially aligned with gravity. Examples of upright positions
include, but are not limited to, standing, walking, and running. Upright positions may also include sitting positions. A
"non-upright position" as used herein generally refers to a position from which a patient would not fall downward. As
such a "non-upright position" is typically a position in which at least the patient’s upper body is not substantially aligned
with gravity. Examples of non-upright positions include, but are not limited to, prone, supine, reclining and side-lying
positions.

[0010] The orientation of the three-axis accelerometer 12 with respect to gravity 14 when the patient is in an upright
position will vary between patients since the implanted orientation of the IMD 10 with respect to gravity 14 will vary. In
one embodiment, the three-axis accelerometer 12 includes three orthogonally arranged one-axis accelerometers each
producing a respective signal corresponding to acceleration in an x-direction 20, a y-direction 22, or a z-direction 24. In
an alternative embodiment, three single-axis accelerometers may be arranged in a non-orthogonal configuration wherein
each accelerometer is positioned along a unique plane relative to the other two accelerometers. A three-axis acceler-
ometer may alternatively include two two-axis accelerometers, for example in an orthogonal arrangement or a non-
orthogonal arrangement wherein the two accelerometers are arranged in unique planes relative to each other. A three-
dimensional accelerometer signal may also be obtained from any combination of a one-axis and a two-axis accelerometer
in which the one-axis accelerometer is positioned along a plane of sensitivity unique to the two-axis accelerometer planes
of sensitivity, the plane of sensitivity being the plane along which accelerations cause the accelerometer to generate an
electrical signal.

[0011] Figure 2 is a three-dimensional diagram of an output of a three-axis accelerometer with respect to gravity 14.
An output vector 30 of the three-axis accelerometer is a summation of gravity 14 and a movement vector 32 defined by
the acceleration of the accelerometer in the three x, y and z directions shown in Figure 1. The magnitude of the output
vector 30 can be computed as a mathematical combination of the x, y and z components. In one embodiment, the
magnitude of output vector 30 is computed as a Euclidean norm, i.e., the square root of the sum of squares of the
orthogonal vectors:

— (22 e
IVl = "+ y"+ 2)

[0012] In general, the magnitude of the output vector is 1.0 g (9.8 m/s2) if there is no acceleration/deceleration of the
three-axis accelerometer (movement vector 32 is zero). Figure 3 is a functional block diagram of IMD 10 according to
one embodiment. IMD 10 includes three-axis accelerometer 12 coupled to an analog-to-digital (A/D) converter 50 for
sampling the accelerometer signal for example at 256 samples per second. The term "3D accelerometer signal" as used
to herein refers to the signal generated by any of the implementations of a three-axis accelerometer as described above.
The 3D accelerometer signal thus includes at least three acceleration signals corresponding to three different axes
defined by the planes/axes of sensitivity of the accelerometers. A filter 52 receives and filters the sampled signal and
provides the signals to a processor 54. In some embodiments, filter 52 is implemented as an analog filter for filtering
analog signals before digital conversion by A/D converter 50. Processor 54 performs algorithms using the digitized
filtered 3D signal for detecting if the patient has fallen. Alternatively, a dedicated fall detection module 60 may be
implemented using any combination of hardware, firmware and software for detecting if the patient has fallen using the
3D accelerometer signal and according to methods described herein.

[0013] Filtering of the accelerometer signal may include low pass filtering, e.g. a 0.5 Hz first order low pass Butterworth
filter, to remove signals corresponding to activity of the patient. The low pass filtered signal is used to compute a reference
vector corresponding to an upright position and to compute current position vectors as will be described herein. Filtering
of the accelerometer signal may also include band pass filtering, e.g. using a 1 Hz to 50 Hz first order band pass
Butterworth filter to remove the static component of the 3D accelerometer signal, which includes the effect of gravity.
The band pass filtered signal is used to detect high magnitude acceleration signals that occur when a patient has fallen,
particularly when the patient strikes the ground or other surface.

[0014] The processor 54, either alone or in combination with fall detection module 60, detects that the patient has
fallen according to methods described herein and initiates storage of physiological datain memory 56. In one embodiment,
IMD 10 is configured to sense an ECG signal 55 of the patient, which generally also undergoes digital sampling and
filtering through A/D converter 50 and filter 52, for use in diagnosing cardiac-related syncope. Sampling rates and filtering
of one or more ECG signals may be defined differently than sampling and filtering of the accelerometer signal. A/D
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converter 50 and filter 52 shown as functional blocks in Figure 3 may therefore include more than one A/D converter
and filter for performing all of the digitizing and filtering functions needed to acquire and store physiological signals other
than the 3D accelerometer signal according to a specific implementations.

[0015] Upon detecting that the patient has fallen, the processor 54 triggers long-term storage of the ECG signal in
memory 56 during an interval of time defined relative to the fall detection. Prior to detecting the fall, ECG signal data is
stored in a temporary, looping manner in memory 56. Once the data storage triggering event occurs, the temporary data
is stored in long-term memory. Data stored in long-term memory may remain in memory 56 until it has been uplinked
from IMD 10 to another device via telemetry module 58, after which long-term memory data may be cleared. Triggered
physiological data storage in a looping memory format is generally disclosed in U.S. Patent No. 5,987,352, (Klein, et al.
[0016] While Figures 1 and 3 have been described relating to an IMD, it is recognized that embodiments of the present
invention also include external monitoring devices which include a three-axis accelerometer, such as an external ECG
monitor that is worn by a patient. In this case, telemetry module 58 may be a wireless or hardwired communication
module for transferring data to a computer or other device for review by a clinician.

