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Description

TECHNICAL FIELD

[0001] The disclosure relates to medical devices and,
more particularly, to medical devices that monitor one or
more physiological parameters of a patient.

BACKGROUND

[0002] Some medical devices may monitor one or
more hemodynamic characteristics of a patient, such as
the blood oxygen saturation level in arterial blood, arterial
pulses of the patient, and the like. Example medical de-
vices that monitor hemodynamic characteristics of a pa-
tient include optical sensors, such as pulse oximeters.
One type of optical sensor includes at least one light
source that emits light through a portion of blood-per-
fused tissue of a patient, and a detector that senses the
emitted light that passed through the blood-perfused tis-
sue. An intensity of the light sensed by the detector may
be indicative of hemodynamic function of the patient,
such as oxygen saturation of blood of the patient. In some
types of optical sensors, one or more light sources may
be positioned on the same side of the blood perfused
tissue as the detector, such that the detector detects light
emitted by the light sources and reflected by blood. This
type of optical perfusion sensor may be referred to as a
reflectance optical sensor. In other types of optical sen-
sors, referred to as transmissive sensors, one or more
light sources may generally oppose the detector, such
that the detector senses light that is transmitted through
the blood perfused tissue.
[0003] Document US5730125 discloses a prior art im-
plantable medical system for monitoring one or more pa-
rameters of a patient on the basis of signals from optical
sensors, said system employing two optical sensors for
the reduction of signal artifacts.

SUMMARY

[0004] In general, the disclosure is also directed toward
reducing the effects of motion artifacts on an implantable
system including optical sensors that monitor one or
more physiological parameters of a patient. According to
the invention as defined in appended claim 1, the im-
plantable medical system includes at least two optical
sensors that may be implanted proximate to an artery of
a patient, such that one optical sensor is downstream of
the other optical sensor relative to a direction of blood
flow through the artery. Arterial pulses of the patient may
be detected based on electrical signals from at least one
of the optical sensors. In addition, electrical signals from
the optical sensors may be used to minimize the effects
of motion artifacts on the detection of arterial pulses. A
motion artifact may cause the optical sensors to generate
electrical signals similar to that caused by an arterial
pulse. In other examples, the optical sensors may be

implanted proximate to different arteries of the patient.
[0005] A first optical sensor that is upstream of a sec-
ond optical sensor relative to a direction of blood flow
through an artery by which the optical sensors are im-
planted may detect an arterial pulse prior to the second
optical sensor. Thus, the second optical sensor may gen-
erate an electrical signal indicative of a true arterial pulse
after the first optical sensor generates an electrical signal
indicative of the true arterial pulse. On the other hand,
an electrical signal indicative of a motion artifact may be
generated by the first and second optical sensors sub-
stantially simultaneously or within a predetermined range
of time. Accordingly, in some examples, a detected pulse
may be determined to be a spurious pulse if the optical
sensors indicate the occurrence of the pulse within a pre-
determined range of time.
[0006] In other examples, an arterial pulse may be de-
tected based on signals from both first and second optical
sensors in order to help minimize the effects of motion
artifacts on the detection of the arterial pulses. For ex-
ample, a first optical sensor signal may be shifted in time
relative to a second optical sensor signal, and the signals
may be correlated. An arterial pulse may be detected at
a time at which a peak or trough amplitude value of the
correlated signal is observed.
[0007] The disclosure describes a method comprising
receiving a first electrical signal from a first optical sensor
implanted within a patient, receiving a second electrical
signal from a second optical sensor implanted within the
patient, detecting an arterial pulse of the patient based
on at least one of the first or second electrical signals,
and determining whether the arterial pulse is a spurious
pulse based on the first and second electrical signals.
[0008] In another aspect, the disclosure is directed to
an implantable medical system comprising a first optical
sensor that generates a first electrical signal, a second
optical sensor that generates a second electrical signal,
and a processor that receives the first electrical signal
and the second electrical signal, detects an arterial pulse
of the patient based on at least one of the first or second
electrical signals, and determines whether the arterial
pulse is a spurious pulse based on the first and second
electrical signals.
[0009] In another aspect, the disclosure is directed to
an implantable medical system comprising means for re-
ceiving a first electrical signal from a first optical sensor
implanted within a patient, means for receiving a second
electrical signal from a second optical sensor implanted
within the patient, means for detecting an arterial pulse
of the patient based on at least one of the first or second
electrical signals, and means for determining whether
the arterial pulse is a spurious pulse based on the first
and second electrical signals.
[0010] The disclosure also describes a method com-
prising receiving a first electrical signal from a first optical
sensor implanted within a patient, receiving a second
electrical signal from a second optical sensor implanted
within the patient, where the first and second optical sen-
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sors are positioned relative to each other such that the
first optical sensor detects an arterial pulse of the patient
before the second optical sensor, detecting a first signal
characteristic of the first signal, detecting a second signal
characteristic of the second signal, determining whether
the first and second signal characteristics occurred within
a predetermined range of time, and if the first and signal
characteristics occurred within the predetermined range
of time, determining that the first and second signal char-
acteristics are artifacts.
[0011] The disclosure also describes a method com-
prising receiving a first electrical signal from a first optical
sensor implanted within a patient, receiving a second
electrical signal from a second optical sensor implanted
within the patient, shifting the first electrical signal in time
relative to the second electrical signal to generate a time-
shifted electrical signal, correlating the second electrical
signal and the time-shifted electrical signal to generate
a correlated signal, and detecting an arterial pulse of the
patient based on the correlated signal. In some exam-
ples, detecting the arterial pulse comprises identifying a
peak amplitude or a trough amplitude of the correlated
signal, where the peak or the trough amplitude is asso-
ciated with the arterial pulse of the patient. In addition, in
some examples, shifting the first electrical signal in time
relative to the second electrical signal to generate the
time-shifted electrical signal comprises shifting the first
electrical signal by 0.5 milliseconds to about 80 millisec-
onds.
[0012] In another aspect, the disclosure is directed to
an implantable medical system comprising a first optical
sensor that generates a first electrical signal, a second
optical sensor that generates a second electrical signal,
and a processor that receives the first electrical signal
and the second electrical signal, shifts the first electrical
signal in time relative to the second electrical signal to
generate a time-shifted electrical signal, correlates the
second electrical signal and the time-shifted electrical
signal to generate a correlated signal, and detects an
arterial pulse of a patient based on the correlated signal.
In some examples, the processor detects the arterial
pulse by at least identifying a peak amplitude or a trough
amplitude of the correlated signal, where the peak am-
plitude or the trough amplitude is associated with the ar-
terial pulse of the patient. In addition, in some examples,
the processor shifts the first electrical signal in time rel-
ative to the second electrical signal to generate the time-
shifted electrical signal by at least shifting the first elec-
trical signal by about 0.5 milliseconds to about 80 milli-
seconds.
[0013] In another aspect, the disclosure is directed to
an implantable medical system comprising means for re-
ceiving a first electrical signal from a first optical sensor
implanted within a patient, means for receiving a second
electrical signal from a second optical sensor implanted
within the patient, means for shifting the first electrical
signal in time relative to the second electrical signal to
generate a time-shifted electrical signal, means for cor-

relating the second electrical signal and the time-shifted
electrical signal to generate a correlated signal, and
means for detecting an arterial pulse of the patient based
on the correlated signal.
[0014] In another aspect, the disclosure is directed to
a computer-readable medium comprising instructions.
The instructions cause a programmable processor to per-
form any one or more of the techniques described herein.
The details of one or more examples of the disclosure
are set forth in the accompanying drawings and the de-
scription below. Other features, objects, and advantages
will be apparent from the description and drawings, and
from the claims.

BRIEF DESCRIPTION OF DRAWINGS

[0015]

FIG. 1 is a conceptual diagram illustrating an exam-
ple system that includes an implantable medical de-
vice (IMD) including an implantable optical sensor.
FIG. 2 is a functional block diagram of an example
IMD that includes optical tissue sensors.
FIG. 3 is a conceptual illustration of an IMD including
two optical sensors implanted proximate to an artery.
FIG. 4 illustrates example electrical signals generat-
ed by optical sensors.
FIG. 5 is a flow diagram illustrating an example tech-
nique for determining whether an arterial pulse de-
tected based on signals from one or more optical
sensors is a spurious pulse or a true arterial pulse.
FIG. 6 is a logic diagram illustrating an example cir-
cuit that generates a pulse indication based on elec-
trical signals generated by two optical sensors.
FIG. 7 is a flow diagram illustrating an example tech-
nique for detecting an arterial pulse from electrical
signals provided by two optical sensors implanted
within a patient proximate to an artery and separated
from each other by a specific distance.
FIG. 8 is a functional block diagram of an example
medical device programmer.
FIG. 9A is a conceptual illustration of electrical sig-
nals generated by optical sensors.
FIG. 9B is a conceptual illustration of a cross-corre-
lated electrical signal generated based on the elec-
trical signals shown in FIG. 9A.
FIG. 10A is a conceptual illustration of electrical sig-
nals generated by optical sensors.
FIG. 10B is a conceptual illustration of a cross-cor-
related electrical signal generated based on the elec-
trical signals shown in FIG. 10A.

DETAILED DESCRIPTION

[0016] FIG. 1 is a conceptual diagram illustrating an
example system 10 that may be used to monitor one or
more physiological parameters of patient 12, such as a
heart rhythm of patient 12 or an oxygen saturation level
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of blood of patient 12. Patient 12 ordinarily, but not nec-
essarily, will be a human. Monitoring system 10 includes
implantable medical device (IMD) 14 and external device
16. IMD 14 may be, for example, an implantable monitor
that does not provide therapy (e.g., stimulation therapy)
to patient 12. In other examples, IMD 14 may be config-
ured to deliver stimulation to the heart of patient 12 or to
deliver another type of therapy to patient 12 (e.g., delivery
of a therapeutic agent). Neither IMD 14, external device
16 nor any of the figures is drawn to any particular scale.
In the example shown in FIG. 1, IMD 14 is implanted
within a subcutaneous tissue layer of patient 12. Due to
its relatively small size, a clinician may implant IMD 14
through a relatively small incision in the patient’s skin, or
percutaneously, e.g., via an introducer. In other exam-
ples, IMD 14 may be implanted within other tissue sites,
such as a submuscular location. IMD 14 may be a tem-
porary diagnostic tool employed to monitor one or more
physiological parameters of patient 12 for a relatively
short period of time (e.g., days or weeks), or may be used
on a more permanent basis, such as to control therapy
delivery to patient 12. In some examples of the latter use
of IMD 14, a separate therapy delivery device, such as
a fluid delivery device, pacemaker, cardioverter or defi-
brillator, may be implanted within patient 12. The therapy
delivery device may communicate with IMD 14 via a wired
connection or via wireless communication techniques. In
other examples, as previously described, IMD 14 may
be incorporated in a common housing with a therapy de-
livery device.
[0017] IMD 14 includes first optical sensor 18 and sec-
ond optical sensor 20, which is separated from first optical
sensor 18 by a predetermined distance in some exam-
ples. Optical sensors 18, 20 are implanted within patient
12 proximate to vasculature of patient 12 (e.g., an artery).
Optical sensors 18, 20 each generate an electrical signal
that changes as a function of the amount of blood in tissue
proximate to IMD 14, such as the amount of blood within
an artery. Optical sensors 18, 20 may sense the changes
in volume in an artery associated with contractions of the
heart of patient. In this way, the electrical signal gener-
ated by at least one of the optical sensors 18, 20 may be
used to detect arterial pulses of patient 12, which may
be used to, for example, determine a heart rate of patient
12. In addition, in some examples, the electrical signal
from at least one of the optical sensors 18, 20 may be
used to determine a blood oxygen saturation level of the
patient.
[0018] In the example shown in FIG. 1, optical sensors
18, 20 each include at least one detector and at least one
light source. The one or more light sources of each of
the optical sensors 18, 20 may emit light at a particular
wavelength, which is scattered through blood-perfused
tissue, and the one or more detectors may each be con-
figured to sense light that is emitted from the light source
and transmitted through a medium, such as a blood mass
(e.g., blood cells in an artery) of patient 12. In some ex-
amples, at least one of the optical sensors 18, 20 may

