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INTEGRATED HEART MONITORING
DEVICE AND METHOD OF USING SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority to and is a
continuation-in-part of patent application Ser. No. 185609
filed Aug. 30, 2007, titled “MULTI-FUNCTION SENS-
SOR,”and International Patent Application No. PCT/IL2006/
001416 filed Dec. 10, 2006, titled “IMPLANTABLE BIO-
SENSING DEVICE AND HEALTH MONITORING
SYSTEM AND METHOD INCLUDING SAME,” which
claims the benefit of U.S. Provisional Patent Application Ser.
No. 60/748,218 filed Dec. 8, 2005, titled “WIRELESS INTE-
GRATED TRANSMITTER AND SENSOR, the disclosures
of which are expressly incorporated by reference herein.
[0002] The present application is related to U.S. Utility
Patent Application Ser. No. (unknown) titled “OPTICAL
SENSOR APPARATUS AND METHOD OF USING
SAME?” filed on even date herewith, Attorney Docket No.
CAT-P0001 (hereinafter, “the Optical Sensor Apparatus
application™), U.S. Utility Patent Application Ser. No. (un-
known) titled “DOPPLER MOTION SENSOR APPARA-
TUS AND METHOD OF USING SAME” filed on even date
herewith, Attorney Docket No. CAT-P0003 (hereinafter, “the
Doppler Motion Sensor application”), and U.S. Utility Patent
Application Ser. No. (unknown) titled “METHOD AND
SYSTEM FOR MONITORING A HEALTH CONDITION”
filed on even date herewith, Attorney Docket No. CAT-PO005
(hereinafter, “the System for Monitoring application”), the
entire disclosure of each application being expressly incor-
porated by reference herein.

FIELD OF THE INVENTION

[0003] Thepresentinvention relates to sensing devices and,
more specifically, to devices for monitoring cardiac behav-
iour.

BACKGROUND AND SUMMARY OF THE
INVENTION

[0004] Cardiovascular disease is a large, growing health
problem world wide. Some studies indicate that approxi-
mately 15% of the Western World suffers from one or more
cardiovascular disease. In the United States, nearly 25% of
the population is affected, resulting in more than six million
hospitalizations every year.

[0005] Various devices exist for monitoring certain param-
eters relating to cardiac performance. In some instances, in
vivo parameters of a patient may need to be monitored over a
period of time; for example, such monitoring may be neces-
sary in a subject who has occasional irregular cardiac beats.
Heart arrhythmias are changes in the normal sequence of
electrical impulses that cause the heart to pump blood through
the body. As such abnormal heart rhythms may only occur
sporadically, continuous monitoring may be required for
detection. By providing continuous monitoring, medical per-
sonnel determine if there is a tendency for production of
sustained irregular beats in a life-endangering fashion. Medi-
cal personnel also use the monitoring results to establish a
proper course of treatment.

[0006] One prior art device that measures heart rate is the
“Reveal” monitor by Medtronic (Minneapolis, Minn., USA).
This device comprises an implantable heart monitor used, for
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example, in determining if syncope (fainting) in a subject is
related to a heart rhythm problem. The Reveal monitor con-
tinuously monitors the rate and rhythm of the heart for up to
14 months. After waking from a fainting episode, the subject
places a first recorder device external to the skin over the
implanted Reveal monitor and presses a button to transfer
data from the monitor to the recorder. The subject gives the
first recorder to a physician who provides the subject with a
second recorder to use for continued data acquisition. The
physician then analyzes the information stored on the first
recorder to determine whether abnormal heart rhythm has
been recorded. The use of the recorder is neither automatic
nor autonomic, and therefore requires either the subject to be
conscious or another person’s intervention.

[0007] Another known type of implantable monitoring
device is a transponder-type device, in which a transponder is
implanted in a patient and is subsequently accessed with a
hand-held electromagnetic reader in a non-invasive manner.
An example of the latter type of device is described in U.S.
Pat. No. 5,833,603.

[0008] Inmany circumstances, medical personnel are inter-
ested in collecting a variety of different types of data relating
to the behaviour of the heart and the condition of the patient.
Moreover, as mentioned above, it is desirable to obtain as
much relevant data as possible without requiring the patient to
visit health care provider. Relevant information may include
the oxygen saturation level of blood flowing through the
aorta, blood pressure, heart rate, blood flow, stroke volume,
cardiac output, the electrical activity of the heart (for gener-
ating electrocardiogram (ECG) data), and body temperature.
[0009] An integrated heart monitoring device for acquiring
signals and transmitting data is disclosed herein. In one
embodiment of the invention, the monitoring device includes
an optical sensor assembly including a plurality of photon
emitters and a plurality of photon detectors for detecting a
plurality of optical signals. The emitters and detectors face
the aorta. A computing device operates the plurality of emit-
ters and detectors and processes the plurality of optical sig-
nals to obtain optical measurement values representing the
location and size of the aorta and the oxygen saturation of the
blood flowing through the aorta.

[0010] The monitoring device further includes a Doppler
sensor for emitting and detecting a plurality of ultrasonic
waves. The computing device also operates the Doppler sen-
sor and, with the aid of the optical measurement values
obtained using the optical sensor assembly, processes the
plurality of ultrasonic waves to obtain Doppler measurement
values representing heart rate, blood flow, stroke volume,
blood pressure, and cardiac output.

[0011] Themonitoring device further includes an ECG sen-
sor for detecting the electrical signals which cause the heart to
pump. Additionally, the monitoring device includes a tem-
perature sensor for measuring the temperature of the patient.
An energy storage device powers the computing device, the
various sensors, and a communication device which is con-
figured to transmit the collected data, or information relating
to the collected data, according to a predetermined schedule
or upon the occurrence of an event, such as abnormal data or
a request for data from an external device. The sensors, the
computing device, the communication device, and the energy
storage device are enclosed in a housing, which may be worn
by the patient or implanted.