Figure 4 is a flow chart of one method for detecting if a patient has fallen. Flow chart 80 is intended to illustrate the
functional operation of the device, and should not be construed as reflective of a specific form of software or hardware
necessary to practice the invention. It is believed that the particular form of software will be determined primarily by the
particular system architecture employed in the device and by the particular detection and therapy delivery methodologies
employed by the device. Providing software to accomplish the presentinvention in the context of any modem implantable
device, given the disclosure herein, is within the abilities of one of skill in the art.

[0017] Methods described in conjunction with flow charts presented herein may be implemented in a computer-readable
medium thatincludes instructions for causing a programmable processor to carry outthe methods described. A "computer-
readable medium" includes but is not limited to any volatile or non-volatile media, such as a RAM, ROM, CD-ROM,
NVRAM, EEPROM, flash memory, and the like. The instructions may be implemented as one or more software modules,
which may be executed by themselves or in combination with other software.

[0018] At block 82, a three-axis accelerometer signal is sensed for ambulatory monitoring of a patient for detecting
that the patient has fallen. At block 84, the 3D accelerometer signal is sampled at a low rate. The low sample rate is
selected to allow detection of a patient fall within a desired time of the patient fall but minimize processing power required
for detecting the fall. For example, the sampling rate may be once per second to allow detection that the patient has
fallen within 1 to 2 seconds of the patient fall. The low rate sampled signal is used to monitor the patient’s position at
block 86 to detect when the patient is not in an upright position as indicated at block 88. Methods for detecting when the
patient is not in an upright position will be described in more detail below. The low sample rate analysis for determining
the patient position may be performed continuously without excessive processing power burden on the IMD.

[0019] When the patient is detected as not being in an upright position at block 88, based on the low sample rate
analysis, a 3D accelerometer signal sampled at a high rate at block 90 is analyzed at block 92. In one embodiment, high
rate sampling is occurring continuously at block 90 with the high rate sampled signal stored in a looping manner in a
temporary memory buffer contemporaneously with the low rate sampling such that the high rate sampled signal is
available for analysis at block 92 upon detecting that the patient is not upright at block 88. In other embodiments, the
determination at block 88 may trigger the onset of high rate sampling of the 3D accelerometer signal.

[0020] A high sampling rate may be 256 samples per second in one illustrative embodiment. High magnitude high
frequency acceleration signals occur when a patient strikes the ground or floor due to a fall. As such, a high sample rate
signal analysis is performed at block 92 after detecting that a patient is not in an upright position to determine if the
patient experienced high magnitude accelerations within a short time, for example 1 to 2 seconds, of detecting that the
patient is not in an upright position. At block 92, the magnitudes of signal samples obtained at the high sample rate are
determined. A determination if the patient has fallen is made at block 94 based on the acceleration magnitudes. The
determination at block 94 may further include additional analysis of the low rate sampled signal as will be described in
detail below.

[0021] As such, methods described herein for detecting if a patient has fallen generally include first detecting if a
patient position is not an upright position during analysis performed on the 3D accelerometer signal sampled at a low
sample rate. Determination that the patient is not in an upright position then triggers an analysis of the magnitude of 3D
accelerometer signal samples obtained using a high sampling rate. This low sample rate signal analysis may run con-
tinuously without high current consumption from the IMD power supply since the processing power is minimized. Higher
processing power for analyzing the high sample rate signal is only required after determining that the patient is not in
an upright position.

[0022] It is noted that the determination at block 88 is not necessarily equivalent to determining that the patient is in
a non-upright position. Since the patientmay be in the process of falling at block 88 the patient position may be somewhere
intermediate a defined "upright position" and a defined "non-upright position". As such, the determination made at block
88 relates to determining whether the patient’s position meets criteria for detecting an upright position; the patient’s
position may or may not meet criteria for detecting a non-upright position.
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[0023] Figure 5 is a flow chart 100 of a method for detecting if a patient has fallen according to one embodiment of
the invention. At block 101, the 3D accelerometer signal is digitized, for example using a sampling rate of 256 samples
per second. The digitized signal is stored at block 102 in temporary memory in a looping manner for an interval of time
X. The interval of time X may correspond or at least includes an analysis window as will be described in detail below.
Looping storage of the digitized signal may be continuous as long as monitoring for a patient fall is enabled. As will be
described below, high sample rate signal data stored at block 102 is only utilized after making a preliminary fall detection
based on an analysis of the accelerometer signal sampled at a low sample rate.

[0024] The digitized signal is low pass filtered at block 104, for example using a 0.5 Hz low pass filter. The digitized,
filtered signal is used to compute a reference vector at block 106. The reference vector corresponds to the three-axis
accelerometer output when the patient is known to be in an upright position (e.g., standing or walking). Computation of
the reference vector may be performed in an automatic or semi-automatic procedure. The patient may be asked to
assume and maintain an upright position or a command may be transmitted to the IMD indicating the patient is in a
stable upright position and that the reference vector computation should be performed. Once the reference vector is
determined, it is stored in memory for use during ambulatory monitoring, until it is replaced by a new reference vector.
[0025] During ambulatory monitoring, the 3D accelerometer signal is initially monitored using a low sample rate signal
analysis performed at blocks 108 through 116. The low sample rate signal analysis evaluates the low frequency com-
ponent of the 3D accelerometer signal for making a preliminary fall detection. Accordingly, at block 108, the digitized,
low pass filtered 3D accelerometer signal is sampled at a low rate, for example 1 sample per second. This low sampling
rate allows the IMD to check for a positional change relative to the reference vector on a low frequency basis for fall
monitoring.