include at least two light sources that emit light at different
wavelengths and at least two detectors that are sensitive
to different wavelengths of light. In some examples, the
arrangement between the detector and light source of
each of the optical sensors 18, 20 described herein may
define a reflectance type optical sensor because light
that is emitted by the light source and reflected by blood
in an artery or tissue of patient 12 is received by the de-
tector. In contrast, an optical sensor including one or
more detectors positioned to detect light emitted by one
or more light sources and transmitted through blood in
an artery or tissue of patient 12 may be referred to as a
transmissive-type optical sensor. In this case, the detec-
tors are oriented to receive light emitted by the light
source and transmitted through tissue.
[0019] In the example shown in FIG. 1, the one or more
light sources and detectors of each of the optical sensors
18, 20 are coupled to housing 22 of IMD 14. Housing 22
may be hermetically sealed and may enclose various
sensing and control circuitry for sensing, storing and/or
transmitting one or more physiological parameters of pa-
tient 12 to another device, and, in some cases, a therapy
delivery module for delivering therapy to patient 12 (e.g.,
electrical stimulation or a therapeutic agent). In some ex-
amples, the one or more light sources and/or detectors
of optical sensors 18, 20 extend from housing 22 or may
be coupled to optically transmissive members that extend
from housing 22 and guide light to a tissue site or collect
light from a tissue site remote from housing 22. In other
examples, the one or more light sources and/or optical
detectors are separated from housing 22 and communi-
cate with components within housing 22 via an electrical
conductor (not shown) or a wireless communication link.
Optical sensors 18, 20 that are separate from each other
and movable relative to each other may be useful for, for
example, customizing the distance between implanted
optical sensors 18, 20.
[0020] The intensity of light detected by the detectors
of optical sensors 18, 20 may be used to detect a pulsatile
component (e.g., an arterial pulse associated with a
heartbeat) of a cardiac cycle of patient 12. In particular,
a change in volume in an artery or other vasculature of
patient 12 may be detected based on one or more char-
acteristics of the waveforms defined by the electrical sig-
nals generated by the detectors of optical sensors 18,
20. In this way, the signals generated by optical sensors
18, 20 may be used to generate a photoplethysmograph.
The optical properties of blood-perfused tissue may
change depending upon the relative amounts of oxygen-
ated and deoxygenated hemoglobin due, at least in part,
to their different optical absorption spectra. That is, the
oxygen saturation level of the patient’s blood may affect
the amount of light that is absorbed by a blood mass and
the amount of light that is reflected back to optical sensors
18, 20. Accordingly, an electrical signal generated by op-
tical sensors 18, 20 that indicates the intensity of one or
more wavelengths of light detected by the detector of the
respective sensor 18, 20 may change based on the rel-
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ative amounts of oxygenated and deoxygenated hemo-
globin in the tissue, which may change following a heart-
beat of patient 12.
[0021] As the heart of patient 12 contracts, blood is
driven through the arteries of patient 12. The contraction
of the heart may be referred to as systole. Oxygenated
and deoxygenated hemoglobin within the blood may un-
equally absorb different wavelengths of light. According-
ly, the intensity of light that is emitted by the light sources
of optical sensors 18, 20, transmitted through blood in
an artery, and detected by the detector of the respective
sensor 18, 20 may indicate the relative amount of blood
in the blood mass monitored by optical sensors 18, 20.
As blood flows from the heart of patient 12 through an
artery following contraction of the heart, the amount of
oxygenated hemoglobin in the blood in the artery may
increase. Thus, maximum light absorbance by the blood
may occur during systole, which may be indicated by a
trough amplitude value, i.e., a nadir amplitude value, of
the electrical signal waveform generated by optical sen-
sors 18, 20. Maximum light absorbance by the blood may
be associated with the occurrence of an arterial pulse.
[0022] Diastole may refer to the period of time when
the heart relaxes after systole. During diastole, the inten-
sity of light that is emitted by the light sources of optical
sensors 18, 20 and transmitted through blood in an artery
may increase compared to the intensity of light that is
transmitted through blood during systole. In some cases,
minimum light absorbance by the blood in an artery may
occur during diastole, which may be indicated by a peak
amplitude value in the waveform generated by the elec-
trical signals from optical sensors 18, 20.
[0023] In some examples, an arterial pulse resulting
from contraction of the heart of patient 12, which may
indicate a heartbeat, may be characterized by a peak or
trough amplitude value of an optical sensor signal. In
other examples, the arterial pulse may be detected when
an amplitude of the optical sensor signal falls below a
threshold value, which may be determined by a clinician
based on the optical sensor signals specific to patient 12
or more general to more than one patient. In addition,
because the patient’s blood oxygen levels may change,
e.g., based on patient activity level, the threshold value
may be a moving threshold value, and may be periodi-
cally updated.
[0024] In other examples, depending upon the wave-
length of light emitted by optical sensors 18, 20, minimum
light absorbance by the blood may occur during systole,
which may be indicated by a peak amplitude of an optical
sensor signal or an amplitude greater than a threshold
value. Thus, in other examples, an arterial pulsation re-
sulting from contraction of the heart of patient 12, may
be characterized by an optical sensor signal amplitude
that is greater than or equal to a particular threshold val-
ue. While a peak or trough amplitude value is primarily
referred to throughout the description of FIGS. 2-7, in
other examples, IMD 14 may detect an arterial pulse if
the amplitude value of the optical sensor signal is less

than or equal to a threshold value, or, in other examples,
greater than or equal to a threshold value.
[0025] Mechanical vibration or other movement of op-
tical sensors 18, 20, which may be attributable to move-
ment of patient 12, may change the optical coupling be-
tween optical sensors 18, 20 and tissue of patient 12,
e.g., due to temporary migration or displacement of the
sensors, or compression or expansion of the tissue. This
may result in a change in the relative position between
the light sources and detectors of sensors 18, 20 and
vasculature of patient 12, and may introduce motion ar-
tifacts into the electrical signals generated by optical sen-
sors 18, 20. In examples in which optical sensors 18, 20
are implanted proximate to an artery to monitor the vol-
ume of blood in the artery, the movement of optical sen-
sors 18, 20 may result in electrical signals that do not
accurately and precisely indicate the volume of blood in
the artery of patient. For example, due to movement be-
tween optical sensors 18, 20 and a blood mass, the de-
tectors of optical sensors 18, 20 may generate signals
indicating an arterial pulse when the heart of patient 12
is not actually contracting. That is, motion artifacts may
cause optical sensors 18, 20 to generate signals indicat-
ing a spurious pulse.
[0026] As described in further detail below with refer-
ence to FIG. 3, optical sensors 18, 20 implanted within
patient 12 a predetermined distance apart and proximate
to an artery may be used to minimize the effects of motion
artifacts on the detection of arterial pulses based on sig-
nals from optical sensors 18, 20. Because optical sensors
18, 20 are implanted proximate to an artery, one of the
optical sensors 18 or 20 may be positioned closer to the
heart of patient 12 than the other optical sensors 20 or
18, respectively. That is, one optical sensor may be po-
sitioned upstream of the other optical sensor relative to
a blood flow through the artery, such that the upstream
optical sensor detects an arterial pulse before the down-
stream optical sensor. Optical sensors 18, 20 may gen-
erate electrical signals that indicate a true arterial pulse,
e.g., a signal that indicates maximum light absorbance
by the blood in the artery, out of phase with each other.
The propagation of blood through the artery proximate
to IMD 14 may result in the phase difference between
the peak or trough amplitude values of the electrical sig-
nal waveforms generated by optical sensors 18, 20 that
indicate the true arterial pulse.
[0027] In contrast, artifacts resulting from movement
of optical sensors 18, 20 relative to adjacent tissue may
cause the optical sensors 18, 20 to generate electrical
signals that indicate the occurrence of an arterial pulse
substantially in phase, e.g., within a particular range of
time. The artifact may be a signal characteristic that is
associated with an arterial pulse, such as a trough am-
plitude of an electrical signal waveform. Thus, the detec-
tion of a pulse based on electrical signals from optical
sensors 18, 20 within a predetermined range of time may
indicate the detection of a spurious pulse, rather than a
true arterial pulse. The motion artifact in the electrical
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signals generated by optical sensors 18, 20 may be ig-
nored with the aid of common mode noise separation
techniques, which are described in further detail below
with reference to FIGS. 5 and 7.
[0028] In some examples, IMD 14 may also include
electrodes that sense electrical activity of patient’s heart.
For example, IMD 14 may generate an electrogram
(EGM) or electrocardiogram (ECG) based on signals
from the electrodes. The electrical activity of the patient’s
heart may also be used to eliminate motion artifacts from
the electrical signals generated by optical sensors 18, 20.
[0029] In some examples, IMD 14 may be implanted
within patient 12 such that optical sensors 18, 20, or at
least the detectors of optical sensors 18, 20, face away
from the epidermis of patient 12 in order to help minimize
interference from background light, e.g., from outside of
the patient’s body. Background light may include light
from a source other than the one or more light sources
of the respective optical sensor 18, 20. Detection of the
background light by the detectors of optical sensors 18,
20 may result in an inaccurate and imprecise detection
of an arterial pulse or of a blood oxygen saturation level
of patient.
[0030] As described in further detail below with refer-
ence to FIG. 2, IMD 14 may include a memory that stores
electrical signals generated by optical sensors 18, 20. In
addition or alternatively, IMD 14 may transmit electrical
signals or information derived from the electrical signals
(e.g., a heart rhythm of patient 12) generated by optical
sensors 18, 20 to another implanted or external device,
such as external device 16. In some examples, a clinician
may retrieve stored information from IMD 14 after ex-
planting IMD 14 from patient 12. In other examples, the
clinician (or other user) may interrogate IMD 14 with ex-
ternal device 16 while IMD 14 remains implanted within
patient 12 in order to retrieve stored information from IMD
14.
[0031] IMD 14 may be useful for monitoring physiolog-
ical parameters, such as the heart rate and blood oxygen
saturation level, of patient 12. The monitored physiolog-
ical parameter values may provide useful information for
diagnosing a patient condition or formulating a treatment
plan for patient 12. For example, if patient 12 experiences
syncope, e.g., periodic fainting, IMD 14 may be used to
determine the physiological parameters that are associ-
ated with the syncope. A clinician may review the asso-
ciated physiological parameters to determine a potential
cause of the syncopic events. For example, a clinician
may determine whether any patient events occurred
based on the recorded signals from optical sensors 18,
20. Such events may be confirmed by other types of sen-
sors, such as accelerometers, blood pressure sensors,
or the like.
[0032] External device 16 may be a handheld comput-
ing device or a computer workstation. External device 16
may include a user interface that receives input from a
user, such as a clinician. The user interface may include,
for example, a keypad and a display, which may for ex-

