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7) ABSTRACT

Embodiments herein relate to systems and methods for
combining data from different types of sensors. In an
embodiment, a medical system is included. The medical
system can include a first sensor configured to produce a first
value for an analyte and a second sensor different than the
first sensor, the second sensor configured to produce a
second value for the analyte. The medical system can also
include a controller configured to receive the first and
second values. The controller can create a blended analyte
value from the first value and second value. Other embodi-
ments are included herein.
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SYSTEMS AND METHODS INCLUDING
ELECTROLYTE SENSOR FUSION

[0001] This application claims the benefit of China Patent
Application No. 201710681567 3, filed Aug. 10, 2017, the
content of which is herein incorporated by reference in its
entirety.

FIELD

[0002] Embodiments herein relate to systems and methods
for combining data from different types of sensors. In
particular, embodiments herein relate to systems and meth-
ods for combining data from different sensors for physi-
ological analytes such as electrolytes.

BACKGROUND

[0003] In the context of diagnosis and monitoring of
patients, clinicians frequently evaluate many different pieces
of data about their patients including physical observations,
descriptions of symptoms, test results, and the like. One
aspect that testing can reveal is the physiological concen-
tration of electrolytes for the patient. Electrolyte concentra-
tions can be important to know because of their effect on
various organs and bodily functions. Typically, electrolyte
concentrations are assessed by drawing a fluid sample (or
other sample) from the patient followed by an in vitro assay.

SUMMARY

[0004] Embodiments herein relate to systems and methods
for combining data from different types of sensors. In
particular, embodiments herein relate to systems and meth-
ods for combining data from different sensors for physi-
ological analytes such as electrolytes.

[0005] 1In afirst aspect, a medical system is included. The
medical system can include a first sensor configured to
produce a first value for an analyte and a second sensor
different than the first sensor, the second sensor configured
to produce a second value for the analyte. The system can
also include a controller configured to receive the first and
second values. The controller can create a blended analyte
value from the first value and second value.

[0006] In a second aspect, in addition to or in place of
other aspects herein, the controller creates a blended analyte
value by using the first value to normalize the second value
or by using the second value to normalize the first value.
[0007] In athird aspect, in addition to or in place of other
aspects herein, the blended analyte value is created using a
method that reduces at least one of sensor offset errors,
sensor gain errors and sensor latency as compared with
values from the first sensor and second sensor standing
alone.

[0008] In afourth aspect, in addition to or in place of other
aspects herein, at least one of the first sensor and the second
sensor is implantable.

[0009] In a fifth aspect, in addition to or in place of other
aspects herein, at least one of the first sensor and the second
sensor is an optical chemical sensor.

[0010] In a sixth aspect, in addition to or in place of other
aspects herein, the optical chemical sensor measures one or
more of an electrolyte, a protein, a sugar, a hormone, a
peptide, an amino acid and a metabolic product.

[0011] In a seventh aspect, in addition to or in place of
other aspects herein, the electrolyte measured is at least one
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of potassium, calcium, sodium, magnesium, hydrogen phos-
phate, chloride and bicarbonate.

[0012] In an eighth aspect, in addition to or in place of
other aspects herein, an optical chemical sensor measures
pH.

[0013] In a ninth aspect, in addition to or in place of other
aspects herein, at least one of the first sensor and the second
sensor is an ECG sensor.

[0014] In atenth aspect, in addition to or in place of other
aspects herein, the first sensor is faster reacting than the
second sensor.

[0015] In an eleventh aspect, in addition to or in place of
other aspects herein, the first sensor is an ECG sensor and
the second sensor is a chemical sensor.

[0016] In a twelfth aspect, a medical system is included.
The medical system includes a first sensor configured to
produce a first value for an analyte and a second sensor
different than the first sensor, the second sensor configured
to produce a second value for the analyte. The system can
also include a controller configured to receive the first and
second values. The controller can trigger a measurement
change of the second sensor based on the first value for the
analyte.

[0017] In a thirteenth aspect, in addition to or in place of
other aspects herein, the measurement change is selected
from the group consisting of sampling frequency, measure-
ment schedule, measurement intensity, and turning the sen-
sor on or off.

[0018] In a fourteenth aspect, in addition to or in place of
other aspects herein, the first sensor has a faster response
time than the second sensor.