[0026] The low sampling rate may be greater than or less than 1 sample per second in various embodiments. Fall
detection will generally not require more frequent checks of the current patient position relative to the reference vector
than, for example, about once per second, and this low rate analysis of patient position minimizes power consumption
needed for processing and analyzing the 3D accelerometer signal. The time duration of the looping temporary memory
storage of the digitized signal at block 102 may be taken into account when selecting the low sampling rate. The low
sampling rate may be selected to sample the digitized signal sooner than the looping temporary memory starts overwriting
data. It is recognized that the reference vector computed at block 106 may alternatively be computed using the low
sampling rate signal data obtained at block 108 rather than directly from the digitized data stored at block 102.

[0027] Usinga 1sample per second sampling rate, a current position vector, v(0), is available from the 3D accelerometer
signal every second. An angle ©(0) between the current position vector v(0) and the reference vector v(ref) is computed
at block 112, and is referred to in Figure 5 as angle(0).

[0028] The angle ®(0) may be computed according to the following equation {1}, which can be referred to as the
"inproduct":

{1} 0(0) =arccos {(v(0) ¢ v(ref)) / (|[V(O)]] * [Iv(reD)[D}.

The above computation may be implemented using any combination of hardware, software and firmware. By low pass
filtering the sampled signal at block 104, the contribution of patient activity to the accelerometer signal is largely removed
such that the output will have a magnitude close to 1 g. The reference vector will also have a magnitude close to 1 g.
As such, the denominator of equation {1} approaches 1 thereby simplifying the computation that needs to be performed
by the processor. The angle ®(0) may be estimated as:

{2} ©(0) = arccos {x(0)x(ref) + y(0)y(ref) + z(0)z(ref)}.

[0029] At block 114, the computed angle is compared to a fall threshold angle. The fall threshold angle may be any
angle selected to indicate that the patient’s position has deviated from the upright position (the reference vector) to a
point that may correspond to a falling or a fallen position. As such, the fall threshold angle may correspond to an angle
at which the patient is still in the act of falling; the patient is no longer upright but is not yet in a non-upright position. In
alternative embodiments a fall threshold may correspond to an angle at which the patient is in a non-upright position. In
one embodiment, the threshold angle is approximately 45 degrees, but may be selected, for example, to be anywhere
between and including approximately 30 degrees and approximately 60 degrees. If the computed angle ®(0) exceeds
the fall threshold angle, a preliminary fall detection is made at block 116. The threshold angle may change over time as
the IMD may migrate and/or rotate with respect to the gravitational vector over time. As such, the threshold angle may
be programmable and updatable.

[0030] In alternative embodiments, the inverse cosine calculation in equation {1} may be omitted by estimating the
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cosine of angle ®(0), as shown in equation {3}:

{3} cos(6(0)) = {x(0)x(ref) + y(0)y(ref) + z(0)z(ref) }

[0031] Computation of the cosine of angle ®(0) is less complex than computation of angle ®(0) which requires the
"arccos" operation. In this case, the calculated cosine of angle ®(0) is compared to the cosine of the fall threshold angle
for detecting a change in patient position indicative of a fall. The cosine of the threshold angle only has to be calculated
once, and is then used as a threshold value for comparison.

[0032] The preliminary fall detection made at block 116 indicates that the patient’s current position deviates from an
upright position by at least the threshold angle. However this deviation may be associated with a mere change in patient
position. Additional analysis is performed to determine if other fall detection criteria are satisfied, which indicate that the
patient’s current position resulting in a fall threshold crossing is indeed associated a patient fall. The preliminary fall
detection made at block 116 triggers an analysis of the high frequency components of the 3D accelerometer signal as
indicated at block 118.

[0033] Steps 121 through 134 represent a fall confirmation algorithm 120 performed in response to a preliminary fall
detection. The low sample rate signal analysis of the 3D accelerometer signal used for making a preliminary detection
reduces processing time and power required for detecting that the patient has fallen. Analysis of the high frequency
components of the 3D accelerometer signal and additional analysis of the low sample rate signal is performed only after
a preliminary detection is made based on the low sampling rate data.

[0034] Inputs to the fall confirmation algorithm 120 include the digitized 3D accelerometer signal previously stored at
block 102, the reference vector computed at block 106, the low frequency sampled data from block 108, and angle ©(0)
computed at block 112, determined to be cross the fall detection threshold.

[0035] An analysis window is set at block 121 relative to the time of the fall threshold crossing by angle ®(0). The fall
confirmation algorithm 120 is performed to analyze the 3D accelerometer signal during this analysis window. In one
embodiment, a three-second analysis window is defined beginning two low sample rate signal points prior to the angle
©(0) greater than the fall threshold angle and ending one low sample rate signal point after angle ®(0). In the illustrative
embodiment, the analysis window will be three seconds long when a one sample per second sample rate is used. Longer
or shorter analysis windows may be defined, however, and the analysis window length will depend in part on the low
frequency sampling rate of the data and number of data points to be analyzed. The analysis window may correspond
to the time interval X for which data is stored at block 102.

[0036] At block 122, acceleration magnitudes, computed as the Euclidean Norm in one embodiment, of the digitized
3D accelerometer signal is computed for the digitized signal. The magnitude may be computed for each digitized data
point during the analysis window or a subset of high sampling rate data points during the analysis window.

[0037] The output of block 122 is provided as input to a band pass filter at block 124. Acceleration measurements
performed by the inventors of the instant application reveal that accelerometer signal corresponding to normal patient
daily activities typically falls within a range of 0 to 25 Hz. Accelerometer signals during a fall typically range up to about
50 Hz. As such, examination of accelerometer signal up to at least 50 Hz is performed in one embodiment. Band pass
filtering of the 3D accelerometer signal between 1 Hz and 50 Hz filters the static component, i.e. gravity, and noise, so
that the computed vector magnitudes correspond to the high frequency accelerations of the patient. It is noted that the
lower limit of the band pass filter may be less than or greater than 1 Hz for effectively removing the static component of
the 3D accelerometer signal.