ample, be a cathode ray tube (CRT) display, a liquid crys-
tal display (LCD) or LED display. The keypad may take
the form of an alphanumeric keypad or a reduced set of
keys associated with particular functions. External device
16 can additionally or alternatively include a peripheral
pointing device, such as a mouse, via which a user may
interact with the user interface. In some examples, a dis-
play of external device 16 may include a touch screen
display, and a user may interact with external device 16
via the display.
[0033] A user, such as a physician, technician, or other
clinician, may interact with external device 16 to commu-
nicate with IMD 14. For example, the user may interact
with external device 16 to retrieve physiological or diag-
nostic information from IMD 14. A user may also interact
with external device 16 to program IMD 14, e.g., select
values for operational parameters of monitor 14.
[0034] For example, the user may use external device
16 to retrieve information from IMD 14 regarding the
rhythm of the heart of patient 12 (e.g., determined based
on the signals from optical sensors 18, 20), trends of the
heart rhythm over time or arrhythmia episodes. As an-
other example, the user may use external device 16 to
retrieve information from IMD 14 regarding other sensed
physiological parameters of patient 12, such as blood
oxygen saturation levels of patient 12. As another exam-
ple, the user may use external device 16 to retrieve in-
formation from IMD 14 regarding the performance or in-
tegrity of IMD 14.
[0035] IMD 14 and external device 16 may communi-
cate via wireless communication using any techniques
known in the art. Examples of communication techniques
may include, for example, low frequency or radiofrequen-
cy (RF) telemetry, but other techniques are also contem-
plated. In some examples, external device 16 may in-
clude a programming head that may be placed proximate
to the patient’s body near the implant site of IMD 14 in
order to improve the quality or security of communication
between IMD 14 and external device 16.
[0036] FIG. 2 is a block diagram of an example IMD
14. In the example shown in FIG. 2, IMD 14 includes
optical sensors 18, 20, processor 24, memory 26, telem-
etry module 28, and power source 30. Memory 26 in-
cludes computer-readable instructions that, when exe-
cuted by processor 24, cause IMD 14 and processor 24
to perform various functions attributed to IMD 14 and
processor 24 herein. Memory 26 may include any vola-
tile, non-volatile, magnetic, optical, or electrical media,
such as a random access memory (RAM), read-only
memory (ROM), non-volatile RAM (NVRAM), electrical-
ly-erasable programmable ROM (EEPROM), flash mem-
ory, or any other digital media.
[0037] Processor 24 may include any one or more mi-
croprocessors, controllers, digital signal processors
(DSPs), application specific integrated circuits (ASICs),
field-programmable gate arrays (FPGAs), or equivalent
discrete or integrated logic circuitry, or combinations
thereof. In some examples, processor 24 may include
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multiple components, such as any combination of one or
more microprocessors, one or more controllers, one or
more DSPs, one or more ASICs, or one or more FPGAs,
as well as other discrete or integrated logic circuitry. The
functions attributed to processor 24 herein may be em-
bodied as software, firmware, hardware or any combina-
tion thereof.
[0038] Processor 24 controls optical sensors 18, 20 to
generate electrical signals indicative of the relative vol-
ume of oxygenated blood in tissue adjacent to optical
sensors 18, 20. In the example shown in FIG. 2, optical
sensor 18 includes red LED 32, IR LED 34, and detector
36, and optical sensor 20 includes red LED 38, IR LED
40, and detector 42. LEDs 32, 34, 38, 40 and detectors
36, 42 may be coupled to an outer surface of housing 22
of IMD 14 or may be disposed in recesses defined by
housing 22 of IMD 14. Red LEDs 32, 38 may emit light
in the red portion of the visible light spectrum, such, but
not limited to, light having a wavelength in a range of
about 550 nanometers (nm) to about 750 nm. IR LEDs
34, 40 may emit IR light in the IR portion of the light spec-
trum, such as, but not limited to, light having a wavelength
in a range of about 750 nm to about 2.5 micrometers or
greater. In other examples, optical sensors 18, 20 may
comprise any suitable light source in addition to or instead
of LEDs. For example, optical sensors 18, 20 may com-
prise a laser diode, a vertical cavity surface emitting laser
device, a broadband light source, and the like.
[0039] Detector 36 of optical sensor 18 is configured
to detect light emitted by red LED 32 and IR LED 34, and
detector 42 of optical sensor 20 is configured to detect
light emitted by red LED 38 and IR LED 40. Detectors
36, 42 may each include, for example, one or more pho-
todetectors, such as photodiodes. For example, detec-
tors 36, 42 may each include one photodiode sensitive
to two or more wavelengths of light (e.g., light in the red
spectrum and the IR spectrum) or multiple photodiodes
that are each sensitive to a respective wavelength of light.
Detectors 36, 42 are each configured to convert light in-
cident on a photodetection surface of the respective de-
tector 36, 42 into either a current or voltage, which may
be outputted as an electrical signal. An intensity of the
signal received by detectors 36, 42 may be indicative of
hemodynamic function, such as the oxygen saturation of
blood or the relative volume of blood in an artery of patient
12 by which IMD 14 is implanted. In examples in which
detectors 36, 42 each include a photodiode, an electrical
signal outputted by the detectors 36, 42 may be directly
or inversely proportional to the amount of light (e.g., the
intensity of light) incident on the photodiode.
[0040] Processor 24 may store electrical signals gen-
erated by detectors 36, 42 of optical sensors 18, 20 or
values derived from the electrical signals generated by
detectors 36, 42 in memory 26. Processor 24 may control
the operation of LEDs 32, 34, 38, 40. In some examples,
processor 24 may control red LED 32 and IR LED 34 of
optical sensor 18 to sequentially emit light, such that only
one of the LEDs 32, 34 emits light at a time. Similarly, in

some examples, processor 24 may control red LED 38
and IR LED 40 to sequentially emit light, i.e., one after
the other in respective time slots.
[0041] Processor 24 may also control the operation of
detectors 36, 42. Light sensed by detector 36 of optical
sensor 18 may include information about the intensity of
red light emitted by red LED 32 and reflected by blood,
as well as the intensity of IR light emitted by IR LED 34
and reflected by blood. In order to separate the signals
indicative of the red light and IR light, processor 24 may
demodulate the electrical signal received from detector
36. Similarly, in order to separate the signals indicative
of the red light emitted by red LED 38 and reflected by
blood and IR light emitted by IR LED 40 and reflected by
blood, processor 24 may demodulate the electrical signal
received from detector 42 of optical sensor 20. In some
examples, processor 24 may oscillate the output of red
LED 38 and IR LED 40 at different frequencies. For ex-
ample, the current into red LED 38 may be driven at ap-
proximately 100 kilohertz (kHz) and the current into IR
LED 40 may be driven at approximately 130 kHz. The
signal from the single detector 36 may be electrically fil-
tered to provide an output at 100 kHz and another at 130
kHz.
[0042] Optical sensors 18, 20 are fixed in positions rel-
ative to housing 22 (FIG. 1) of IMD 14, such that sensors
18, 20 are a predetermined distance apart upon implan-
tation in patient 12. In some examples, sensor 18, 20 are
about 0.5 millimeters (mm) to about 60 mm apart. In other
examples, such as examples in which at least one of the
optical sensors 18, 20 is disposed in a separate housing
(e.g., implanted remotely from IMD 14) and wirelessly
communicates with IMD 14, the distance between the
remote optical sensor and the optical sensor or sensors
in IMD 14 may be up to about 500 mm. In some examples,
an optical barrier may be positioned between optical sen-
sors 18, 20 in order to help prevent detector 36 of optical
sensor 18 from sensing light emitted by red LED 38 and
IR LED 40 of optical sensor 20, and to help prevent de-
tector 42 of optical sensor 20 from sensing light emitted
by LEDs 32, 34 of optical sensor 18. In addition, in some
examples, an optical barrier may be positioned between
detector 36 and LEDs 32, 34 of optical sensor 18 and
between detector 42 and LEDs 38, 40 of optical sensor
20 to block direct transmission of light from LEDs 32, 34,
38, 40 to the respective detector 36, 42. In some exam-
ples, optical sensors 18, 20 may each include lenses that
helps focus light emitted from the respective LEDs 32,
34, 38, 40.
[0043] IMD 14 may be subcutaneously or submuscu-
larly implanted within patient 12 such that LEDs 32, 34,
38, 40 and detectors 36, 42 are oriented toward blood
perfused tissue of patient 12, e.g., proximate to an artery
of patient 12. In the example shown in FIG. 2, red LED
32 and IR LED 34 are positioned on the same side of the
blood perfused tissue as detector 36, such that detector
36 detects light emitted by LEDs 32, 34 and reflected by
the patient’s blood. For example, red LED 32, IR LED