[0012] By integrating the plurality of sensors and other
components mentioned above, embodiments of the present
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invention permit a single device, mounted at one location on
the patient’s body, to accurately measure a comprehensive set
of parameters relating to the behaviour of the heart, including
cardiac output. Moreover, the integrated monitoring device
described herein may perform analyses of the parameters and
perform functions in response to the “on-board” analyses, as
opposed to other sensing devices that export raw data for
analysis by another device. As indicated above, the integrated
monitoring device according to embodiments of the invention
also communicates with other devices, wirelessly or other-
wise, providing information and receiving commands and
data. As such, the monitoring device collects, analyzes, and
communicates data without any human intervention.

[0013] The features of this invention, and the manner of
attaining them, will become more apparent and the invention
itself will be better understood by reference to the following
description of embodiments of the invention taken in con-
junction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1A is a schematic side view of a monitoring
device according to one embodiment of the invention.
[0015] FIG. 1B is an outwardly-facing view of the moni-
toring device of FIG. 1.

[0016] FIG. 1C is a perspective view of the monitoring
device of FIG. 1.

[0017] FIG. 2 is a schematic side view of the monitoring
device of FIG. 1 and a vessel.

[0018] FIG. 3 is a schematic side view of a Doppler sensor
according to one embodiment of the invention.

[0019] FIG. 4 is a conceptual view of fluid flowing through
a vessel.

[0020] FIG. 5 is a schematic representation of a tempera-
ture sensing circuit.

[0021] FIG. 6 is a conceptual view of a computing device
according to one embodiment of the present invention.
[0022] FIG. 7 is a conceptual view of a system adapted to
transmit and receive communication signals from the moni-
toring device of FIG. 1.

[0023] Corresponding reference characters indicate corre-
sponding parts throughout the several views. Although the
drawings represent embodiments of the present invention, the
drawings are not necessarily to scale and certain features may
be exaggerated in order to better illustrate and explain the
present invention. The exemplifications set out herein illus-
trate embodiments of the invention in several forms and such
exemplification is not to be construed as limiting the scope of
the invention in any manner.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

[0024] The embodiments discussed below are not intended
to be exhaustive or limit the invention to the precise forms
disclosed in the following detailed description. Rather, the
embodiments are chosen and described so that others skilled
in the art may utilize their teachings.

[0025] FIG. 1A depicts an integrated monitoring device
according to one embodiment of the present invention. The
monitoring device 1 generally includes a plurality of compo-
nents including an optical sensor assembly 2, a Doppler sen-
sor 60, an ECG sensor including probes 50A and 50B (here-
inafter collectively referred to as ECG sensor 50), a
temperature sensor 70, a computing device 20, a communi-
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cation device 30, and an energy storage device 40, each of the
components mounted on a board 80 and being in electronic
communication with computing device 20. The components
are enclosed in a housing 90.

[0026] Throughout this application, references made to
optical sensor assembly 2 refer to the optical sensor assembly
2 described in the Optical Sensor Apparatus application
incorporated herein by reference above. Also, references to
the Doppler sensor 60 refer to the Doppler sensor 60
described in the Doppler Motion Sensor application incorpo-
rated by reference above. The full description of optical sen-
sor assembly 2 and Doppler sensor 60 will not be repeated in
this application.

[0027] In one embodiment according to the invention,
monitoring device 1 is adapted to measure the physiological
behaviour of a patient’s heart. By “patient” it is meant a
person or animal. Although the invention disclosed herein is
described in the medical context, the teachings disclosed
herein may be applicable in other contexts where compact
data acquisition assemblies are desirable to perform measure-
ments over time.

[0028] In one embodiment according to the invention,
monitoring device 1 is implanted subcutaneously in the
patient’s body. It should be understood, however, that moni-
toring device 1 may be implanted at different locations using
various implantation techmques. For example, monitoring
device 1 may be implanted within the chest cavity beneath the
rib cage. Housing 90 may be formed in the shape of a circular
oroval disc, with dimensions roughly the same as two stacked
quarter dollar coins. More specifically, housing 90 may be
approximately three centimetres in diameter and approxi-
mately one centimetre thick. Of course, housing 90 may be
configured in a variety of other shapes and sizes, depending
upon the application. Housing 90 may include four outwardly
projecting loops 92, shown in FIGS. 1B and 1C, for receiving
sutures in order to fix the assembly subcutaneously within the
patient’s body. More or fewer loops 92 may be provided
depending upon the shape of housing 90. When so fixed,
optical sensor assembly 2, Doppler sensor 60, ECG sensor 50,
and temperature sensor 70 are positioned facing inwardly
while an energy coupler 42, which is described with particu-
larity below, faces outwardly.

[0029] In another embodiment of a monitoring device 1
according to the invention, monitoring device 1 is integrated
with an implanted cardiac device such as a pacemaker, a
Cardiac Resynchronization Therapy (CRT) device, an
implantable cardioverter defibrillator (ICD), etc. In such an
embodiment, monitoring device 1 may communicate with the
implanted cardiac device and provide information from the
implanted cardiac device as well as from its own sensors to
external devices in the manner described in the System for
Monitoring application incorporated herein by reference
above. As many implanted cardiac devices are currently well-
understood and routinely prescribed, integration of monitor-
ing device 1 into such other devices may provide an effective
means for achieving market acceptance.

[0030] The above-described integration may be achieved
by combining the components of monitoring device 1 and the
cardiac device. If the cardiac device includes a computing
device, for example, the algorithms that carry out the func-
tions according to the invention may be incorporated with the
computing device of the cardiac device instead of adding a
second computing device. In a similar manner, energy storage
and communication devices may be combined to avoid dupli-
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cation and lower cost. In one embodiment, some components
of monitoring device 1 are included within housing 90 and
some components are included with the cardiac device. The
cardiac device and the components in housing 90 are operably
connected.