[0038] At block 126, the magnitudes computed at block 122 for the high sample rate signal points selected over the
analysis window are compared to an impact threshold. In one embodiment, the impact threshold is selected to correspond
to a high acceleration signal that occurs upon impact with a surface such as the floor or ground (or another obstacle
that may be present between the patient and the floor or ground). The acceleration magnitude reached at impact will
be greater than the acceleration experienced by the accelerometer while the patient is falling. As such, in one embodiment
the comparison at block 126 is particularly directed to detecting an acceleration corresponding to impact for detecting
that the patient has fallen in contrast to detecting an acceleration magnitude corresponding to movement of the patient
through the air as the patient is falling, prior to striking a surface. In one embodiment, the impact threshold is set at
approximately 3 g but may be set to values greater or less than this value. If a high acceleration exceeding the impact
threshold is not detected, a fall is not detected at block 140. Though not specifically shown in Figure 5, after completing
the high sample rate signal analysis of the accelerometer signal, ambulatory monitoring for a patient fall may continue
by returning to block 102 to allow continuous monitoring for fall detection.

[0039] As will be described below, an additional or alternative analysis of the magnitudes of the high frequency com-
ponents of the 3D accelerometer signal may include searching for a signal magnitude less than a falling threshold, e.g.
less than 1 g. When the patient is falling, the accelerometer will experience an acceleration of less than 1 g just before
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impact. Detection of this low magnitude acceleration may be used to confirm that a patient has fallen.

[0040] At block 128, the low sample rate signal, received as input from block 108, is used to compute at least one
angle between the reference vector and a position vector occurring prior to the angle ®(0). In one embodiment, two
angles occurring prior to angle ©(0) are computed. Angle ©(-1) is computed and refers to the angle between the reference
vector and the 3D accelerometer signal vector one low sample rate signal point earlier than angle ©(0). Angle ©(-2)
refers to the angle between the reference vector and the 3D accelerometer signal vector two low sample rate signal
points earlier than angle ®(0). For a 1 sample per second sampling rate, angle ©(-1) and angle ©(-2) occur one second
earlier and two seconds earlier, respectively, than angle ®(0). It is recognized that the computation of one or more angles
computed prior to angle ©(0) is not limited to using low sample rate signal points obtained at block 108 but could
alternatively use one or more sample points selected from the high sample rate signal stored at block 102.

[0041] The angle(s) computed for 3D accelerometer signal sample points occurring earlier than the fall threshold
crossing are compared to an upright threshold for verifying that prior to the fall threshold crossing the patient was in a
substantially upright position, from which a fall could have occurred. An angle ®(-N), occurring prior to detecting the fall
threshold crossing, is compared to the upright threshold, for example 30 degrees at block 132. As described above, a
computed angle O is the difference between the instantaneous 3D accelerometer vector and the stored reference vector
corresponding to an upright position. As such, if an angle ®(-N) prior to detecting the fall threshold crossing is less than
approximately thirty degrees, or another selected upright threshold angle, the patientis detected as being in a substantially
upright position prior to the fall threshold crossing.

[0042] At block 130, one or more angles ®(+N) are computed using sample points occurring after detecting the fall
threshold crossing. The one or more angles angle ®(+N) are compared to a non-upright threshold, for example 60
degrees. In one embodiment, an angle ®@(+1) refers to the angle between the reference vector and the vector at one
sample point after the fall threshold crossing (angle ©(0)). Using a 1 Hz sampling rate, angle ®(+1) occurs one second
after angle ©(0). If the angle ©(+1) is greater than approximately sixty degrees, or another selected non-upright threshold
angle, the patient is detected as being in a non-upright position after the preliminary fall detection.

[0043] If a substantially upright position is confirmed prior to the fall threshold crossing and a non-upright position is
confirmed after the fall threshold crossing, with both the upright and non-upright position detections occurring within the
analysis window, the fall confirmation criteria are met at block 132. The preliminary fall detection is confirmed at block
142 based on the fall verification criteria being met and the impact threshold crossing of the acceleration signal magnitude.
[0044] Alternatively, a difference between an angle ®(-N), occurring prior to the fall threshold crossing, and an angle
®(+M), occurring after the fall threshold crossing, this difference referred to as Delta(®(-N), ®(+M)), where N and M may
or may not be equal, may be compared to a fall confirmation threshold at block 132. For example, if the difference in
angles ©(-1) and ©(+1) is greater than a fall confirmation threshold, e.g. thirty degrees, the preliminary detection that
the patient has fallen is confirmed at block 142, based also on the acceleration magnitude crossing the impact threshold.
[0045] Atblock 134 additional fall verification criteria may be evaluated. For example, other physiological signals such
as patient activity and the ECG (current heart rhythm) may optionally be analyzed to support the fall detection. A patient
activity signal can be obtained from the accelerometer signal. In some embodiments, a low patient activity level corrob-
orates the accelerometer position and magnitude data that a patient has fallen. However, in some cases, patient move-
ment after a fall may still be present making the activity signal unreliable in some instances.

[0046] A response to the detected fall is provided at block 144. The response at block 144 may be physiological signal
data storage, generating a medical alert, initiating or adjusting a therapy delivered by the IMD, or initiating a transfer of
data from the IMD to an external device or a remote patient monitoring center.