11 12 



EP 2 346 394 B1

8

5

10

15

20

25

30

35

40

45

50

55

34, and detector 36 may be coupled to a common surface
of housing 22 of IMD 14. Similarly, in the example shown
in FIG. 2, red LED 38 and IR LED 40 are positioned on
the same side of the blood perfused tissue as detector
42, such that detector 42 detects light emitted by LEDs
38, 40 and reflected by the patient’s blood. In other ex-
amples, detectors 36, 42 may be positioned to detect
light that is emitted by LEDs 32, 34, 38, 40 transmitted
through the blood perfused tissue. This latter example is
commonly referred to as a transmissive optical sensor.
[0044] Telemetry module 28 includes any suitable
hardware, firmware, software or any combination thereof
for communicating with another device, such as external
device 16 (FIG. 1) or programmer 42 (FIG. 2). Under the
control of processor 24, telemetry module 28 may receive
downlink telemetry from and send uplink telemetry to ex-
ternal device with the aid of an antenna, which may be
internal and/or external. Processor 24 may provide the
data to be uplinked to external device 16 and the control
signals for the telemetry circuit within telemetry module
28, e.g., via an address/data bus. In some examples,
telemetry module 28 may provide received data to proc-
essor 24 via a multiplexer. In some examples, telemetry
module 28 may wirelessly receive sensor signals from a
remote optical sensor (not shown in FIG. 2) that is sep-
arated from the IMD 14.
[0045] The various components of IMD 14 are coupled
to power source 30, which may include a rechargeable
or non-rechargeable battery. A non-rechargeable battery
may be selected to last for several years, while a re-
chargeable battery may be inductively charged from an
external device, e.g., on a daily or weekly basis.
[0046] The block diagram shown in FIG. 2 is merely
one example of an IMD 14. In other examples, IMD 14
may include a fewer number or a greater number of com-
ponents. For example, in examples in which IMD 14 is
incorporated with a medical device that delivers therapy
to patient 12, IMD 14 may also include a therapy delivery
module, such as an electrical stimulation generator or a
fluid pump. For example, IMD 14 may include a therapy
delivery module that delivers pacing, defibrillation or car-
dioversion pulses to a heart of patient 12, or may gener-
ate and deliver neurostimulation signals to a target tissue
site within patient 12 (e.g., proximate to a spine or nerve,
or to a target region of tissue that may or may not be near
a nerve).
[0047] Although optical sensors 18, 20 are shown to
be separate from processor 24 in FIG. 1, in other exam-
ples, processor 24 may include the functionality attribut-
ed to optical sensors 18, 20 herein and may be coupled
to LEDs 32, 34, 38, 40 and detectors 36, 42. For example,
optical sensors 18, 20 shown in FIG. 2 may include soft-
ware executed by processor 24. If optical sensors 18, 20
include firmware or hardware, optical sensors 18, 20, re-
spectively, may be a separate one of the one or more
processors 24 or may be a part of a multifunction proc-
essor. As previously described, processor 24 may com-
prise one or more processors.

[0048] In some examples, some of the components of
IMD 14 shown in the example of FIG.2 may be located
in another device. For example, although optical sensors
18, 20 are shown in FIG. 2 to be incorporated within hous-
ing 22 (FIG. 1) of IMD 14 that also encloses other com-
ponents, such as processor 24 and memory 26, in other
examples, optical sensors 18, 20 may be enclosed in
separate housings, such that optical sensors 18, 20 may
be separately implanted within patient 12.
[0049] Optical sensors 18, 20 that are enclosed in sep-
arate housings may include respective processors, te-
lemetry modules, memories, and power sources, or one
of the optical sensors may be a master sensor that con-
trols the other optical sensor in a master-slave configu-
ration. For example, optical sensor 18 may be a master
module that provides power to optical sensor 20 and con-
trols when red LED 38 and IR LED 40 emit light. In such
examples, optical sensor 18 may communicate with op-
tical sensor 20 via a wired connection or via wireless
communication techniques, such as RF telemetry. Com-
munication between separately housed optical sensors
18, 20 may be desirable in order to permit optical sensor
18 to, for example, receive an electrical signal generated
by optical sensor 20 and stores the electrical signal in a
memory enclosed in a common housing with optical sen-
sor 18.
[0050] If optical sensors 18, 20 are enclosed in sepa-
rate housings, the optical sensors 18, 20 may be me-
chanically coupled to each other or may be mechanically
decoupled from each other. For example, optical sensors
18, 20 may be decoupled and implanted a predetermined
distance from each other within patient 12. The clinician
may generally implant optical sensors 18, 20 in patient
12 a predetermined distance apart. Although optical sen-
sors 18, 20 may shift after implantation in patient 12, op-
tical sensors 18, 20 may remain a generally known dis-
tance apart. In other examples in which optical sensors
18, 20 are enclosed in separate housings, the housings
of optical sensors 18, 20 may be tethered together or
otherwise coupled together with a flexible or a rigid cou-
pling member. The coupling member may help fix a dis-
tance of separation between optical sensors 18, 20.
[0051] In some examples, data from at least one of the
optical sensors 18, 20 may be uploaded to a remote serv-
er, from which a clinician or another user may access the
data to analyze the patient’s condition. An example of a
remote server is a server provided via the Medtronic
CareLink® Network, available from Medtronic, Inc. of
Minneapolis, Minnesota.
[0052] FIG. 3 is a conceptual illustration of IMD 14 im-
planted proximate to artery 50. Arrows 52 indicate a di-
rection of blood flow through artery 50, which is generally
a direction away from heart because artery 50 is typically
a blood vessel that carries oxygenated blood away from
the heart of patient 12. Accordingly, artery 50 may be
referred to as a systemic artery. In the conceptual illus-
tration shown in FIG. 3, IMD 14 is implanted proximate
to artery 50 such that red LED 32 and IR LED 34 of optical
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sensor 18 emit light in a direction toward artery 50 and
detector 36 senses light emitted by LEDs 32, 34 and re-
flected by blood within artery 50. In addition, IMD 14 is
implanted such that red LED 38 and IR LED 40 of optical
sensor 20 emit light in a direction toward artery 50 and
detector 425 senses light emitted by LEDs 38, 40 and
reflected by blood in artery 50. IMD 14 is implanted within
patient 12 such that optical sensor 18 is downstream of
optical sensor 20 relative to a direction of blood flow within
artery 50. In the example shown in FIG. 3, optical sensors
18, 20 generally face the same direction within patient
12 (e.g., do not face in opposite directions). For example,
optical sensors 18, 20 may be positioned on a common
surface of housing 22 of IMD 14. The planes of the pho-
todetection surfaces of detectors 36, 42 may be, for ex-
ample, substantially parallel.
[0053] Patient motion may cause optical sensors 18,
20 to provide a signal similar to that caused by arterial
pressure pulses through artery 50 because the patient
movement may cause relative movement between opti-
cal sensors 18, 20 and patient tissue, which may change
the optical path between sensors 18, 20 and artery 50 or
may change the amount of blood in artery 50, and, there-
fore, change the absorption of light by artery 50. Proces-
sor 24 (FIG. 2) may distinguish between pulses resulting
from patient motion and pulses resulting from true heart
activity with the aid of signals from both of the optical
sensors 18, 20. In particular, processor 24 may imple-
ment various techniques based on the electrical signals
from two optical sensors 18, 20 implanted within patient
12 such that optical sensor 18 is downstream of optical
sensor 20 to minimize the effects of motion artifacts on
the detection of arterial pulses from the electrical signals
generated by optical sensors 18, 20. Example techniques
are described in further detail with respect to FIGS. 5 and
7.
[0054] Due to their locations relative to each other and
to the blood flow through artery 50, as indicated by arrows
52, optical sensor 20 may detect an arterial pulsation that
results from a contraction of the patient’s heart prior to
the detection of the arterial pulsation by optical sensor
18. Optical sensors 18, 20 generally will not detect the
arterial pulsation at the same time because the different
implant sites of optical sensors 18, 20 relative to the di-
rection 52 of blood flow through artery 50. Accordingly,
a first electrical signal generated by optical sensor 20
and a second electrical signal generated by optical sen-
sor 18 will not exhibit signal characteristics that indicate
an arterial pulsation (e.g., a low amplitude) at substan-
tially the same time. Rather, the one or more signal char-
acteristics that indicate an arterial pulse will occur with a
delay between the first and second electrical signals. The
time delay may be a function of the distance between
optical sensors 18, 20 (e.g., a distance between detec-
tors 36, 42) and a speed of propagation of arterial pres-
sure wave through an artery by which optical sensors 18,
20 are implanted. In this manner, based on the presence
of delay, signal characteristics arising from arterial pulses

may be distinguished from signal characteristics caused
by motion. The velocity of the pressure pulse in an artery,
such as a radial artery, may be about 6 meters per second
(m/s) to about 15 m/s. Therefore, in some examples, the
time delay between a signal characteristic that indicates
an arterial pulse may be, for example, about 0.5 millisec-
onds (ms) to about 7 ms for optical sensors 18, 20 that
are displaced by 7 and 40 mm along the artery, although
other time delays are contemplated.
[0055] FIG. 4 illustrates an example of electrical sig-
nals from optical sensors 18, 20. First electrical signal 54
is generated by detector 42 of optical sensor 20 and sec-
ond electrical signal 56 is generated by detector 36 of
optical sensor 18. Electrical signals 54, 56 change as a
function of the amount of blood in tissue adjacent to op-
tical sensors 18, 20. In the example shown in FIG. 3, for
example, an amplitude of electrical signals 54, 56 may
change as a function of blood in artery 50. The electrical
signals 54, 56 shown in FIG. 4 are conceptual examples
and are not intended to represent actual electrical signals
generated by optical sensors.
[0056] As described with respect to FIG. 3, due to their
locations relative to each other and to the direction of
blood flow through artery 50, optical sensor 20 may detect
an arterial pulse that results from a contraction of the
patient’s heart prior to the detection of the same arterial
pulse by optical sensor 18. As described above with re-
spect to FIG. 1, in some examples, an arterial pulsation
may be represented by a trough amplitude value of the
electrical signals 54, 56 because maximum light absorb-
ance by the blood may occur during systole, which may
be indicated by a low intensity of light incident on detec-
tors 36, 42 of optical sensors 18, 20. The trough ampli-
tude value may be determined to be an amplitude below
a particular threshold (schematically shown in FIG. 4) or
a lowest amplitude of the electrical signal within a partic-
ular range of time (e.g., determined based on the expect-
ed time interval between consecutive arterial pulses).
[0057] In the example shown in FIG. 4, electrical signal
54 generated by optical sensor 20 exhibits a trough 58A
(i.e., a smallest relative amplitude within a certain time
window) at time T1, which is associated with an arterial
pulse resting from contraction of the patient’s heart. Elec-
trical signal 56 generated by optical sensor 18 exhibits a
trough 59A at time T2, which is after time T1, which in-
dicates the occurrence of the same arterial pulse. Be-
cause optical sensor 18 is positioned downstream of op-
tical sensor 20, the delay indicated by the difference be-
tween times T1 and T2 may be attributable to the flow of
blood through artery 50. That is, optical sensor 18 does
not sense the increase in oxygenated blood volume until
after optical sensor 20 senses the increase in oxygenated
blood volume because the oxygenated blood flow reach-
es the portion of artery 50 proximate optical sensor 18
after the oxygenated blood flow reaches the portion of
artery 50 proximate optical sensor 20.
[0058] In the example shown in FIG. 4, electrical signal
54 generated by optical sensor 20 exhibits a trough 58B
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at time T3, which is associated with an arterial pulse fol-
lowing the arterial pulse that was detected at time T1.
Electrical signal 56 generated by optical sensor 18 ex-
hibits a corresponding trough 59B at time T4, which is
after time T3 and indicates the occurrence of the same
arterial pulse indicated by electrical signal 54 at time T3.
[0059] Electrical signals 54, 56 generated by detectors
36, 42 of sensors 18, 20, respectively, may include mo-
tion artifacts from motion of patient 12. For example, mo-
tion artifacts may be introduced into signals 54, 56 by
movement of the patient’s muscle proximate to sensors
18, 20 or by motion of the sensor due to activities like
walking or running. The motion of patient 12 may cause
spurious pulses that are similar to pulses caused by ar-
terial blood flow. Processor 24 may receive the spurious
pulses and characterize the pulses as indicative of arte-
rial blood flow, rather than motion, which may result in
an erroneous and inaccurate reading of the patient’s car-
diac activity.
[0060] Although sensors 18, 20 are separated by a
specific distance, motion of patient 12 may affect the out-
put of detectors 36, 42 of sensors 18, 20, respectively,
substantially similarly. In particular, electrical signals 54,
56 may exhibit signal characteristics that are attributable
to motion artifacts at substantially the same time. For
example, in FIG. 4, electrical signal 54 generated by de-
tector 42 of optical sensor 20 exhibits a trough amplitude
58C at time T5, and processor 24 (FIG. 2) may determine
that an arterial pulse was detected based on the detected
trough amplitude at time T5. Electrical signal 56 gener-
ated by detector 36 of optical sensor 20 also exhibits a
trough amplitude 59C at time T5.
[0061] Processor 24 may receive signals 54, 56 and
determine that because both optical sensors 18, 20 gen-
erated an electrical signal indicative of an arterial pulse
of patient 12 at time T5, the detected arterial pulse was
a spurious pulse. Processor 24 may then disregard the
arterial pulse detected at time T5. In this way, IMD 14
including two optical sensors 18, 20 implanted proximate
to artery 50 and separated by a specific distance along
the direction of blood flow through artery 50 may be used
to minimize the impact of motion artifacts on the accuracy
and precision of IMD 14 in detecting arterial pulses of
patient 12. An example processing technique processor
24 may implement in order to determine when the elec-
trical signals from optical sensors 18, 20 indicate a true
arterial pulse, rather than motion artifacts, is described
with respect to FIG. 7. IMD 14 including two optical sen-
sors 18, 20 implanted proximate to artery 50 and sepa-
rated by a specific distance along the direction of blood
flow through artery 50 may allow increase in specificity
of sensors 18, 20 to recognize true arterial pulses based
on the delay in the signals generated by sensors 18, 20,
and reject other signals that may be interpreted as arterial
pulses if the delay were not used to filter them out.
[0062] FIG. 5 is a flow diagram illustrating an example
technique for detecting an arterial pulse from electrical
signals provided by optical sensors 18, 20 implanted