[0019] In a fifteenth aspect, in addition to or in place of
other aspects herein, data from the first sensor is used for
trend analysis of data from the second sensor.

[0020] In a sixteenth aspect, in addition to or in place of
other aspects herein, data from the second sensor is used for
trend analysis of data from the first sensor.

[0021] In aseventeenth aspect, in addition to or in place of
other aspects herein, the controller creates a blended analyte
value from the first value and second value.

[0022] In an eighteenth aspect, in addition to or in place of
other aspects herein, the blended analyte value is created
using a method that reduces at least one of sensor offset
errors, sensor gain errors and sensor latency.

[0023] In a nineteenth aspect, in addition to or in place of
other aspects herein, the first sensor is faster reacting than
the second sensor.

[0024] In a twentieth aspect, in addition to or in place of
other aspects herein, the first sensor is an ECG sensor and
the second sensor is a chemical sensor.

[0025] This summary is an overview of some of the
teachings of the present application and is not intended to be
an exclusive or exhaustive treatment of the present subject
matter. Further details are found in the detailed description
and appended claims. Other aspects will be apparent to
persons skilled in the art upon reading and understanding the
following detailed description and viewing the drawings that
form a part thereof, each of which is not to be taken in a
limiting sense. The scope herein is defined by the appended
claims and their legal equivalents.
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BRIEF DESCRIPTION OF THE FIGURES

[0026] Aspects may be more completely understood in
connection with the following drawings, in which:

[0027] FIG. 1 shows exemplary ECG waveforms illustrat-
ing the effects that electrolyte concentrations can have on
ECG waveform features.

[0028] FIG. 2 is a graph of data from a first sensor (a fast
response sensor such as an ECG sensor), data from a second
sensor (a high accuracy sensor such as a chemical sensor)
and blended values for an analyte resulting from blending
the data from the first sensor and the data from the second
sensor.

[0029] FIG. 3 is a schematic view of a medical device
system implanted within a patient in accordance with vari-
ous embodiments herein.

[0030] FIG. 4 is a schematic cross-sectional view of the
implantable medical device shown in FIG. 3, in accordance
with various embodiments herein.

[0031] FIG. 5is a schematic diagram of components of an
implantable medical device in accordance with various
embodiments herein.

[0032] FIG. 6 is a schematic view of a medical device
system in accordance with various embodiments herein.
[0033] FIG. 7 is a schematic cross-sectional view of the
implantable medical device shown in FIG. 6, in accordance
with various embodiments herein.

[0034] FIG. 8is a schematic diagram of components of an
implantable medical device in accordance with various
embodiments herein.

[0035] FIG. 9 is a diagram showing the frequency spectra
of various ECG features.

[0036] While embodiments are susceptible to various
modifications and alternative forms, specifics thereof have
been shown by way of example and drawings, and will be
described in detail. It should be understood, however, that
the scope herein is not limited to the particular embodiments
described. On the contrary, the intention is to cover modi-
fications, equivalents, and alternatives falling within the
spirit and scope herein.

DETAILED DESCRIPTION

[0037] Electrolyte concentrations are clinically important
because of their effect on various organs and bodily func-
tions. Typically, electrolyte concentrations are assessed by
drawing a fluid sample (or other sample) from the patient
followed by conducting an in vitro assay on the sample.
However, new sensor systems offer the promise of being
able to assess electrolyte concentrations with implanted
devices allowing for much more frequent assessment of
electrolyte concentrations.

[0038] Unfortunately, many electrolyte sensors suffer
from one type of limitation or another. For example, some
electrolyte sensors have a relatively slow response time such
that a sudden change in electrolyte concentrations may not
be quickly reflected in the sensor data. As another example,
some electrolyte sensors are relatively good at detecting a
change in electrolyte concentrations, but relatively poor in
determining the absolute value of the electrolyte concentra-
tion. This can result in potentially large offset errors. As yet
another example of possible limitations, some fast response
time sensors may not be as specific (e.g., can be confounded
by other analytes—such as other electrolytes and/or non-
electrolytes) as other types of sensors.
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[0039] However, in accordance with various embodiments
herein, data from different types of electrolyte (or other
analyte) sensors can be blended together in order to benefit
from the best aspects of each type of sensor while mitigating
the limitations associated with each sensor type.