[0031] Inanotherembodiment, monitoring device 1 is posi-
tioned externally to the patient’s body. A support member is
provided to support monitoring device 1 externally to the
body. The support member may be permanently or tempo-
rarily coupled to monitoring device 1. In one embodiment, the
support member comprises an adhesive layer for adhesively
coupling the support member to the patient’s body. In another
embodiment, the support member comprises a belt, which
may be elastic, for holding monitoring device 1 against the
patient’s body.

[0032] Monitoring device 1 may be implanted or posi-
tioned on the patient with the aid of an external mapping
system such as an ultrasound machine. Proper placement
ensures that the aorta is located within the sensing range of the
various sensors of monitoring device 1. For example, moni-
toring device 1 may be positioned on the chest or back of the
patient in a location that reduces interference by the ribs of the
measurements acquired in the manner described herein.
[0033] 1. Optical Sensor

[0034] As described in full detail in the Optical Sensor
Apparatus application, optical sensor assembly 2, among
other things, senses the oxygen saturation level of the
patient’s blood conveyed through the aorta. Sensing assembly
2 emits beams of electromagnetic energy in the infrared (IR)
range of the electromagnetic spectrum and detects IR signals
reflected from haemoglobin in the aorta, which is the iron-
containing oxygen-transport metalloprotein in red blood
cells.

[0035] FIG. 2 illustrates the relationship between the aorta
3 conveying blood 4 having haemoglobin in red blood cells 5
and a pair of photocells, emitter 101 and detector 201,
included in emitter array 100 and detector array 200 of sensor
assembly 2, respectively. Emitter array 100 may include six-
teen emitters 101 -116 (only emitter 101 is shown) and detec-
tor array 200 may include sixteen detectors 201-216 (only
detector 201 is shown), each being paired with an emitter.
Sensor assembly 2 and arrays 100, 200 may be selected from
the 8572 family of optical sensors manufactured by Motorola.
Emitter 101 emits a beam of photons, including photon 101",
some of which pass through aorta 3, and others of which are
reflected off of red blood cells 5, including photon 101'. As
described in the Optical Sensor Apparatus application, com-
puting device 20 controls the operation of emitter 101 and
measures the time required for detector 201 to detect the
reflected beam, and interprets signals provided by detector
201 to determine the power or intensity of the reflected beam.
This information, along with the known characteristics of the
emitted beam, permits computing device 20 to determine a
variety of characteristics of aorta 3 and blood 4.

[0036] According to one embodiment of the invention,
computing device 20 processes signals received from detec-
tor array 200 to calculate the time required for the emitted
beam to travel from the emitter, to the aorta 3, and to the
detector as a reflected beam. As the speed of the beam is
known and the distance between the emitter and detector is
known, a simple calculation yields the distance from moni-
toring device 1 to the aorta 3. Computing device 20 also uses
the signals from detector array 200 to determine the power of
the reflected beam received by each detector in detector array
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200. These power values are then used to determine the diam-
eter of aorta 3 using the methods and principles described in
the Optical Sensor Apparatus application.

[0037] It should be understood that in determining the
diameter of the aorta in the manner described above, each of
emitters 101-116 are activated individually, in rapid succes-
sion. In one embodiment of the invention, the beams are
emitted individually in a row-by-row scanning fashion,
beginning with emitter 101, which is followed sequentially
until emitter 116 is activated. In other embodiments, other
sequences are followed.

[0038] As indicated above, optical sensor assembly 2 also
provides monitoring device 1 with the ability to determine the
oxygen saturation level of blood carried by the aorta. When
making an oxygen saturation measurement, sensing device 1
activates all emitters 101-116 of emitter array 100 simulta-
neously. Having already determined the size and location of
the aorta as described above, the expected size or area of the
reflected beam received by detector array 200 may be com-
puted by computing device 20. The intensity or power of the
reflected beam is, however, unknown prior to this measure-
ment. Detector array 200 receives the reflected beam and
provides a signal indicating the intensity of the reflected
beam. As the intensity of the emitted beam is known, the
intensity measurement of the reflected beam permits compu-
tation of the oxygen saturation percentage of the blood in the
aorta. Under normal operating conditions, monitoring device
1 may perform an oxygen saturation measurement once or
twice per day.

[0039] In one embodiment, monitoring device 1 also cal-
culates cardiac pulse. As discussed previously, detectors 201-
216 produce power signals representative of iron content in
blood. As the heart pumps oxygenated blood through the
aorta, the power signals fluctuate. A plurality of power signals
may be obtained in rapid succession to capture the power
measurement fluctuation. More specifically, by performing
many oxygen saturation measurements (e.g., ten times per
second), over a period of time (e.g., fifteen seconds), the
saturation measurements will exhibit a pattern or periodicity
that represents the beating of the heart. Computing device 20
may determine a curve to fit the saturation measurements,
such as a sinusoidal curve, which corresponds directly to the
cardiac cycle. Computing device 20 may determine the fre-
quency of peak values of the curve to determine its period.
Each period represents a cardiac cycle. By multiplying the
number of cardiac cycles in the sample period (e.g., fifteen
seconds) by an appropriate factor, computing device 20 may
determine pulse rate in terms of cardiac cycles per minute. In
one embodiment, computing device 20 stores cardiac pulse
values as normal reference values and detects an abnormal or
irregular cardiac rhythm by comparing cardiac pulse values to
reference values.