within patient 12 proximate to artery 50, where sensor
20 is implanted upstream of sensor 18 relative to the
direction of blood flow through artery 50. The technique
shown in FIG. 5 may be implemented by processor 24
of IMD 14 (FIG. 2) or a processor of another device, such
as external device 16 (FIG. 1) in order to detect arterial
pulses from electrical signals that may include motion
artifacts. While processor 24 is referred to throughout the
description of FIG. 5, as well as FIG. 7, in other examples,
a processor of another device may implement the tech-
niques shown in FIGS. 5 and 7.
[0063] Processor 24 may receive first electrical signal
54 (FIG. 4) from optical sensor 20 (60) and second elec-
trical signal 56 (FIG. 4) from optical sensor 18 (62). Proc-
essor 24 may detect an arterial pulse based on at least
one of the first signal 54 or the second signal 56 (64). As
described above, in some examples, processor 24 may
detect an arterial pulse when a trough amplitude of the
first and/or second electrical signal waveforms is detect-
ed.
[0064] In other examples, processor 24 may detect an
arterial pulse by normalizing a high pass filtered signal
(e.g., with a high pass cutoff frequency of about 0.4 Hertz
(Hz) and a low pass cutoff frequency of about 10 Hz) of
a detected optical signal 54, 56 with a low pass filtered
version (e.g., with a cutoff frequency of about 0.1 Hz) of
the detected optical signal. Normalization will reduce sig-
nal amplitude variations due to changes in tissue atten-
uation and venous blood volume. If at least one of the
LEDs of the respective sensor 18, 20 emits light having
an oxygen insensitive wavelength (i.e., isobestic), such
as about 805 nm, the respective signal 54, 56 generated
by the sensor 18 or 20 may be oxygen insensitive and a
resulting pulsatile waveform may have a normalized am-
plitude under various physiologic variations. In such ex-
amples, processor 24 may employ zero-crossing detec-
tion to detect an arterial pulse and the time delay between
zero-crossings of signals 54, 56 generated by sensors
18, 20, respectively, may be compared to determine
whether the zero-crossing of either signal 54, 56 indi-
cates a true arterial pulse. In other examples, processor
24 may detect an arterial pulse based on optical signals
54, 56 when the respective optical signal crosses a
threshold other than a zero-threshold.
[0065] In some examples, a fundamental frequency of
the pulsatile waveform may be calculated based on the
time of the zero-crossings to verify that the detected sig-
nal 54, 56 is a physiologic signal. If the fundamental fre-
quency of the pulsatile waveform is substantially similar
to the expected frequency of a normal physiologic signal
of patient 12, processor 24 may determine that the sig-
nals 54, 56 indicate a true arterial pulse, rather than mo-
tion artifacts. An expected frequency of a normal physi-
ologic signal of patient 12 may be the frequency associ-
ated with a heart rate of patient 12, which may result in
a pulsatile signal having a frequency of about 0.67 Hz to
about 3 Hz (e.g., about 40 beats per minute to about 180
beats per minute).
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[0066] A period of the pulsatile waveform for each of
the signals 54, 56 may be determined to be the time pe-
riod between zero-crossings, if the zero-crossings for on-
ly positive slopes are determined. If the zero-crossings
for both positive and negative slopes are determined by
processor 24, one period of the pulsatile waveform for
each of the signals 54, 56 may be determined to be the
time period between every other detected zero-crossing.
The calculated frequency of the pulsatile waveform may
be calculated based on the periods between zero-cross-
ings (e.g., the frequency may be substantially equal to
the inverse of the calculated period). The calculated fre-
quency may be compared to the expected frequency of
a physiologic signal of patient 12 (e.g., a heart rate of
patient 12).
[0067] Processor 24 may analyze electrical signals 54,
56 and determine whether a signal characteristic indicat-
ing a pulse was detected from one sensor 18 or 20 within
a time interval of detecting a signal characteristic indicat-
ing a pulse on another sensor 18 or 20 (66). The time
interval may be, for example, within about 1 ms, such as
less than about 0.5 ms, although other time intervals are
contemplated. For example, processor 24 may deter-
mine whether the first and second electrical signals 54,
56 exhibited a trough amplitude value at substantially the
same time or whether the signals 54, 56 exhibit a zero-
crossing (or other threshold crossing) at substantially the
same time.
[0068] If pulses were detected based on signal char-
acteristics of the first and second electrical signals 54,
56 within a predetermined time range (or interval) of one
another, processor 24 may reject pulse detection as be-
ing attributable to motion rather than a true arterial pulse.
That is, processor 24 may determine that the detected
pulse was a spurious pulse at least partially attributable
to patient motion. Processor 24 may then continue mon-
itoring the first electrical signal 54 (60) and the second
electrical signal (62) until another arterial pulse (64) is
detected.
[0069] If the first and second electrical signals 54, 56
did not indicate the occurrence of an arterial pulse within
the predetermined range of time (66), processor 24 may
determine that the detected arterial pulse is a true arterial
pulse, and may generate a pulse indication (68). The
pulse indication may be a value, flag, or signal that is
stored or transmitted to indicate the occurrence of an
arterial pulse, which may be indicative of systolic activity
of the patient’s heart. The pulse indication may be stored
in memory 26 of IMD 14 or a memory of another device,
such as external device 16 (FIG. 1). The stored pulse
indications may be used to determine the patient’s car-
diac activity, e.g., the patient’s heart rate, which may be
used to assess the patient’s cardiac health.
[0070] FIG. 6 is a logic diagram illustrating an example
circuit of module 70 that may detect a pulse from optical
signals 54, 56 generated by optical sensors 18, 20, re-
spectively, and generate a pulse indication if the pulse
is determined to be a true arterial pulse. Module 70 may