[0040] In an embodiment, medical systems are included
herein having a first sensor configured to produce a first
value for an analyte and a second sensor different than the
first sensor. The second sensor can be configured to produce
a second value for the analyte. The medical system can also
include a controller configured to receive the first and
second values and create a blended analyte value from the
first value and second value.

Fast Response Time Sensors

[0041] Embodiments herein can include one or more sen-
sors exhibiting a fast response time. For example, in various
embodiments, a fast response time sensor herein can have a
response time (time until a steady-state level of sensor
response is achieved after a change in the intrinsic value
being measured) of less than 5 minutes, 2 minutes, 60
seconds, 30 seconds, 15 seconds, 5 seconds, 3 seconds or 1
second, or an amount of time falling within a range between
any of the foregoing.

[0042] In some embodiments, fast response time sensors
herein can be non-invasive, such as in the context of an
external sensor contacting the skin. However, in other
embodiments, fast response time sensors herein can be
implanted.

[0043] One exemplary fast response time sensor is an
BECG sensor. ECG sensors can include electrodes in order to
sense electrical phenomena (including, but not limited to,
electrical potentials and changes therein) within the tissue of
a patient.

[0044] Various processing steps can be taken with raw
ECG sensor data in order to calculate and/or estimate
analyte concentrations therefrom. In some embodiments,
raw ECG sensor data can be subject to a filtering step. In
some embodiments, raw ECG sensor data can be subject to
a pattern matching step. In some embodiments, raw ECG
sensor data can be subject to a feature analysis step. In some
embodiments, raw ECG sensor data can be subject to a
template matching step.

[0045] Variation in electrolyte values can result in sub-
stantial changes in ECG data. Such changes are evident
when viewing a trace of ECG data (waveform) and can take
the form of feature elevation, feature reduction, timing
changes between characteristic features (including increased
or decreased time gaps), cycle time changes (such as R to R
timing, etc.) and the like.

[0046] Referring now to FIG. 1, ECG waveforms are
shown illustrating the effects that electrolyte concentrations
can have on the ECG waveform features. An exemplary
ECG waveform for a physiologically normal concentration
of potassium (normokalemia) is shown at 102. It can be seen
that the P wave is normal, the PR interval is normal, the QRS
complex is normal, the T wave is rounded and of a normal
size, and the U wave is relatively shallow, if present.
[0047] In contrast, an exemplary ECG waveform for a
physiologically abnormally low concentration of potassium
(hypokalemia) is shown at 104. It can be seen that the P
wave has become slightly peaked, the PR interval has
become prolonged, the ST segment is depressed, the T wave
has become shallow, and the U wave is now prominent.
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[0048] In another example, an ECG waveform for a physi-
ologically abnormally high concentration of potassium (hy-
perkalemia) is shown at 106. It can be seen that the P wave
has become wide and flat, the PR interval has become
prolonged, the R wave exhibits a decreased amplitude, the
QRS complex is widened, the ST segment is depressed, and
the T wave is now tall and peaked.

[0049] The relative magnitude of changes to the ECG
waveform can be evaluated in order to estimate the concen-
tration of potassium (in this case) responsible for causing
them. As one example, the magnitude of the changes (indi-
vidually or in the aggregate) can be compared with standard
data gathered across a population of patients indexed for
different potassium concentrations in order to estimate the
current potassium concentration indicated by the currently
observed ECG waveform. The concentration can then be
estimated by determining which indexed waveform or set of
waveforms best matches that currently being generated by
evaluating the patient. As a variant of this approach, a set of
templates can be used, with each template corresponding to
a different specific electrolyte concentration. Then a pattern
matching algorithm can be used (e.g., least squares method
or another technique) in order to determine which template
is the best match for the waveform currently being generated
by evaluating the patient.

[0050] In some embodiments, the standard data used for
comparison can be tuned or modified to be more accurate for
the specific patient through a calibration procedure pet-
formed by gathering ECG data while the patient has (or is
made to have) specific known physiological concentrations
of potassium. In some cases, this calibration data can be
stored and used to form templates specific for the individual
patient. In other embodiments, it can be used to calibrate the
electrolyte (or other analyte) values associated with preex-
isting templates or patterns.

[0051] In some embodiments filtering of the ECG can be
performed and is configured to augment ECG changes
associated with the change in the analyte being measured.
For example, if potassium is being measured the ECG can
be filtered to augment the T wave and thereby changes
associated with it. In an embodiment ECG frequencies in the
range of 2 to 8 Hz are filtered and amplified to augment
changes in the T wave. FIG. 9 is a diagram showing the
frequency spectra of various ECG features.