[0040] 2. Doppler Sensor

[0041] In an embodiment where monitoring device 1
includes Doppler sensor 60, aorta diameter and location pro-
vided by optical sensor assembly 2 may be used to calculate
the velocity of blood flowing through the aorta, the volume of
blood flowing through the aorta, the patient’s blood pressure,
and the cardiac output. These parameters may be used to
calculate and diagnose an abnormal condition relating to
cardiac output. As is fully described in the Doppler Motion
Sensor application referenced above, one embodiment of
Doppler sensor 60 includes three transducers for insonating
the aorta and receiving reflected ultrasonic waves. The veloc-



US 2008/0249379 Al

ity of the blood in the aorta is determined by directing the
ultrasonic waves towards the blood at a known angle, mea-
suring the frequency shift of the reflected ultrasound energy,
and then calculating the velocity of the blood. More specifi-
cally, the Doppler frequency shift is proportional to the com-
ponent of the velocity vector that is parallel to the insonifying
wave. The velocity v of the blood is determined by the fol-
lowing equation:

v=fyc/(2fcos 0)

where c is the velocity of sound in blood, f'is the frequency of
the insonifying wave, 6 is the angle between the wave and the
velocity vector, and f, is Doppler frequency shitt.

[0042] Doppler sensor 60, which may be a continuous wave
sensor or a pulsed wave sensor, measures frequency shift by
comparing phase shifts between subsequently received waves
according to principles that are well known in the art. As the
distance between Doppler sensor 60 and the aorta has already
been determined by optical sensor assembly 2, and the speed
of sound through tissue is known, the frequency shift permits
computing device 20 to determine the actual velocity of blood
in the aorta.

[0043] FIG. 3 illustrates Doppler sensor 60 including linear
array transducers A, B and C according to one embodiment of
the invention. Each of transducers A, B and C is operably
connected with a driver device (not shown) that powers the
transducer. Transducers A, B and C are disposed at an angle
relative to each other. Transducers B and C are disposed at a
45 degree angle relative to transducer A and at 90 degrees
relative to each other. Other relative angles among the trans-
ducers may be used. Each of transducers A, B and C may be
driven at a different frequency to distinguish the source of the
reflected waves received by Doppler sensor 60. For conve-
nience, each transducer in a linear array is referred to herein
as a transducer segment. In the embodiment shown, each
linear array transducer comprises five transducer segments.
Transducer segments may be operably connected to be acti-
vated separately or concurrently. Separate activation of one or
more transducer segments is desirable to limit power con-
sumption.

[0044] As shown, transducer A includes segments A1-AS,
transducer B includes segments B1-B5, and transducer C
includes segments C1-C5. Each segment may transmit and
receive ultrasonic energy in the form of waves. The arrows
originating at each segment and projecting perpendicularly to
the segment represent the direction of waves transmitted by
each segment. Further, arrows 72, 74, and 76 represents the
directions of waves produced by transducers A, B and C, in
aggregate, respectively. In one embodiment, one or more
segments of transducer A are energized at a frequency of 5
Mhz, one or more segments of transducer B are energized at
a frequency of 4.5 Mhz, and one or more segments of trans-
ducer C are energized at a frequency of 5.5 Mhz. Frequency
selection is a function of the distance between the transducer
and the target fluid and is selected accordingly. A reflected
wave may be measured at each segment of a linear array
transducer. Each segment may be energized sequentially and
may be energized a plurality of times.

[0045] The Doppler shift, or frequency shift, is propor-
tional to the component of the velocity vector parallel to the
impinging wave. Since the Doppler shift depends from the
cosine of the angle 6 between the wave and the velocity
vector, and the cosine function ranges between 0 and 1, sig-
nals produced by waves oriented parallel to the velocity vec-
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tor produce selected signals and, as the angle 0 increases, it
becomes increasingly more difficult to determine the Doppler
shift from those signals. As is fully described in the Doppler
Motion Sensor application, the K-shape arrangement of
transducers A, B, C ensures that at least one of the transducers
is oriented at an acceptable angle 0. Three transducers enable
Doppler sensor 60 to obtain a sufficient number of signals
even when the relative position of Doppler sensor 60 and
aorta 3 change slightly with time or other factors such as a
patient’s activity level and posture. When broad waves are
transmitted, reflected waves may be received by each trans-
ducer. However, since waves have frequencies corresponding
to each transmitting transducer, Doppler sensor 60 is able to
select which signals to filter based on the relative position of
the corresponding transmitting transducer and its transmis-
sion frequency.

[0046] As discussed previously, the calculation of blood
velocity requires knowledge of the incident angle 0 between
the emitted waves and aorta 3. Incident angle and other data
characterizing the relative position of aorta 3 and Doppler
sensor 60 may be obtained in various ways. Once obtained, it
may be stored in memory 26 (see FIG. 6) as reference values.
In one embodiment, the relative position data is provided to
computing device 20 by optical sensor assembly 2. With this
information, computing device 20 computes a blood velocity
value by comparing the frequency of the transmitted and the
received waves according to well known frequency-shift and
angle algorithms or tables.

[0047] The velocity of the blood flowing through the aorta
is different depending upon which portions of the blood are
being measured. According to well-understood principles of
fluid dynamics, fluid flowing near the outer wall of a vessel
flows more slowly than fluid flowing through the central axis
of the vessel because of shear stresses between the fluid and
the outer wall. The distance and diameter measurements pro-
vided by optical sensor apparatus 2 permit computing device
20 to determine, from the measurements of Doppler sensor
60, the location of aorta 3 within the reflected wave detected
by Doppler sensor 60. Each of the five velocity measurements
in each of the three sets of measurements taken in the manner
described in the Doppler Motion Sensor application is aver-
aged to determine an approximate overall blood flow through
aorta 3 and to account for the velocity profile across the
diameter of aorta 3. The sets of velocity measurements are
taken at the maximum (systolic) and minimum (diastolic)
flow conditions of the cardiac cycle. Accordingly, by averag-
ing the five velocity measurements for each of the three sets of
maximum flow measurements, and averaging the three
results from those calculations, computing device 20 deter-
mines an average maximum flow measurement. An average
minimum flow measurement is computed in a similar fashion.
Finally, the average minimum and average maximum blood
flow measurements are averaged to determine the mean blood
flow for the patient.