[0047] Figure 6 is a flow chart of a method for determining if fall verification criteria are met according to an alternative
embodiment of the invention. Method 200 is performed at block 132 of method 100 in one embodiment of the invention
for confirming a preliminary fall detection based on patient position data before and after a preliminary fall detection.
More specifically, method 200 is performed to verify that the patient was in a substantially upright position prior to the
preliminary fall detection and in a substantially non-upright position after the preliminary fall detection. A substantially
upright position is detected as a position that results in an angle @ less than an upright threshold; the upright threshold
defined as approximately thirty degrees in one embodiment. A substantially non-upright position is detected as a position
that results in an angle ® greater than a non-upright threshold; the non-upright threshold defined as approximately sixty
degrees in one embodiment.

[0048] At block 202 the upright and non-upright thresholds are stored. These threshold values may be fixed values
or programmable by a clinician. In one embodiment, the non-upright threshold is greater than the fall threshold and the
upright threshold is less than the fall threshold. At block 204 the computed angles ®(-N, ...0, ...+M), wherein N and M
may or may not be equal are provided as input for method 200. In one embodiment, the computed angles include angle
0(-2), angle ©(-1), angle ©(0), and angle ®(+1). Angle ©(0) is the first angle to cross the fall threshold and is defined to
occur at time 0. Angle ©(-2), angle ©(-1), angle ®(+1) correspond to angles computed for sample points relative to time
0. At block 206, angle ®(0) is compared first to the non-upright threshold. At block 208, angle ©(-1) is compared to the
upright threshold. If angle ®(0) exceeds the non-upright threshold and angle ©(-1) is less than the upright threshold, the
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fall confirmation criteria are met for confirming a preliminary fall detection in combination with acceleration magnitude
criteria.

[0049] If angle ®(0) is not greater than the non-upright threshold (block 206) but angle ®(+1) is greater than the non-
upright threshold (block 214) and angle ®(-1) is less than the upright threshold (block 216), the fall confirmation criteria
are met at block 220.

[0050] If the angle ®(0) is greater than the non-upright threshold (block 206) and the angle ®(-1) is not less than the
upright threshold (block 208), but the angle ©(-2) is less than the upright threshold (block 212), the fall confirmation
criteria are met at block 220 for use in conjunction with acceleration magnitude analysis for confirming a preliminary fall
detection.

[0051] The operation of method 200 verifies that a change in the angle @ that is at least the difference between an
upright threshold and a non-upright threshold occurs within a maximum period of time. If this condition is not satisfied,
the fall confirmation criteria are not met at block 222. In one embodiment, a change in the angle ® of at least thirty
degrees (from less than the upright threshold to greater than the non-upright threshold) must occur within two seconds
for the fall to be confirmed. The timeframe in which the change in the angle ®(0) is evaluated will depend in part on
sampling rates. If a shorter timeframe for verifying the position change corresponding to a fall is desired, a sampling rate
of higher than 1 sample per second could be used or sample points for computing the angles may be selected from the
high sample rate signal. In selecting a low sampling rate and an analysis window it is generally desirable to minimize
the time for detecting that the patient has fallen, for example within 1-2 seconds after the fall.

[0052] Figure 7 is plot of an acceleration signal 302 and computed angles ® 304 over an analysis window 310. The
first sample point 316 of angle ® to cross a fall threshold 322 is defined as angle ®(0). Analysis window 310 is defined
to extend two low sample rate signal points earlier than angle ®(0) and one sample point later, i.e., from angle ©(-2) to
angle ®(+1). A moving maximum time interval 340A and 340B, "340" hereafter, is used to determine if a change in angle
® meets fall confirmation criteria within analysis window 310. A rapid change in angle ©, for example in less than two
seconds, from less than the upright threshold 320 to greater than the non-upright threshold 324, indicates that the patient
has most likely fallen. A change in angle ®(0) from less than the upright threshold 320 to greater than the non-upright
threshold 324 over a time interval that is greater than the maximum time interval 340 is more likely associated with an
intentional position change by the patient, not a fall. The maximum time interval 340 for detecting the change in angle
® may be equal to or less than the analysis window 310. When the maximum time interval 340 is less than the analysis
window 310, the maximum time interval 340 is a moving window that includes the angle ®(0) and at least one preceding
angle O (interval 340A) or at least one succeeding angle @ (interval 340B).

[0053] In the example shown, angle ®(-1) 314 is greater than an upright threshold 320. Angle ©(-2) 312 is less than
an upright threshold 320. Angle ®(+1) 318 is greater than a non-upright threshold 324. Even though the angle © is
increasing over the analysis window 310, the change in angle ® from less than the upright threshold 312 to greater than
the non-upright threshold 324 does not occur within the maximum time interval 340. In other words, the difference
between any two of the angles ©(-2), ©(-1), ©(0), and ®(+1) does not exceed the difference between the upright threshold
320 and the non-upright threshold 324 within the maximum time interval 340. Therefore, a preliminary fall detection
based on sample point 316 crossing the fall threshold 322 is not confirmed according to the example shown and the
illustrative embodiment.

[0054] The acceleration magnitude signal 302 crosses an impact threshold 308 twice at points 330 and 332 within the
analysis window 310. The magnitude criteria for confirming a preliminary fall detection is met but the fall confirmation
criteria relating to the change in angle ® are not met. No fall would be detected in the example shown in Figure 7
according to the illustrative embodiment of Figures 5 and 6.

[0055] In some embodiments, a "falling" threshold 306 is defined to detect an acceleration magnitude of less than 1
g experienced by the accelerometer when the patient is falling, just prior to impact with a surface. The falling threshold
306 is crossed at points 334 and 336. Only the first threshold crossing at 334 need be detected for use in detecting that
the patient has fallen. The "double" crossing of the falling threshold 306 at points 334 and 336 and the impact threshold
308 at points 330 and 332 may correspond to a bounce or double strike with one or more surfaces during the fall. The
falling threshold 306 may be used in addition to or alternatively to the impact threshold 308 for determining if acceleration
magnitude criteria are met for confirming a preliminary fall detection.