High-Accuracy Sensors

[0052] Embodiments herein can also include one or more
sensors exhibiting high accuracy for measurement of a
specific analyte compared with the fast response time sen-
sors used with embodiments herein. Also, in some embodi-
ments, the high-accuracy sensor can be highly specific to a
particular chose electrolyte. In some embodiments, the high-
accuracy sensor can provide an absolute measurement (ab-
solute value) of the analyte concentration.

[0053] However, relative to some fast response time sen-
sors described above, various high-accuracy sensors herein
can exhibit a relatively slow response time. For example, in
various embodiments, the high-accuracy sensor may have a
response time (time until a steady-state level of sensor
response is achieved after a change in the intrinsic value
being measured) of greater than 30 seconds, 60 seconds, 2
minutes, 5 minutes, 10 minutes, 15 minutes, 20 minutes, 30,
minutes, 45 minutes, 60 minutes or an amount of time falling
within a range between any of the foregoing.
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[0054] High-accuracy chemical sensors herein can be of
various types including optical and/or optoelectronic chemi-
cal sensors. In some embodiments, the physiological con-
centration of an analyte is sensed directly. In other embodi-
ments, the physiological concentration of an analyte is
sensed indirectly. By way of example, a metabolite of a
particular analyte can be sensed instead of the particular
analyte itself. In other embodiments, an analyte can be
chemically converted into another form in order to make the
process of detection easier. By way of example, an enzyme
can be used to convert an analyte into another compound
that is easier to detect. For example, the hydrolysis of
creatinine into ammonia and N-methyl hydantoin can be
catalyzed by creatinine deiminase and the resulting ammo-
nia can be detected by a chemical sensor.

[0055] Insome embodiments, chemical sensors herein can
include at least two functional elements: a receptor and a
transducer. It will be appreciated that other elements can also
be included. The receptor part of a chemical sensor can
transform chemical information into a form of energy or
signal that can be measured by the transducer. The trans-
ducer can transform and/or convey the energy or signal
carrying the chemical information so as to provide a useful
analytical signal.

[0056] Chemical sensors can include optical devices that
utilize changes of optical phenomena or properties, which
are the result of an interaction of the analyte with the
receptor part of the sensor. Such optical properties can
include: absorbance, caused by the absorptivity of the ana-
Iyte itself or by a reaction with some suitable indicator;
reflectance, using a bodily component, tissue, or fluid, or
using an immobilized indicator; luminescence, based on the
measurement of the intensity of light emitted by a chemical
reaction in the receptor system; fluorescence, measured as
the positive emission effect caused by irradiation or selective
quenching of fluorescence; refractive index, measured as the
result of a change in solution composition, in some cases
including surface plasmon resonance effects; optothermal
effects, based on a measurement of the thermal effect caused
by light absorption; light scattering; or the like. In some
embodiments, optical chemical sensors can include an
optode.

[0057] Chemical sensors can also include electrochemical
devices that transform the effect of the electrochemical
interaction between an analyte and an electrode into a useful
signal. Such sensors can include voltammetric sensors,
including amperometric devices. Also included are sensors
based on chemically inert electrodes, chemically active
electrodes and modified electrodes. Also included are sen-
sors with and without (galvanic sensors) a current source.
Sensors can also include potentiometric sensors, in which
the potential of the indicator electrode (ion-selective elec-
trode, redox electrode, metal oxide electrode, or the like) is
measured against a reference electrode. Sensors can include
chemically sensitized field effect transistors (CHEMFET) in
which the effect of the interaction between the analyte and
the active coating is transformed into a change of the
source-drain current. Sensors can include potentiometric
solid electrolyte gas sensors.

[0058] Chemical sensors can also include electrical
devices based on measurements, where no electrochemical
processes take place, but the signal arises from the change
of electrical properties caused by interaction with the ana-
lyte. Such sensors can include metal oxide semiconductor
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sensors based on reversible redox processes of analyte gas
components, organic semiconductor sensors, based on the
formation of charge transfer complexes, which modify the
charge carrier density, electrolytic conductivity sensors, and
electric permittivity sensors.