[0048] Next, computing device 20 may compute stroke
volume by simply multiplying the mean blood flow measure-
ment described above by the area of aorta 3 (i.e., mean blood
flow*nr®), where r is the radius of aorta 3. Of course, the
radius of aorta 3 is simply one half of the aorta diameter,
which is determined using optical sensor assembly 2 in the
manner described above.

[0049] 3. ECG Sensor

[0050] ECG sensor 50 is, in one embodiment of the inven-
tion, a single lead device including an anode probe 50A and a
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cathode probe 50B (collectively referred to herein as “ECG
sensor 50”). ECG sensor 50 uses probes 50A, 50B to detect
changes in voltage of the electrical impulses provided to the
heart muscles. As is well understood in the art, these electrical
signals which trigger heart beats normally start at the top of
the heart in the right atrium, and travel from the top of the
heart to the bottom. They cause the heart muscle to contract as
they travel through the heart. As the heart contracts, it pumps
blood out to the rest of the body. By monitoring the electrical
activity of the heart over time, ECG sensor 50 permits com-
puting device 20 to determine how fast the heart is beating
(i.e., pulse) by determining the number of cardiac cycles per
minute (or fraction of a minute). The pulse measurement may
be used with the stroke volume discussed above to determine
cardiac output. More specifically, the stroke volume measure-
ment may be multiplied by the number of strokes per minute
(i.e., pulse) to determine the total volume of blood displaced
per minute (i.e., cardiac output).

[0051] Inoneembodiment of the invention, the pulse mea-
sured by ECG sensor 50 is compared to the pulse measured by
optical sensor assembly 2 as described in the Optical Sensor
Apparatus application. If the measurements differ by more
than a predetermined amount, the ECG pulse measurement
may be discarded under the assumption that electrical inter-
ference or some other disturbance caused errors in the
detected signals. In this manner, optical sensor assembly 2
functions as a backup pulse measurement device for ECG
sensor 50.

[0052] ECG sensor 50 provides voltage measurements to
computing device 20, which in turn processes the data by
filtering out frequencies outside the known range of frequen-
cies generated by the heart’s electrical activity. ECG sensor
50 is also mounted within housing 90 in a manner and loca-
tion that electrically isolates ECG sensor 50 from the other
electronic components of monitoring device 1 to minimize
the electrical interference caused by those other electronic
devices. In one embodiment of the invention, the output of
ECG sensor 50 is passed through a band pass filter having a
lower cut-oft frequency and an upper cut-off frequency. Addi-
tionally, computing device 20 may further process the data to
produce a smooth ECG trace by applying any of a number of
suitable digital smoothing functions.

[0053] The output of ECG sensor 50 also permits comput-
ing device 20 to identify the maximum and minimum blood
flow through the aorta, which are used in the stroke volume
and cardiac output calculations described above. Addition-
ally, It shows the heart’s rhythm (steady or irregular) and
where in the body the heart beat is being recorded. It also
records the strength and timing of the electrical signals as they
pass through each part of the heart.

[0054] Referring now to FIG. 4, ECG sensor 50 and Dop-
pler sensor 60 are used in combination to determine the blood
pressure of the patient directly from the aorta 3. One skilled in
the art may, using the ECG trace provided by ECG sensor 50,
determine with accuracy the maximum blood flow position of
the cardiac cycle and the minimum blood flow position. Dop-
pler sensor 60 facilitates determination of the speed or veloc-
ity of blood in aorta 3 under the maximum and minimum
blood flow conditions in the manner described above. Com-
puting device 20 converts the velocity measurements under
each condition into pressure measurements using the known
internal surface area of aorta 3 (determined from the diameter
measurements facilitated by optical sensor assembly 2)
according to principles dictated by Bernoulli’s equation.
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These pressure measurements reflect the dynamic pressure of
the blood flowing through aorta 3 under the maximum and
minimum flow conditions. More specifically, at T, of FIG. 4,
the dynamic pressure PD, corresponds to the pressure deter-
mined from the velocity measurements taken under maxi-
mum blood flow conditions. At T,, PD, corresponds to the
pressure determined from the velocity measurements taken
under minimum blood flow conditions. It is well known that
the total pressure of a fluid flowing through a vessel is the sum
of the dynamic pressure and the static pressure. In the case of
the aorta 3, the static pressure (depicted as force arrows
directed outwardly against the outer wall of the aorta 3) under
maximum flow conditions (PS,) directly corresponds to the
systolic blood pressure measurement and the static pressure
under minimum flow conditions (PS,) directly corresponds to
the diastolic blood pressure measurement.

[0055] The systolic and diastolic blood pressure measure-
ments may be derived by further computing the total pressure
(PT) of blood flowing through aorta 3 and taking advantage of
the fact that the total pressure through the aorta at T, (i.e.,
PT,) must be the same as the total pressure at T, (i.e., PT,).
Total pressure is derived by computing the change in pressure
from the minimum flow conditions to the maximum flow
conditions. This change or acceleration, in conjunction with
the stroke volume and the known elasticity of aorta 3, permits
computing device 20 to determine total pressure according to
well known principles in the art. Thus, at time T, the equation
PT,=PS,+PD, may be solved for PS, and at time T,, the
equation PT,=PS,+PD, may be solved for PS,. As indicated
above, PS, and PS, are the systolic and diastolic blood pres-
sure measurements, respectively.

[0056] It should be understood that although the blood
pressure computation described above refers to determining
blood pressure in aorta 3, the same process may be carried out
to determine blood pressure in the pulmonary artery, assum-
ing the pulmonary artery is within the sensing range of moni-
toring device 1. As described in the Optical Sensor Apparatus
application, monitoring device 1 distinguishes between the
pulmonary artery and aorta 3 by measuring the oxygen satu-
ration of both, and determining which vessel carries blood
with higher oxygen saturation. That vessel must be aorta 3. In
another embodiment of the invention, monitoring device 1
instead identifies the vessel with lower oxygen saturation as
the vessel of interest (i.e., the pulmonary artery). The location
and size of the pulmonary artery is then determined in the
same manner as described with reference to aorta 3. With the
geometry of the pulmonary artery defined, the pressure of the
blood flowing through the pulmonary artery is measured as
described above with reference to aorta 3.