be integrated into processor 24 of IMD 14 (FIG. 2) or of
another device, such as external device 16 (FIG. 1). Elec-
trical signal 54 (FIG. 4) generated by optical sensor 20
may be transmitted into module 70 and provided to band
pass filter 72 and low pass filter 74. Electrical signal 56
(FIG. 4) generated by optical sensor 18 may be trans-
mitted into module 70 and provided to band pass filter
73 and low pass filter 75. Although not shown in FIG. 6,
in some examples, electrical signal 54, 56 may be pro-
vided to an amplifier prior to being sent to the respective
band pass filters 72, 73 and low pass filters 74, 75.
[0071] In some examples, electrical signal 54, 56 may
include a pulsatile waveform (or component) and one or
more other components. The pulsatile waveform may be
modulated by the arterial pulses sensed by optical sensor
18, 20. That is, the waveforms of the electrical signals
54, 56 generated by optical sensors 18, 20 may change
in response to the increased blood volume in artery 50
resulting from the arterial pulses. The other waveforms
that may be present in electrical signals 54, 56 may be
generated by various causes. For example, optical sen-
sors 18, 20 may detect blood within through tissue sur-
rounding artery 50, i.e. tissue perfusion. The blood in the
tissue may cause volume changes that are detected by
optical sensors 18, 20.
[0072] Tissue perfusion may be detected by optical
sensors 18, 20 and included in the generated signals 54,
56 along with the measurements of the arterial pulse re-
sulting in an electrical signal that includes the waveform
for an arterial pulse and one or more other waveforms.
The volume of blood within tissue (i.e., tissue perfusion)
may not change as fast as the volume of blood within
artery 50 that results from arterial pulses. As a result, the
pulsatile waveform that results from arterial pulses may
have a frequency that is greater than the frequency of
the one or more other waveforms, e.g., waveforms indi-
cating changes in tissue perfusion. In some examples,
the amplitude of the pulsatile waveform may be less than
the amplitude of the one or more other waveforms, e.g.,
waveforms indicating tissue perfusion. Accordingly, it
may be necessary to normalize the amplitude of the pul-
satile waveform to minimize the effects of detected
changes in blood volume that are attributable to tissue
perfusion on the amplitude of the pulsatile component of
signals 54, 56. Normalizing the electrical signals 54, 56
may provide a better measurement of a detected arterial
pulse and better generation of a pulse indication based
on electrical signals generated by optical sensors 18, 20.
[0073] As shown in FIG. 6, electrical signal 54 may be
represented as x1(t), and electrical signal 56 may be rep-
resented as x2(t). Electrical signal 54 is filtered by band
pass filter 72 and low pass filter 74. Similarly, electrical
signal 56 is filtered by band pass filter 73 and low pass
filter 75. Band pass filters 72, 73 may generally have the
same cutoff frequencies, and low pass filters 74, 75 may
have the same cutoff frequencies. In other examples,
band pass filters 72, 73 may have different cutoff fre-
quencies and/or low pass filters 74, 75 may have different
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cutoff frequencies. In some examples, the high pass cut-
off frequency of band pass filters 72, 73 may be approx-
imately 0.4 Hz and the low pass cutoff frequency of band
pass filters 72, 73 may be approximately 10 Hz. In other
examples, the low pass cutoff frequency of band pass
filters 72, 73 may be approximately 40 Hz. In some ex-
amples, the low pass cutoff frequency of low pass filters
74, 75 may be approximately 0.1 Hz.
[0074] Band pass filters 72, 73 may remove the direct
current (DC) voltage component of electrical signal 54,
56, respectively. After electrical signal 54, 56 are filtered
by band pass filter 72, 73, the signals outputted by band
pass filter 72, 73 toggle around approximately zero volts,
i.e., the peak of filtered signals 54, 56 may be greater
than approximately zero volts and the trough of filtered
signals 54, 56 may be less than zero volts.
[0075] Band pass filter 72, 73 may filter electrical signal
54, 56, respectively, to reduce the amplitude of wave-
forms that are not the pulsatile waveform, i.e., are not
attributable to the pulses (e.g., arterial pulses or pulses
attributable to motion artifacts) sensed by optical sensors
18, 20, and limit the frequency range of the pulsatile
waveform. Low pass filter 74, 75 may also filter electrical
signal 54, 56, respectively, to reduce the amplitude of
the waveforms that are not part of the pulsatile waveform
component. Because low pass filters 74, 75 may have a
lower cutoff frequency compared to band pass filters 72,
73, the combination of low pass filters 74, 75 and band
pass filters 72, 73, respectively, may reduce the ampli-
tude of waveforms other than the pulsatile waveform
component better than either the band pass filters 72, 73
alone or the low pass filters 74, 75 alone. In this manner,
the pulsatile waveform of signals 54, 56 may be the dom-
inant waveform of the filtered signals because the am-
plitudes of the extraneous waveforms are reduced by the
passing of electrical signals 54, 56 through the filters
72-75.
[0076] Although band pass filters 72, 73 and low pass
filters 74, 75 reduce the amplitude of the extraneous
waveforms of electrical signals 54, 56, i.e. waveforms
that are not the pulsatile waveform, the amplitude of the
peak and trough of the remaining waveform may vary
due to nonpulsatile waveforms that may not be filtered
out by filters 72-75. Accordingly, it may be necessary to
normalize the amplitude of the filtered signals 54, 56 to
minimize the varying peak and trough amplitudes.
[0077] Signal y1(t) results after electrical signal 54 is
filtered by band pass filter 74, and signal y2(t) results after
electrical signal 54 is filtered by low pass filter 74. Simi-
larly, y3(t) results after electrical signal 56 is filtered by
band pass filter 73 and y4(t) results after electrical signal
56 is filtered by low pass filter 75. Signals y1(t) and y3(t)
toggle across approximately zero volts because their re-
spective DC components are substantially removed by
band pass filters 72, 73, respectively. Signals y1(t) and
y2(t) are outputted to divide module 76 that divides signal
y1(t) by signal y2(t) to generate a signal that normalizes
the amplitude of the pulsatile waveform component of

electrical signal 54, shown as z1(t) in FIG. 6. Similarly,
signal y3(t) and y4(t) are outputted to divide module 77
that divides signal y3(t) by signal y4(t) to generate a signal
z2(t) having a normalized amplitude.
[0078] Signals z1(t) and z2(t) are outputted to zero
crossing detectors 78, 79, respectively. Zero crossing
detectors 78, 79 determine when the voltage level of sig-
nal z1(t), z2(t), respectively, cross 0 volts. For example,
zero crossing detector 78 may output a pulse when the
voltage of signal z1(t) changes from a negative value to
a positive value and/or changes from a positive value to
a negative value. Zero crossing detector 79 may also
output a pulse when the voltage of signal z1(t) changes
from a negative value to a positive value and/or changes
from a positive value to a negative value. In some exam-
ples, zero crossing detectors 78, 79 may each comprise
a Schmitt trigger.
[0079] Though not shown in FIG. 6, in some examples,
module 70 may include two slope detectors, whereby
one slope detector is coupled to the output of divider mod-
ule 76, and the other slope detector coupled to the output
of divider module 77. In such examples, zero crossing
detectors 78, 79 may receive signal z1(t) and z2(t), re-
spectively, as well as the output of the respective slope
detectors. The slope detectors may determine when sig-
nals z1(t) and z2(t) are on either rising edges or falling
edge. For example, if the slope of signal z1(t) is positive,
signal z1(t) is on a rising edge, similarly, if the slope of
signal z1(t) is negative, signal z1(t) is on a falling edge.
As described above, zero crossing detectors 78, 79 may
output a pulse whenever signals z1(t) and z2(t), respec-
tively, cross zero volts. In examples that include slope
detectors, zero crossing detector 78, 79 may only output
a pulse whenever signals z1(t) and z2(t), respectively,
cross zero volts on a rising edge, and do not output a
pulse whenever signals z1(t) and z2(t) cross zero volts
on a falling edge. Alternatively, zero crossing detector
78, 79 may only output a pulse whenever signals z1(t)
and z2(t), respectively, cross zero volts on a falling edge,
and do not output a pulse whenever signals z1(t) and
z2(t) cross zero volts on a rising edge.
[0080] Generally, zero crossing detector 78, 79, such
as Schmitt triggers, may be sensitive to fluctuations in
voltages that cross zero volts. In many instances, noise
or other factors may cause signal z1(t) and z2(t) to inad-
vertently fluctuate around zero volts. For example, even
though the amplitude of extraneous waveforms, de-
scribed above, have been reduced, and the amplitude of
the pulsatile waveform has been normalized, the extra-
neous waveforms may still add some fluctuation to the
pulsatile waveform, which may cause signals z1(t) and
z2(t) to inadvertently cross zero volts. Zero crossing de-
tector 78, 79 may recognize this and output a pulse in
response.
[0081] To address this inadvertent pulse output from
zero crossing detector 78, 79, in some embodiments,
zero crossing detectors 78, 79 may each include hyster-
esis. Hysteresis provides a dual threshold action such
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that a first input level results in an output, and the output
stays in that state until the input changes to a second
input level that is different than the first input level. For
example, if signal z1(t) has an amplitude of approximately
1 volt such that signal z1(t) toggles from approximately
0.5 volts to approximately -0.5 volts across 0 volts, zero
crossing detector 78 may include a hysteresis threshold
at 0.1 volts and -0.1 volts. In this example, on a rising
edge, zero crossing detector 78 may not recognize that
signal z1(t) has crossed zero volts until signal z1(t) cross-
es 0.1 volts. Then, on a falling edge, zero crossing de-
tector 78 may not recognize that signal z1(t) has crossed
zero volts until signal z1(t) crosses -0.1 volts. In this man-
ner, any voltage fluctuations between -0.1 volts and 0.1
volts are discarded by zero crossing detector 78 and not
considered to be a zero-crossing.
[0082] Zero crossing detector 79 may be substantially
similar to zero crossing detector 78. In examples in which
module 70 includes slope detectors for both zero cross-
ing detectors 78, 79, and zero crossing detectors 78, 79
output a pulse only on rising edges of signal z1(t) and
z2(t), respectively, zero crossing detectors 78, 79 may
only output a pulse when signal z1(t) crosses a particular
threshold, such as 0.1 volts. Similarly, in examples in
which zero crossing detectors 78, 79 output a pulse only
on falling edges of signal z1(t) and z2(t), zero crossing
detectors 78, 79 may only output a pulse when signals
z1(t) and z2(t), respectively, cross a particular threshold,
such as -0.1 volts.
[0083] The output of zero crossing detector 78 and 79
are outputted to delay detector 80. The zero crossings
of signals z1(t) and z2(t) may indicate the frequency of
the pulsatile waveform of electrical signals 54, 56, re-
spectively, generated by optical sensors 18, 20, respec-
tively. In order to ensure that delay detector 80 compares
the time interval between relevant zero crossings of sig-
nals z1(t) and z2(t), e.g., zero crossings that indicate the
occurrence of the same pulse or the same motion artifact,
zero crossing detector 78 may employ the slope detector.
In this way, delay detector 80 may only compare the time
interval between respective rising edge zero crossings
of signals z1(t) and z2(t) or respective falling edges of
signals z1(t) and z2(t).
[0084] For example, in examples in which zero cross-
ing detectors 78, 79 only detect either the rising edge
zero crossings or falling edge zero crossings, each zero
crossing of signals z1(t) and z2(t) may indicate a pulse
detected by optical sensors 18, 20. Delay detector 80
may compare the zero crossings detected by zero cross-
ing detectors 78, 79 to determine the delay between the
pulses detected by sensors 18, 20. Decision logic 82 may
determine that if signals 54, 56 (or signals z1(t) and z2(t))
exhibited a zero crossing at substantially the same time
or within a particular time range, such as within 0.5 mil-
liseconds of each other, the detected pulse associated
with the zero crossings was not indicate a true arterial
pulse. On the other hand, if delay detector 80 indicates
that electrical signal 54 exhibited a zero crossing before