[0056] Thus, a method and associated apparatus for detecting if a patient has fallen have been presented in the
foregoing description with reference to specific embodiments. Itis appreciated that various modifications to the referenced
embodiments may be made without departing from the scope of the invention as set forth in the following claims.

Claims

1. A medical device, comprising;
a physiological sensor for sensing a physiological signal in a patient; and
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athree-axis accelerometer (12) for generating a 3D accelerometer signal; characterized by means (50) for sampling
the 3D accelerometer signal at a low sampling rate for providing a low sample rate signal;

means (56) for sampling the 3D accelerometer signal at a high sampling rate greater than the low sampling rate for
providing a high sample rate signal; and

a processor (54) configured to:

compute a reference vector corresponding to an upright patient position based on the 3D accelerometer signal;
determine a current patient position vector based on the low sample rate signal;

determine that a difference between the current patient position vector and the reference vector exceeds a
difference threshold;

in response to the determination that the difference exceeds the difference threshold,

determine an acceleration magnitude based on the high sample rate signal; and

detect that the patient has fallen based on the patient position and the acceleration magnitude.

The device of claim 1, further comprising:
means for computing a current angle between the reference vector and the current position vector.

The device of claim 2, wherein the processor is further configured to compare the computed current angle to a first
threshold angle and determine the acceleration magnitude in response to the comparison.

The device of claim 3, wherein the processor further includes:

means for determining a previous position vector from the low sample rate signal, the previous position vector
occurring prior to the current position vector;

means for computing a previous angle between the reference vector and the previous position vector;

means for comparing the previous angle to a second threshold angle less than the first threshold angle; and
means for detecting that the patient has fallen in response to the previous angle being less than the second
threshold angle and the current angle being greater than the first threshold angle.

The device of claim 4, wherein the processor is further configured to:

determine a next position vector from the low sample rate signal, the next position vector occurring prior to the
current position vector;

compute a next angle between the reference vector and the next position vector;

compare the next angle to a third threshold angle greater than the first threshold angle; and

detect the patient has fallen in response to the next angle being greater than the third threshold angle.

The device of claim 5, wherein the second threshold angle corresponds to an upright position and the third threshold
angle corresponds to a non-upright position.

The device of claim 3, wherein the processor is further configured to set an analysis window in response to the
detecting the current angle exceeding the first threshold, and wherein detecting the patient fall comprises detecting
the acceleration magnitude crossing a predetermined magnitude threshold within the analysis window.

The device of claim 7, wherein the computed acceleration magnitude is a Euclidean norm of the sampled three-
dimensional position vector.

The device of claim 8, wherein the analysis window begins at least two low sample rate signal points prior to the
current angle exceeding the first threshold and ends at least one low sample rate signal point after the current angle
exceeding the first threshold.

The device of claim 4, wherein the magnitude threshold corresponds to a high acceleration occurring upon patient
impact with a surface.

The device of claim 4, wherein the magnitude threshold corresponds to an acceleration magnitude less than gravity
occurring during a patient fall, prior to patient impact with a surface.
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12. The device of claim 6, wherein the processor detects that the patient has fallen by determining a difference between

two of the previous angle, the current angle and the next angle, comparing the difference between the two angles
to a difference between the second threshold angle and the third threshold angle, and detecting that the patient has
fallen if the difference between the two angles exceeds the difference between the second and third thresholds
when the two angles occur within a predetermined maximum time interval.

13. The device of claim 1, wherein the low sampling rate being up to 1 sample per second.

14. A method for use in a medical device including a three-axis accelerometer, the method comprising:

sensing a signal from the three-axis accelerometer;

sampling the sensed signal at a low sampling rate;

determining a current patient position using the low sampling rate signal;

sampling the sensed signal at a high sampling rate greater than the low sampling rate;

determining an acceleration magnitude using the high sampling rate signal in response to determining the
current patient position; and

detecting that the patient has fallen in response to the determined current patient position and acceleration

magnitude.
Patentanspriiche
1. Medizinische Vorrichtung, mit:
einem physiologischen Sensor zum Erfassen eines physiologischen Signals in einem Patienten; und
einem Drei-Achsen-Beschleunigungsmesser (12) zum Erzeugen eines 3D-Beschleunigungsmessersignals; ge-
kennzeichnet durch
ein Mittel (50) zum Abtasten des 3D-Beschleunigungsmessersignals bei einer niedrigen Abtastrate zum Be-
reitstellen eines niedrigen Abtastratensignals;
ein Mittel (56) zum Abtasten des 3D-Beschleunigungsmessersignals bei einer hohen Abtastrate grof3er als die
niedrige Abtastrate zum Bereitstellen eines hohen Abtastratensignals; und
einen Prozessor (54), der konfiguriert ist um:
einen Referenzvektor korrespondierend zu einer aufrechten Patientenposition basierend auf dem 3D-Be-
schleunigungsmessersignal zu berechnen;
zu bestimmen, dass eine Differenz zwischen dem derzeitigen Patientenpositionsvektor und dem Referenz-
vektor einen Differenzschwellwert Giberschreitet;
in Reaktion auf die Bestimmung, dass die Differenz den Differenzschwellwert liberschreitet, eine Beschleu-
nigungsgréfRe basierend auf dem hohen Abtastratensignal zu bestimmen; und zu erfassen, dass der Patient
gefallen ist basierend auf der Patientenposition und der Beschleunigungsgréfle.
2. Vorrichtung nach Anspruch 1, mit:
einem Mittel zum Berechnen eines derzeitigen Winkels zwischen dem Referenzvektor und dem derzeitigen
Positionsvektor.