[0057] In one embodiment of the invention shown in FIG.
1A, housing 90 includes a connector 85 to permit connection
of'additional ECG leads. Connector 85 is electrically coupled
to ECG sensor 50 and other components of monitoring device
1 through board 80. When additional ECG leads are con-
nected to connector 85, connector 85 passes signals from the
additional leads to ECG sensor 50. As is known in the art, the
additional leads may be affixed to various locations on the
chest, back, arms, or legs of the patient, and each lead
includes a receiver for detecting electrical activity. As indi-
cated above, connector 85 may also function as a I/O port for
monitoring device 1, permitting downloading of data to a
docking station 304 and uploading of data and instructions
during a programming operation.
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[0058]

[0059] A variety of different devices may function as tem-
perature sensor 70. Temperature sensor 70 is, in one embodi-
ment of the invention, a readily available resistance tempera-
ture detector (RTD). In general, temperature sensor 70 may
include a metallic component (wire wound or thin film) with
the physical property of an electrical resistance which varies
with changes in temperature. Typically, the higher the tem-
perature in the environment of temperature sensor 70, the
greater the electrical resistance across the metallic compo-
nent of temperature sensor 70. Temperature sensors having a
platinum metallic component may be desirable because of the
nearly linear relationship between resistance and temperature
platinum exhibits over a fairly wide temperature range. Of
course, one skilled in the art could readily adapt a temperature
sensor having a non-linear temperature/resistance curve, so
long as the sensor’s behaviour over the temperature range of
interest is suitably repeatable.

4. Temperature Sensor

[0060] As shown in FIG. 5, temperature sensor 70 is
coupled to a constant current source 100, which is also
located within housing 90. Current source 100 maintains a
constant current through temperature sensor 70 as the resis-
tance of temperature sensor 70 changes with temperature.
Accordingly, the voltage across temperature sensor 70 (VT)
changes in direct proportion to the changes in temperature.
More  specifically, according to  Ohm’s law,
Voltage=current*resistance. With a constant current source,
changes in resistance due to temperature changes are detected
as changes in VT. In one embodiment of the invention, VT is
passed through analog-to-digital converter 22, which is read
by computing device 20. Computing device 20 then deter-
mines the measured temperature and stores the temperature
measurement in memory 26.

[0061] Itshould be understood that although FIG. 5 depicts
a constant-current, voltage measurement circuit for use in
conjunction with temperature sensor 70, a variety of different
circuits could readily be adapted for use with temperature
sensor 70, including circuits that measure changes in current
passing through temperature sensor 70.

[0062] Temperature sensor 70 is mounted within housing
90 such that the temperature sensitive component of tempera-
ture sensor 70 is adjacent the outer surface of housing 90, and
substantially thermally isolated from any thermal energy that
may be created by the operation of the other electronic com-
ponents mounted within housing 90. In this way, temperature
sensor 70 is positioned to detect temperature changes in the
body of the patient (either when monitoring device 1 is
implanted or when it is worn by the patient) as opposed to
changes in temperature of the electronics of monitoring
device 1. It should be understood, however, that temperature
sensor 70 may also be calibrated to compensate for changes in
detected temperature due to thermal energy from monitoring
device 1. Memory 26 of computing device 20 includes a
look-up table relating the digital voltage across temperature
sensor 70 to temperature, according to the specified opera-
tional characteristics of temperature sensor 70. Computing
device 20 periodically reads the digital voltage signal,
accesses the look-up table in memory 26, and determines the
current body temperature of the patient. The temperature is
stored in memory 26 and may be transmitted from monitoring
device 1 in the manner described below with reference to
communication device 30.
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[0063] 2. Computing Device

[0064] Computing device 20 comprises a plurality of com-
ponents. While components are described herein as if they
were independent components, the components may be com-
bined in a single device such as an application specific inte-
grated circuit. As shown in FIG. 6, computing device 20
includes an A/D converter 22 (which also converts optical
signals to digital signals), a processor 24, a memory 26, a
program 28, inputs 23, and outputs 25. Memory 26 may
include, but is not limited to, RAM, ROM, EEPROM, flash
memory or other memory technology. A/D converter 22, pro-
cessor 24 and memory 26 may be constructed in an integrated
circuit. The integrated circuit may further include emitter
array 100, detector array 200, and communication device 30.
[0065] Program 28 represents computer instructions direct-
ing processor 24 to perform tasks responsive to data. Program
28 resides in memory 26. Data, including reference data and
measurement data, also resides in memory 26. Reference data
may be stored in ROM or it may be stored in RAM so that it
may be modified over time, either in response to external
inputs or in response to characteristics of measurement data
collected over time. Protocols for responding to measurement
values may also be provided. Protocols may be stored in
permanent memory or may be stored in non-permanent
memory such as RAM and are described in further detail in
the System for Monitoring application reference above.
[0066] Computing device 20 may be configured to cause
communication device 30 to transmit an alert if an abnormal
condition is detected, particularly a condition determined to
be a serious or dangerous condition according to a prescribed
protocol. The alert may be used to actuate an alarm or to alert
the patient to take remedial action. A remedial action may be
terminating or reducing physical activity. The alert may also
provide global positioning (GPS) information to an emer-
gency service. Referring to FIG. 7, the abnormal condition,
when found to be present, may also be displayed on a com-
puter 36 and/or transmitted via communication device 30 to a
caregiver. The alert may comprise a text message or a code
corresponding to the condition. Computing device 20 may
also initiate a new measurement cycle and measure on a
continuous basis in response to the detection of an abnormal
condition.