electrical signal 56, e.g., within about 0.5 milliseconds to
about 7 milliseconds of each other, decision logic 82 may
determine that the zero crossings of the signals 54, 56
(or signals z1(t) and z2(t)) indicates the detected pulse
associated with the zero crossings was a true arterial
pulse. Decision logic 82 may then generate a pulse indi-
cation.
[0085] In examples in which zero crossing detectors
78, 79 detect both the rising edge zero crossings and the
falling edge zero crossings, every two zero crossings of
signals z1(t) and z2(t) may indicate each pulse detected
by optical sensors 18, 20. In such examples, delay de-
tector 80 may compare time intervals between every two
zero crossings detected by zero crossing detectors 78,
79 to determine the delay between the detected pulses.
[0086] FIG. 7 is a flow diagram illustrating a technique
for detecting an arterial pulse detected based first elec-
trical signal 54 and second electrical signal 56 (FIG. 4),
which may help minimize the effects of motion artifacts
on the detection of the arterial pulse. As with the tech-
nique shown in FIG. 5, processor 24 of IMD 14 may re-
ceive first electrical signal 54 from optical sensor 20 (60)
and second electrical signal 56 from optical sensor 18
(62). As previously indicated, first electrical signal 54 gen-
erated by optical sensor 20 may indicate the occurrence
of an arterial pulse before second electrical signal 56
generated by optical sensor 18 indicates the occurrence
of the same arterial pulse. The delay in the detection of
the arterial pulse based on the first and second electrical
signals 54, 56 may be at least partially due to the orien-
tation that IMD 14 is implanted within patient 12. In par-
ticular, IMD 14 is implanted within patient 12 such that
optical sensor 20 is separated from optical sensor 18 and
located along artery 50 upstream of optical sensor 18.
The flow of blood through artery 50 may be sensed by
optical sensor 20 prior to optical sensor 18. Thus, the
flow of oxygenated blood through artery 50 that is asso-
ciated with an arterial pulse may be sensed by optical
sensor 20 before optical sensor 18.
[0087] In order to detect an arterial pulse, processor
24 may perform a signal processing operation that com-
pares the two signals 54, 56 for non-randomness. In one
example, processor 24 may cross-correlate first electri-
cal signal 54 with second electrical signal 56. Cross-cor-
relation is a signal processing technique in which first
electrical signal 54 may be time shifted relative to second
electrical signal 56 (90) and the two signals may be mul-
tiplied point by point. If an arterial pulse is present, a
strong cross-correlation appears at time shifts that cor-
respond to the expected time delay between the detec-
tion of an arterial pulse by optical sensors 18, 20. The
amount of time that processor 24 shifts first electrical
signal 54 relative to second electrical signal 56 may be,
for example, less than or equal to the expected time delay
between the detection of an arterial pulse by optical sen-
sors 18, 20. The expected time delay may be, for exam-
ple, determined based on the distance separating optical
sensors 18, 20 (e.g., the distance separating detectors
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36, 42) and the speed of propagation of blood through
artery 50 following a contraction of the patient’s heart
(i.e., following a systole). It may also be measured using
optical sensors 18, 20 during times when patient 12 is
relatively motionless. In some examples, processor 24
may time shift first electrical signal 54 about 0.5 ms to
about 80 ms relative to second electrical signal 56 (90).
[0088] Processor 24 may detect an arterial pulse at the
time at which the correlated signal resulting from the sig-
nal processing of the second electrical signal 56 and the
time shifted first electrical signal 54 exhibits a trough am-
plitude. In other examples, depending on the wavelength
of light emitted by the light sources of sensors 18, 20,
processor 24 may detect an arterial pulse at the time at
which the correlated signal resulting from the signal
processing of the second electrical signal 56 and the time
shifted first electrical signal exhibits a peak amplitude.
[0089] Processor 24 may continue time shifting first
electrical signal 54 (90) and cross-correlating second
electrical signal 56 and the time-shifted first electrical sig-
nal 54 (92) until the cross-correlated electrical signal
(e.g., the multiplied second electrical signal 56 and time-
shifted first electrical signal 54) includes the trough am-
plitude value (94) or until a certain maximum amount of
time for shifting first electrical signal 54 is reached. The
maximum amount of time that first electrical signal 54
may be shifted to detect a trough amplitude value of the
summed signals may be based on, for example, the ex-
pected delay between arterial pulse detection by first and
second optical sensors 18, 20. The expected time delay
may be, for example, 0.5 ms to about 7 ms. Accordingly,
in some examples, the maximum amount of time that first
electrical signal 54 may be shifted to detect a trough am-
plitude value of the summed signals may be equal to
about 0.5 ms to about 7 ms. After detecting the trough
amplitude value of the summed signal (94), processor
24 may generate a pulse indication (68). The pulse indi-
cation may indicate the detection of an arterial pulse as
well as the time at which the pulse was detected.
[0090] In other examples of the technique shown in
FIG. 7, processor 24 may time shift second electrical sig-
nal 56 rather than first electrical signal 54. Processor 24
may then correlate the first electrical signal 54 with the
time-shifted second electrical signal 56 until a nadir point
(or trough amplitude) is detected, indicating the occur-
rence of an arterial pulse, or until the maximum amount
of time that second electrical signal 56 may be shifted is
reached.
[0091] Although two techniques for determining wheth-
er first electrical signal 54 and second electrical signal
56 indicate the presence of an arterial pulse have been
described herein with respect to FIGS. 5 and 7, processor
24 may implement other algorithms for detecting arterial
pulses from first and/or second electrical signals 54, 56
and excluding spurious pulses attributable to motion ar-
tifacts.
[0092] FIG. 8 is a block diagram of an example external
device 16. As shown in FIG. 8, external device 16 in-

cludes processor 100, memory 102, user interface 104,
telemetry module 106, and power source 108. External
device 16 may be a dedicated hardware device with ded-
icated software for interrogating IMD 14 to obtain infor-
mation stored in memory 26 (FIG. 2), and, in some ex-
amples, for programming IMD 14. Alternatively, external
device 16 may be an off-the-shelf computing device run-
ning an application that enables external device 16 to
communicate with IMD 14.
[0093] A user may use external device 16 to modify
operating parameters of optical sensors 18, 20. For ex-
ample, the user may program the frequency at which
LEDs 32, 34, 38, 40 (FIG. 2) emit light and the frequency
at which detectors 36, 42 provide processor 24 with elec-
trical signals indicative of the blood flow through artery
50. The clinician may interact with external device 16 via
user interface 104, which may include display to present
graphical user interface to a user, and a keypad or an-
other mechanism for receiving input from a user.
[0094] Processor 100 can take the form one or more
microprocessors, DSPs, ASICs, FPGAs, programmable
logic circuitry, or the like, and the functions attributed to
processor 100 herein may be embodied as hardware,
firmware, software or any combination thereof. Memory
102 may store instructions that cause processor 100 to
provide the functionality ascribed to external device 16
herein, and information used by processor 100 to provide
the functionality ascribed to external device 16 herein.
Memory 102 may include any fixed or removable mag-
netic, optical, or electrical media, such as RAM, ROM,
CD-ROM, hard or floppy magnetic disks, EEPROM, flash
memory, or the like. Memory 102 may also include a re-
movable memory portion that may be used to provide
memory updates or increases in memory capacities. A
removable memory may also allow patient data to be
easily transferred to another computing device, or to be
removed before external device 16 is used to program
therapy for another patient.
[0095] External device 16 may communicate wireless-
ly with IMD 14, e.g., using RF communication or proximal
inductive interaction. This wireless communication is
possible through the use of telemetry module 106, which
may be coupled to an internal antenna or an external
antenna. An external antenna that is coupled to external
device 16 may correspond to the programming head that
may be placed over the implant site of IMD 14. Telemetry
module 106 may be similar to telemetry module 28 of
IMD 14 (FIG. 2). Telemetry module 106 may also be con-
figured to communicate with another computing device
via wireless communication techniques, or direct com-
munication through a wired connection. Examples of lo-
cal wireless communication techniques that may be em-
ployed to facilitate communication between external de-
vice 16 and another computing device include RF com-
munication according to the 802.11 or Bluetooth specifi-
cation sets, infrared communication, e.g., according to
the IrDA standard, or other standard or proprietary te-
lemetry protocols. In this manner, other external devices
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may be capable of communicating with external device
16 without needing to establish a secure wireless con-
nection.
[0096] Power source 108 delivers operating power to
the components of external device 16. Power source 108
may include a battery and a power generation circuit to
produce the operating power. In some examples, the bat-
tery may be rechargeable to allow extended operation.
Recharging may be accomplished by electrically cou-
pling power source 108 to a cradle or plug that is con-
nected to an alternating current (AC) outlet. In addition
or alternatively, recharging may be accomplished
through proximal inductive interaction between an exter-
nal charger and an inductive charging coil within external
device 16.
[0097] In other examples, traditional batteries (e.g.,
nickel cadmium or lithium ion batteries) may be used. In
addition, external device 16 may be directly coupled to
an alternating current outlet to power external device 16.
Power source 108 may include circuitry to monitor power
remaining within a battery. In this manner, user interface
104 may provide a current battery level indicator or low
battery level indicator when the battery needs to be re-
placed or recharged. In some cases, power source 108
may be capable of estimating the remaining time of op-
eration using the current battery.
[0098] FIGS. 9A-10B illustrate different examples of
how cross-correlating electrical signals from optical sen-
sors 18, 20 that are implanted within patient 12 such that
optical sensor 20 detects a true arterial pulse before op-
tical sensor 20 may be used to reject motion artifacts.
FIG. 9A illustrates electrical signal 110 generated by op-
tical sensor 20 and electrical signal 112 generated by
optical sensor 18 that is implanted downstream of optical
sensor 20 in a direction of blood flow within artery 50.
The frequency of each of the optical signals 110, 112 is
about 1 Hz, and the peak-to-peak amplitude is about 1
Volt. The approximate time delay between the arterial
pulses detected by optical signals 110, 112 is about 100
ms. In the example shown in FIG. 9A, a motion artifact
signal present in optical signals 110, 112 has a frequency
of about 3 Hz and a peak-to-peak amplitude of about
0.02 Volts.
[0099] FIG. 9B illustrates a cross-correlated signal 114
that may result when signal 110 is time shifted relative
to signal 112 and the time-shifted signal 110 and signal
112 are multiplied. As FIG. 9B illustrates, cross-correlat-
ed signal 114 exhibits a peak amplitude when signal 110
is shifted about 0.1 seconds relative to signal 112. The
cross-correlated signal 114 indicates that first and sec-
ond signals 110, 112 indicate a true arterial pulse, with
a time delay of about 0.1 seconds between the pulse
detection based on first signal 110 and the pulse detec-
tion based on second signal 112.
[0100] FIGS. 10A and 10B illustrate another example
of a cross-correlation of electrical signals generated by
optical sensors 18, 20. FIG. 10A illustrates electrical sig-
nal 120 generated by optical sensor 20 and electrical

signal 122 generated by optical sensor 18. The frequency
of each of the optical signals 120, 122 is about 1 Hz, and
the peak-to-peak amplitude is about 1 Volt. The approx-
imate time delay between the arterial pulses detected by
optical signals 120, 122 is about 100 ms. In the example
shown in FIG. 10A, a motion artifact signal present in
optical signals 120, 122 has a frequency of about 3 Hz
and a peak-to-peak amplitude of about 0.2 Volts.
[0101] FIG. 10B illustrates a cross-correlated signal
124 that may result when signal 120 is time shifted rela-
tive to signal 122 and the time-shifted signal 120 and
signal 122 are multiplied. As FIG. 10B illustrates, cross-
correlated signal 124 exhibits a peak amplitude when
signal 110 is shifted between about 0.08 seconds and
0.09 seconds relative to signal 112. The cross-correlated
signal 124 indicates that first and second signals 120,
122 indicate a true arterial pulse, with a time delay of
about 0.08-0.09 seconds between the pulse detection
based on first signal 120 and the pulse detection based
on second signal 122.
[0102] The techniques described in this disclosure, in-
cluding those attributed to IMD 14, programmer 24, or
various constituent components, may be implemented,
at least in part, in hardware, software, firmware or any
combination thereof. For example, various aspects of the
techniques may be implemented within one or more proc-
essors, including one or more microprocessors, DSPs,
ASICs, FPGAs, or any other equivalent integrated or dis-
crete logic circuitry, as well as any combinations of such
components, embodied in programmers, such as physi-
cian or patient programmers, stimulators, image
processing devices or other devices. The term "proces-
sor" or "processing circuitry" may generally refer to any
of the foregoing logic circuitry, alone or in combination
with other logic circuitry, or any other equivalent circuitry.
[0103] Such hardware, software, firmware may be im-
plemented within the same device or within separate de-
vices to support the various operations and functions de-
scribed in this disclosure. In addition, any of the described
units, modules or components may be implemented to-
gether or separately as discrete but interoperable logic
devices. Depiction of different features as modules or
units is intended to highlight different functional aspects
and does not necessarily imply that such modules or units
must be realized by separate hardware or software com-
ponents. Rather, functionality associated with one or
more modules or units may be performed by separate
hardware or software components, or integrated within
common or separate hardware or software components.
[0104] When implemented in software, the functional-
ity ascribed to the systems, devices and techniques de-
scribed in this disclosure may be embodied as instruc-
tions on a computer-readable medium such as RAM,
ROM, NVRAM, EEPROM, FLASH memory, magnetic
data storage media, optical data storage media, or the
like. The instructions may be executed to support one or
more aspects of the functionality described in this disclo-
sure.
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In other examples, the techniques described as being
performed by processor 24 of IMD 14 may be performed
in whole or in part by processor 100 of external device
16 or another device. For example, processor 100 of ex-
ternal device 16 may receive signals from optical sensors
18, 20 and determine whether a true arterial pulse has
occurred based on the signals from optical sensors 18,
20. That is, processor 100 or another device external to
patient 12 or implanted within patient 12 may use the
signals from optical sensors 18, 20 that are implanted
proximate to an artery and along the direction of blood
flow in the artery to detect arterial pulses and determine
whether a detected pulse is a true arterial pulse or a spu-
rious pulse based on the delay between the signals gen-
erated by optical sensors 18, 20.
[0105] Various examples of medical systems and tech-
niques have been described. These and other examples
are within the scope of the following claims.