3. Vorrichtung nach Anspruch 2, wobei der Prozessor ferner konfiguriert ist, um den berechneten derzeitigen Winkel
mit einem ersten Schwellwertwinkel zu vergleichen und die Beschleunigungsgrofie in Reaktion zu dem Vergleich
zu bestimmen.

4. Vorrichtung nach Anspruch 3, wobei der Prozessor ferner umfasst:

ein Mittel zum Bestimmen eines vorherigen Positionsvektors aus dem niedrigen Abtastratensignal, wobei der
vorherige Positionsvektor vorausgehend zu dem derzeitigen Positionsvektor auftritt;

ein Mittel zum Berechnen eines vorherigen Winkels zwischen dem Referenzvektor und dem vorherigen Posi-
tionsvektor;

ein Mittel zum Vergleichen des vorherigen Winkels mit einem zweiten Schwellwertwinkel kleiner als der erste
Schwellwertwinkel; und

10



10

15

20

25

30

35

40

45

50

55

5.

10.

11.

12.

13.

14.

EP 2 320 796 B1

ein Mittel zum Erfassen, dass der Patient gefallen ist, in Reaktion darauf, dass der vorherige Winkel kleiner als
der zweite Schwellwertwinkel ist und der derzeitige Winklel gréf3er als der erste Schwellwertwinkel ist.

Vorrichtung nach Anspruch 4, wobei der Prozessor ferner konfiguriert ist, um:

einen nachsten Positionsvektor aus dem niedrigen Abtastratensignal zu bestimmen, wobei der ndchste Posi-
tionsvektor verausgehend zu dem derzeitigen Positionsvektor auftritt;

einen nachsten Winkel zwischen dem Referenzvektor und dem néachsten Positionsvektor zu berechnen;

den ndchsten Winkel mit einem dritten Schwellwertwinkel gréRer als der erste Schwellwertwinkel zu vergleichen;
und

zu erfassen, dass der Patient gefallen ist, in Reaktion darauf, dass der nachste Winkel gréRer als der dritte
Schwellwertwinkel ist.

Vorrichtung nach Anspruch 5, wobei der zweite Schwellwertwinkel zu einer aufrechten Position korrespondiert und
der dritte Schwellwertwinkel zu einer nichtaufrechten Position korrespondiert.

Vorrichtung nach Anspruch 3, wobei der Prozessor ferner konfiguriert ist, um ein Analysefenster in Reaktion auf
das Erfassen, dass der derzeitige Winkel den ersten Schwellwert liberschreitet, einzustellen und wobei ein Erfassen
des Falls des Patienten das Erfassen, dass die BeschleunigungsgréRe einen vorbestimmten Grofienschwellwert
innerhalb des Analysefensters Gberschreitet, umfasst.

Vorrichtung nach Anspruch 7, wobei die berechnete Beschleunigungsgrofie eine Euklidische Norm des abgetasteten
dreidimensionalen Positionsvektors ist.

Vorrichtung nach Anspruch 8, wobei das Analysefenster zumindest zwei niedrige Abtastratensignalpunkte, bevor
der derzeitige Winkel den ersten Schwellwert Gberschreitet, beginnt und zumindst einen niedrigen Abtastratensig-
nalpunkt, nachdem der derzeitige Winkel den ersten Schwellwert Uiberschreitet, endet.

Vorrichtung nach Anspruch 4, wobei der GroRenschwellwert mit einer hohen Beschleunigung korrespondiert, die
bei einem Patientenaufprall auf einer Oberflache auftritt.

Vorrichtung nach Anspruch 4, wobei der GréRenschwellwert mit einer Beschleunigungsgrofie korrespondiert, die
kleiner ist als eine Graviation, die wahrend eines Falls des Patienten auftritt, vorausgehend zu einem Patientenauf-
prall auf einer Oberflache.

Vorrichtung nach Anspruch 6, wobei der Prozessor erfasst, dass der Patient gefallen ist durch Bestimmen einer
Differenz zwischen zwei von dem vorausgehenden Winkel, dem derzeitigen Winkel und dem nachsten Winkel,
Vergleichen der Differenz zwischen den zwei Winkeln mit einer Differenz zwischen dem zweiten Schwellwertwinkel
und dem dritten Schwellwertwinkel und Erfassen, dass der Patient gefallen ist, wenn die Differenz zwischen den
zwei Winkeln die Differenz zwischen dem zweiten und dritten Schwellwert Giberschreitet, wenn die zwei Winkel
innerhalb einer vorbestimmten maximalen Zeitintervalls auftreten.

Vorrichtung nach Anspruch 1, wobei die niedrige Abtastrate bis zu 1 Abtastung pro Sekunde ist.

Verfahren zur Verwendung in einer medizinischen Vorrichtung mit einem Drei-Achsen-Beschleunigungsmesser,
wobei das Verfahren umfasst:

Erfassen eines Signals durch den Drei-Achsen-Beschleunigungsmesser;

Abtasten des erfassten Signals bei einer niedrigen Abtastrate;

Bestimmen einer derzeitigen Patientenposition unter Verwendung des niedrigen Abtastratensignals;
Abtasten des erfassten Signals bei einer hohen Abtastrate grofier als die nierige Abtastrate;

Bestimmen einer BeschleunigungsgréfRe unter Verwendung des hohen Abtastratensignals in Reaktion auf das
Bestimmen der derzeitigen Patientenposition; und

Erfassen, dass der Patient gefallen ist, in Reaktion auf die bestimmte derzeitige Patientenposition und Be-
schleunigungsgrofie.
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Revendications

1.