[0067] Computing device 20 may also initiate a treatment.
Monitoring device 1 may receive, through communication
device 30, an external command to perform a treatment in
response to the alert. Optionally, based on the protocol, an
abnormal condition may also be used to direct a device
adapted to provide treatment to deliver such treatment. Treat-
ment may include, for example, an electric shock or a drug
delivery.

[0068] Parameter values and/or other information may be
communicated to an external device. The parameter values
may be stored in memory 26 and transmitted wirelessly by
communication device 30. The communication signal from
communication device 30 may be activated on a periodic
basis (e.g., once per day, once per week, etc.), in response to
an abnormal condition, in response to an externally received
command, whenever memory usage exceeds a predetermined
amount, or whenever the energy storage level is determined to
be low, the latter two conditions established to prevent data
loss as a result of memory overflow or energy loss. It should
also be understood that monitoring device 1 may include
communication devices in addition to communication device
30. For example, where communication device 30 is a cellular
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modem, monitoring device 1 may also include a backup Blue-
tooth or RF communication device. Such a backup device
may be desirable in situations where, after one or more
attempts, it becomes apparent that the cellular modem is
unable to transmit information (e.g., due to low available
power, poor network coverage, etc.). In such a situation,
computing device 20 may activate the backup communica-
tion device to transmit information or an alert to an alternate
external receiving device.

[0069] Alternatively or in addition to the above-described
transmissions, computing device 20 may be programmed to
respond to requests for data received by communication
device 30 (e.g., from a health care provider) by causing com-
munication device 30 to transmit the requested data or infor-
mation representing the requested data.

[0070] The communication signal may be received by
equipment near the patient to alert the patient to the condition,
or received remotely (such as over a network) by a healthcare
provider, relative, or other predetermined recipient. Further
description of a networked system including at least some of
the principles of the present invention is provided in the
System for Monitoring application reference above.

[0071] 3. Communication Device

[0072] In one embodiment of the invention, communica-
tion device 30 is a two-way communication device, e.g. via
the cellular telephone system and/or the GPS satellite system,
such as NOKIA model number KNL1147-V. In an alternate
embodiment, communication device 30 is capable of trans-
mitting information, but does not receive information or com-
mands. As shown in FIG. 1A, communication device 30
includes an antenna 32 for transmitting and receiving com-
munication signals. The communication signals, represented
by symbol 34, travel wirelessly to and from one of a plurality
of optional external communication devices.

[0073] Referring again to FIG. 7, an external communica-
tion device may be a computer 302 or any electronic device
capable of wirelessly receiving a communication signal, such
as telephone 306 which is exemplified as a cellular phone. By
communication signal is meant a signal that has one or more
of'its characteristics set or changed to encode information in
the signal. By way of example, and not limitation, communi-
cation signals include acoustic, RF, infrared, other wireless
media, and combinations of any of the above. An external
communication device may also be a relay unit located exter-
nally of the patient’s body, e.g. clipped to the patient’s belt.
The relay unit may include a receiver for receiving the trans-
missions from communication device 30, and a transmitter
for re-transmitting the communication signal to another
external communication device. The relay unit may also be
stationary and hardwired for connection to the internet or
direct connection to a healthcare provider’s computer. Like-
wise, the relay unit may receive a communication signal from
a healthcare provider and transmit the signal to communica-
tion device 30.

[0074] 4. Energy Storage Device

[0075] Referring again to FIGS. 1A-1C, a system for
recharging energy storage device 40 may be provided in one
embodiment according to the invention. Computing device
20 receives energy from energy storage device 40. Energy
storage device 40 includes an energy storage component such
as a battery. Optionally, monitoring device 1 may also include
an energy coupler for receiving energy from an external
source to charge energy storage device 40.
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[0076] Oneexample of an energy coupler is an electromag-
netic device, such as induction coils 42, for receiving external
electromagnetic signals 44 and converting such signals into
electrical energy for recharging the energy storage compo-
nent. An external electromagnetic device 46 generates elec-
tromagnetic signal 44 which is received and converted into
electrical energy by energy storage device 40. Energy storage
device 40 may provide a charge signal to computing device
20. Computing device 20 may compare the charge signal to a
reference charge signal and initiate a low charge communi-
cation signal for alerting the patient and/or healthcare provid-
ers. Alternatively, a detector, such as a voltage sensor, may be
used to monitor the charge of energy storage device 40 and
provide a signal to computing device 20 when the charge falls
below a threshold. Electromagnetic device 46 may be placed
near monitoring device 1 to charge energy storage device 40.
[0077] Energy may instead, or additionally, be provided in
the form of ultrasonic vibrations. For example, a piezoelectric
transducer may be included in monitoring device 1. An ultra-
sonic vibration may be provided externally. The transducer
generates electricity when driven by ultrasonic vibrations. As
indicated herein, energy or power may also be provided to
monitoring device 1 through connector 85.

[0078] While this invention has been described as having
an exemplary design, the present invention may be further
modified within the spirit and scope of this disclosure. This
application is therefore intended to cover any variations, uses,
or adaptations of the invention using its general principles.
Further, this application is intended to cover such departures
from the present disclosure as come within known or custom-
ary practice in the art to which this invention pertains. For
example, it should be understood that each of or some of
optical sensor assembly 2, Doppler sensor 60, ECG sensor 50,
and temperature sensor 70 may be modular in design. As
such, a plurality of different Doppler sensors 60, for example,
may be produced to have different performance characteris-
tics (e.g., different output frequencies). Depending upon the
application, any of the plurality of the sensors may be
installed in monitoring device 1 to achieve the desired per-
formance. Once monitoring device 1 is equipped with the
selected sensors, computing device 20 may be programmed
to adapt the various algorithms to accommodate the selected
sensors. In this manner, a basic monitoring device 1 including
computing device 20, communication device 30, etc., may be
“custom” built with any of a variety of sensors and pro-
grammed to operate with the selected sensors.