Claims

1. An implantable medical system comprising:

a first optical sensor (18) configured to generate
a first electrical signal;
a second optical sensor (20) configured to gen-
erate a second electrical signal; wherein each
of the first and second optical sensors (18,20)
comprise at least one light source (32, 34, 38,
40) and at least one light detector (36, 42), and
the first and second electrical signals are indic-
ative of the intensity of the light detected by the
at least one light detector of the respective sen-
sor, so that said first and second electrical sig-
nals change as a function of the amount of blood
within the artery; and
a processor (24) configured to receive the first
electrical signal and the second electrical signal,
to detect an arterial pulse of the patient based
on the first and second electrical signals, and to
determine whether the arterial pulse is a spuri-
ous pulse based on the first and second electri-
cal signals; and
characterized in that
the first optical sensor (18) and the second op-
tical sensor (20) are adapted for implantation
along an artery of a patient, such that the second
optical sensor (20) is downstream of the first op-
tical sensor (18) relative to the direction of blood
flow in the artery;
and the processor is configured to determine
whether the arterial pulse is a spurious pulse by
at least determining whether the first and second
signal characteristics occurred within a prede-
termined range of time, and if the first and sec-
ond characteristics occurred within the prede-
termined range of time, the processor is config-

ured to determine that the detected arterial pulse
is the spurious pulse.

2. The implantable medical system of claim 1, further
comprising a housing (22), wherein the first and sec-
ond optical sensors are coupled to the housing.

3. The implantable medical system of claim 1, wherein
the first and second optical sensors are separated
by a distance of 0.5 millimeters to 60 millimeters.

4. The implantable medical system of claim 1, wherein
the first and second optical sensors comprise sepa-
rate housings that are movable relative to each other.

5. The implantable medical system of claim 4, wherein
the first and second optical sensors further comprise
respective telemetry modules (28), and wherein the
first and second optical sensors wirelessly commu-
nicate via the respective telemetry modules.

6. The implantable medical system of claim 1, wherein
the first and second signal characteristics comprise
at least one of a peak amplitude, a trough amplitude
or a threshold crossing.

7. The implantable medical system of claim 1, wherein
the predetermined range of time comprises less than
0.5 milliseconds.

Patentansprüche

1. Implantierbares medizinisches System, Folgendes
umfassend:

einen ersten optischen Sensor (18), der dafür
konfiguriert ist, ein erstes elektrisches Signal zu
erzeugen;
einen zweiten optischen Sensor (20), der dafür
konfiguriert ist, ein zweites elektrisches Signal
zu erzeugen;
wobei jeder des ersten und des zweiten opti-
schen Sensors (18, 20) wenigstens eine Licht-
quelle (32, 34, 38, 40) und wenigstens einen
Lichtempfänger (36, 42) umfasst, und das erste
und das zweite elektrische Signal bezeichnend
für die Intensität des von dem wenigstens einen
Lichtempfänger des jeweiligen Sensors erfass-
ten Lichts sind, sodass sich das erste und das
zweite elektrische Signal in Abhängigkeit von
der Blutmenge in der Arterie ändern;
und

einen Prozessor (24), der dafür konfiguriert
ist, das erste elektrische Signal und das
zweite elektrische Signal zu empfangen,
um einen arteriellen Puls des Patienten ba-
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sierend auf dem ersten und dem zweiten
elektrischen Signal zu erfassen, und zu be-
stimmen, ob der arterielle Puls ein Störpuls,
basierend auf dem ersten und zweiten elek-
trischen Signal, ist; und dadurch gekenn-
zeichnet, dass der erste optische Sensor
(18) und der zweite optische Sensor (20)
zum Implantieren entlang einer Arterie ei-
nes Patienten derart ausgebildet sind, dass
der zweite optische Sensor (20) dem ersten
optischen Sensor (18) relativ in die Rich-
tung des Blutflusses in der Arterie nachge-
lagert ist; und
wobei der Prozessor dafür konfiguriert ist,
zu bestimmen, ob der arterielle Puls ein
Störpuls ist, indem er wenigstens bestimmt,
ob die erste und die zweite Signalcharakte-
ristik innerhalb eines vorbestimmten Zeit-
bereichs aufgetreten sind, und wenn die
erste und die zweite Charakteristik inner-
halb des vorbestimmten Zeitbereichs auf-
getreten sind, der Prozessor dafür konfigu-
riert ist, zu bestimmen, dass der erfasste
arterielle Puls der Störpuls ist.

2. Implantierbares medizinisches System nach An-
spruch 1, das ferner ein Gehäuse (22) umfasst, wo-
bei der erste und der zweite optische Sensor mit dem
Gehäuse gekoppelt sind.

3. Implantierbares medizinisches System nach An-
spruch 1, wobei der erste und der zweite optische
Sensor durch einen Abstand von 0,5 Millimeter bis
60 Millimeter getrennt sind.

4. Implantierbares medizinisches System nach An-
spruch 1, wobei der erste und der zweite optische
Sensor getrennte Gehäuse, die relativ zueinander
beweglich sind, umfassen.

5. Implantierbares medizinisches System nach An-
spruch 4, wobei der erste und der zweite optische
Sensor ferner entsprechende Telemetriemodule
(28) umfasst, und wobei der erste und der zweite
optische Sensor über die entsprechenden Telemet-
riemodule drahtlos kommunizieren.

6. Implantierbares medizinisches System nach An-
spruch 1, wobei die erste und die zweite Signalcha-
rakteristik eine Spitzenamplitude, ein durchgehende
Amplitude und/oder eine Schwellenwertüberschrei-
tung umfassen.

7. Implantierbares medizinisches System nach An-
spruch 1, wobei der vorbestimmte Zeitbereich weni-
ger als 0,5 Millisekunden umfasst.

Revendications

1. Système médical implantable comprenant :

un premier capteur optique (18) conçu pour gé-
nérer un premier signal électrique ;
un second capteur optique (20) conçu pour gé-
nérer un second signal électrique ;
dans lequel chacun des premier et second cap-
teurs optiques (18, 20) comprend au moins une
source de lumière (32, 34, 38, 40) et au moins
un détecteur de lumière (36, 42), et les premier
et second signaux électriques sont indicatifs de
l’intensité de la lumière détectée par l’au moins
un détecteur de lumière du capteur respectif, de
telle sorte que lesdits premier et second signaux
électriques changent en fonction de la quantité
de sang à l’intérieur de l’artère ;
et

un processeur (24) configuré pour recevoir
le premier signal électrique et le second si-
gnal électrique, pour détecter une impulsion
artérielle du patient sur la base des premier
et second signaux électriques, et pour dé-
terminer si l’impulsion artérielle est une im-
pulsion parasite sur la base des premier et
seconds signaux électriques ; et
caractérisé en ce que
le premier capteur optique (18) et le second
capteur optique (20) sont adaptés pour une
implantation le long d’une artère d’un pa-
tient, de telle sorte que le second capteur
optique (20) est en aval du premier capteur
optique (18) par rapport à la direction du
débit sanguin dans l’artère ; et
le processeur est configuré pour déterminer
si l’impulsion artérielle est une impulsion pa-
rasite en déterminant au moins si les pre-
mière et seconde caractéristiques de signal
se sont produites à l’intérieur d’une plage
de temps prédéterminée, et si les première
et seconde caractéristiques se sont produi-
tes à l’intérieur de la plage de temps prédé-
terminée, le processeur est configuré pour
déterminer que l’impulsion artérielle détec-
tée est l’impulsion parasite.

2. Système médical implantable selon la revendication
1, comprenant en outre un boîtier (22), dans lequel
les premier et second capteurs optiques sont accou-
plés au boîtier.

3. Système médical implantable selon la revendication
1, dans lequel les premier et second capteurs opti-
ques sont séparés d’une distance de 0,5 millimètre
à 60 millimètres.
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4. Système médical implantable selon la revendication
1, dans lequel les premier et second capteurs opti-
ques comprennent des logements séparés qui sont
mobiles l’un par rapport à l’autre.

5. Système médical implantable selon la revendication
4, dans lequel les premier et second capteurs opti-
ques comprennent en outre des modules de télémé-
trie respectifs (28), et dans lequel les premier et se-
cond capteurs optiques communiquent sans fil par
l’intermédiaire des modules de télémétrie respectifs.

6. Système médical implantable selon la revendication
1, dans lequel les première et seconde caractéristi-
ques de signal comprennent une amplitude de crête
et/ou une amplitude de creux et/ou un franchisse-
ment de seuil.

7. Système médical implantable selon la revendication
1, dans lequel la plage de temps prédéterminée com-
prend moins de 0,5 milliseconde.
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摘要(译)

植入系统包括至少两个光学传感器，所述至少两个光学传感器被植入到
患者的动脉附近，使得一个光学传感器在另一光学传感器的上游。 可以
基于来自至少一个光学传感器的电信号来检测患者的动脉脉冲。 另外，
来自光学传感器的电信号可以用于最小化运动伪影对动脉脉冲的检测的
影响。 例如，如果光学传感器指示在预定时间范围内脉冲的出现，则可
以将检测到的脉冲确定为伪脉冲。 作为另一示例，第一光学传感器信号
可以相对于第二光学传感器信号在时间上移位，并且可以使信号相关。 
可以在观察到相关信号的峰值或谷值的时候检测到动脉脉冲。
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