5.

Dispositif médical comportant :

un capteur physiologique pour détecter un signal physiologique chez un patient ; et

un accélérométre triaxial (12) pour générer un signal 3D d’accélérométre; caractérisé par

des moyens (50) pour échantillonner le signal 3D d’accélérométre a une petite cadence d’échantillonnage pour
fournir un signal a petite cadence d’échantillonnage ;

des moyens (56) pour échantillonner le signal 3D d’accélérométre a une grande cadence d’échantillonnage
supérieure a la petite cadence d’échantillonnage pour fournir un signal a grande cadence d’échantillonnage ; et
un processeur (54) configuré pour :

calculer un vecteur de référence correspondant a une position droite du patient sur la base du signal 3D
d’accélérométre;

déterminer un vecteur de position actuelle du patient basé sur le signal a petite cadence d’échantillonnage ;
déterminer qu’'une différence entre le vecteur de position actuelle du patient et le vecteur de référence
dépasse un seuil de différence ;

en réponse a la détermination que la différence dépasse le seuil de référence, déterminer une grandeur
d’accélération sur la base du signal a grande cadence d’échantillonnage ; et

détecter que le patient est tombé sur la base de la position du patient et de la grandeur d’accélération.

Dispositif selon la revendication 1, comportant en outre :
des moyens pour calculer un angle actuel entre le vecteur de référence et le vecteur de position actuelle.

Dispositif selon la revendication 2, dans lequel le processeur est en outre configuré pour comparer I'angle actuel
calculé a un premier angle de seuil et déterminer la grandeur d’accélération en réponse a la comparaison.

Dispositif selon la revendication 3, dans lequel le processeur inclut en outre :

des moyens pour déterminer un vecteur de position précédente a partir du signal a petite cadence d’échan-
tillonnage, le vecteur de position précédente apparaissant avant le vecteur de position actuelle ;

des moyens pour calculer un angle précédent entre le vecteur de référence et le vecteur de position précédente ;
des moyens pour comparer I'angle précédent a un deuxiéme angle de seuil inférieur au premier angle de seuil ; et
des moyens pour détecter que le patient est tombé en réponse a I'angle précédent étant inférieur au deuxieme
angle de seuil et 'angle actuel étant supérieur au premier angle de seuil.

Dispositif selon la revendication 4, dans lequel le processeur est en outre configuré pour :

déterminer un vecteur de position suivante a partir du signal a petite cadence d’échantillonnage, le vecteur de
position suivante apparaissant avant le vecteur de position actuelle ;

calculer un angle suivant entre le vecteur de référence et le vecteur de position suivante ;

comparer I'angle suivant a un troisieme angle de seuil supérieur au premier angle de seuil ; et

détecter que le patient est tombé en réponse a I'angle suivant étant supérieur au troisieme angle de seuil.

Dispositif selon la revendication 5, dans lequel le deuxiéme angle de seuil correspond a une position droite et le
troisiéme angle de seuil correspond a une position non droite.

Dispositif selon la revendication 3, dans lequel le processeur est en outre configuré pour régler une fenétre d’analyse
en réponse a la détection que I'angle actuel dépasse le premier seuil, et dans lequel la détection de la chute du
patient comporte la détection de la grandeur d’accélération croisant un seuil de grandeur prédéterminé dans la
fenétre d’analyse.

Dispositif selon la revendication 7, dans lequel la grandeur d’accélération calculée est une norme euclidienne du
vecteur de position tridimensionnel échantillonné.

Dispositif selon la revendication 8, dans lequel la fenétre d’analyse commence au moins deux points de signal a
petite cadence d’échantillonnage avant I'angle actuel dépassant le premier seuil et se termine au moins un point
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de signal a petite cadence d’échantillonnage aprés I'angle actuel dépassant le premier seuil.

Dispositif selon la revendication 4, dans lequel le seuil de grandeur correspond a une accélération élevée se pro-
duisant lors d’'un impact du patient avec une surface.

Dispositif selon la revendication 4, dans lequel le seuil de grandeur correspond a une grandeur d’accélération
inférieure a la pesanteur apparaissant pendant une chute du patient, avant un impact du patient avec une surface.

Dispositif selon la revendication 6, dans lequel le processeur détecte que le patient est tombé en déterminant une
différence entre deux angles parmi I'angle précédent, I'angle actuel et 'angle suivant, en comparant la différence
entre les deux angles a une différence entre le deuxiéme angle de seuil et le troisieme angle de seuil, et en détectant
que le patient est tombé si la différence entre les deux angles dépasse la différence entre les deuxiéme et troisieme
seuils lorsque les deux angles apparaissent dans les limites d’un intervalle de temps maximal prédéterminé.

Dispositif selon la revendication 1, dans lequel la petite cadence d’échantillonnage va jusqu’a 1 échantillon par
seconde.

Procédé pour une utilisation dans un dispositif médical incluant un accélérométre triaxial, le procédé comportant
les étapes consistant a :

détecter un signal a partir de I'accélérometre triaxial ;

échantillonner le signal détecté a une petite cadence d’échantillonnage ;

déterminer une position actuelle du patient en utilisant le signal a petite cadence d’échantillonnage ;
échantillonner le signal détecté a une grande cadence d’échantillonnage supérieure a la petite cadence
d’échantillonnage ;

déterminer une grandeur d’accélération en utilisant le signal a grande cadence d’échantillonnage en réponse
a la détermination de la position actuelle du patient ; et

détecter que le patient est tombé en réponse a la position actuelle du patient et a la grandeur d’accélération
déterminées.
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