[0079] As another example, it should be understood that
while optical sensor assembly 2, Doppler sensor 60, and
temperature sensor 70 are described herein as being activated
to obtain measurements relatively infrequently (at least under
normal conditions) to conserve power, as battery technology
improves, the frequency of activation of these sensors may be
increased. Also, where monitoring device 1 is worn exter-
nally, connector 85 may be used to supply power to monitor-
ing device 1, thereby eliminating the power consumption
concern and permitting frequent, or even continuous, opera-
tion of these sensors.

What is claimed is:

1. A device for monitoring the heart of a patient, including:

a housing;

a computing device mounted within the housing;

an optical sensor mounted within the housing and adapted
to provide signals to the computing device indicative of
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a distance from the optical sensor to a vessel carrying
blood, as well a diameter of the vessel,

a Doppler sensor mounted within the housing and adapted
to provide signals to the computing device indicative of
a velocity of the blood through the vessel; and

an ECG sensor mounted within the housing and adapted to
provide signals to the computing device indicative of a
plurality of electrical stimuli that cause the heart to
pump;

the computing device using signals from the optical sensor,
the Doppler sensor, and the ECG sensor to compute
parameters including oxygen saturation of the blood,
blood flow, blood pressure, heart rate, and cardiac out-
put.

2. The device of claim 1, further including a temperature
sensor mounted within the housing and adapted to provide
signals to the computing device indicative of a temperature of
the patient.

3. The device of claim 1, further including a communica-
tion device mounted within the housing, the communication
device being coupled to the computing device and configured
to transmit information relating to the parameters.

4. The device of claim 1, wherein the housing is configured
for subcutaneous implantation.

5. The device of claim 1, wherein timing of the operation of
the Doppler sensor based on the signals from the ECG sensor.

6. The device of claim 1, wherein the optical sensor assem-
bly includes an emitter array and a detector array.

7. The device of claim 1, further including a connector
mounted to the housing, the connector being adapted to
couple to ECG leads.

8. The device of claim 7, wherein the connector is config-
ured to enable one of programming of the computing device
and downloading information relating to the parameters.

9. A monitoring device for measuring parameters indica-
tive of behavior of the heart of a patient, the device including:

a plurality of sensors mounted within a implantable hous-
ing, the plurality of sensors including an optical sensor
for measuring oxygen saturation of blood flowing
through an aorta, a Doppler sensor for measuring a
velocity of the blood, an ECG sensor for measuring
electrical activity of the heart, and a temperature sensor
for measuring a temperature of the patient;

a communication device mounted within the housing, the
communication device being configured to wirelessly
transmit information relating to the measured param-
eters; and

a computing device that executes a program to determine,
based on signals from the plurality of sensors, blood
pressure and cardiac output.

10. The monitoring device of claim 9, further including a
rechargeable battery mounted within the housing to power the
plurality of sensors, the communication device, and the com-
puting device.

11. The monitoring device of claim 9, wherein the com-
puting device activates the Doppler sensor at a first stage in a
cardiac cycle corresponding to a maximum blood flow con-
dition through an aorta, and at a second stage in the cardiac
cycle corresponding to a minimum blood flow condition
through the aorta.
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12. The monitoring device of claim 11, wherein the com-
puting device activates the Doppler sensor at the first stage
and the second stage based on information received from the
ECG sensor.

13. The monitoring device of claim 11, wherein the com-
puting device activates the Doppler sensor a plurality of times
at the first stage to obtain a plurality of first measurements,
and a plurality of times at the second stage to obtain a plurality
of second measurements, the computing device averaging the
plurality of first measurements and the plurality of second
measurements.

14. The monitoring device of claim 9, wherein the housing
includes a plurality of loops to facilitate implantation.

15. The monitoring device of claim 9, wherein the optical
sensor emits infrared beams toward the aorta and detects
infrared beams reflected from red blood cells flowing through
the aorta.

16. The monitoring device of claim 9, wherein the optical
sensor includes an emitter array having a plurality of emitter
cells and a detector array having a plurality of detector cells.

17. The monitoring device of claim 16, wherein all of the
emitter cells emit beams simultaneously during the oxygen
saturation measurement.

18. The monitoring device of claim 16, wherein the com-
puting device activates each of the plurality of emitter cells
individually and processes signals received from the detector
cells to determine a distance from the optical sensor to the
aorta and the diameter of the aorta.

19. The monitoring device of claim 9, wherein the Doppler
sensor includes three transducers arranged in a K shape.

20. The monitoring device of claim 19, wherein each of the
transducers emit waves of differing frequencies.

21. The monitoring device of claim 9, wherein the moni-
toring device is integrated with an implanted cardiac device.

22. A device for determining characteristics of blood and a
vessel carrying the blood, the device including:

an optical sensor configured to measure the size and loca-

tion of the vessel using IR beams;

a Doppler sensor configured to measure a velocity of the

blood moving through the vessel;

and a housing enclosing the optical sensor and the Doppler

Sensor.

23. The device of claim 22, wherein the vessel is an aorta.

24. The device of claim 22, wherein the vessel is a pulmo-
nary artery.

25. The device of claim 22, further including an ECG
sensor enclosed within the housing and configured to mea-
sure electrical impulses provided to a heart.

26. The device of claim 22, further including a computing
device coupled to the optical sensor and the Doppler sensor,
the computing device executing a program to determine the
pressure of the blood as the blood moves through the vessel.

27. The device of claim 22, wherein the computing device
further determines cardiac output.

28. The device of claim 22, further including a temperature
sensor enclosed within the housing.

29. The device of claim 22, wherein the optical sensor is
further configured to measure oxygen saturation of the blood.
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