[0059] Chemical sensors can also include mass sensitive
devices that transform the mass change at a specially modi-
fied surface into a change of a property of the support
material. The mass change can be caused by accumulation of
the analyte. Such sensors can include piezoelectric devices
based on the measurement the frequency change of the
quartz oscillator plate caused by adsorption of a mass of the
analyte at the oscillator and surface acoustic wave devices
that depend on the modification of the propagation velocity
of a generated acoustical wave affected by the deposition of
a definite mass of the analyte.

[0060] Chemical sensors can also include magnetic
devices based on the change of paramagnetic properties of
a gas being analyzed. Chemical sensors can also include
thermometric devices based on the measurement of the heat
effects of a specific chemical reaction or adsorption that
involves the analyte.

[0061] In one example of the operation of an optical
chemical sensor, analytes of interest from the in vivo envi-
ronment can diffuse into a chemical sensing element causing
a detectable change in the optical properties of the chemical
sensing element. Light can be generated by an optical
excitation device or emitter, such as an LED or similar
device, and can pass through the optical window and into the
chemical sensing element. Light can then either be prefer-
entially reflected from or re-emitted by the chemical sensing
element proportionally to the sensed analyte and pass back
through the optical window before being received by a light
detection device or receiver, such as a charge-coupled device
(CCD), a photodiode, a junction field effect transistor
(JFET) type optical sensor, of complementary metal-oxide
semiconductor (CMOS) type optical sensor. Various aspects
of exemplary chemical sensors are described in greater
detail in U.S. Pat. No. 7,809,441, the content of which is
herein incorporated by reference in its entirety.

[0062] In another example of the operation of an optical
chemical sensor, the optical properties of a tissue or fluid in
the body can be directly analyzed. By way of example, light
can be generated by an optical excitation device that can be
delivered to a component, tissue, or fluid in the body and a
light detection device can be used to sense an optical
property of the light that has interfaced with the component,
tissue, or fluid.

Physiological Analytes Measured

[0063] Examples of physiological analytes that can be
measured in accordance with embodiments herein can
include physiological analytes such as, but not limited to,
electrolytes, proteins, sugars, hormones, peptides, amino
acids, metabolites, and the like. In some embodiments, the
electrolytes that can be measured can include potassium,
calcium, sodium, magnesium, hydrogen phosphate, chlo-
ride, bicarbonate, and the like.

[0064] Sensors herein can be directed at a specific physi-
ological analyte or a plurality of different physiological
analytes. In an embodiment, the physiological analyte
sensed can be one or more physiological analytes relevant to
cardiac health. In an embodiment, the physiological analyte
sensed can be one or more analytes indicative of renal
health. In an embodiment, the physiological analyte sensed
can be one or more analytes indicative of pulmonary health.
In an embodiment, the physiological analyte sensed can be
one or more analytes indicative of neuronal health. The
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physiological analyte sensed can be an ion or a non-ion. The
physiological analyte sensed can be a cation or an anion.
[0065] Specific examples of physiological analytes that
can be sensed include acetic acid (acetate), aconitic acid
(aconitate), ammonium, hemoglobin, blood urea nitrogen
(BUN), B-type natriuretic peptide (BNP), bromate, ¢ reac-
tive protein, calcium, carbon dioxide, cardiac specific tro-
ponin, chloride, choline, citric acid (citrate), cortisol, copper,
creatinine, creatinine kinase, epinephrine, fluoride, formic
acid (formate), glucose, hydronium ion, isocitrate, lactic
acid (lactate), lithium, magnesium, maleic acid (maleate),
malonic acid (malonate), myoglobin, nitrate, nitric-oxide,
norepinephrine, oxalic acid (oxalate), oxygen, phosphate,
phthalate, potassium, pyruvic acid (pyruvate), selenite,
sodium, sulfate, urea, uric acid, and zinc. Inorganic cations
sensed by this method include but not limited to hydronium
ion, lithium ion, sodium ion, potassium ion, magnesium ion,
calcium ion, silver ion, zinc ion, mercury ion, lead ion and
ammonium ion. Inorganic anions sensed by this method
include but not limited to carbonate anion, nitrate anion,
sulfite anion, chloride anion and iodide anion. Organic
cations sensed by this method include but are not limited to
norephedrine, ephedrine, amphetamine, procaine, prilo-
caine, lidocaine, bupivacaine, lignocaine, creatinine and
protamine. Organic anions sensed by this method include
but not limited to salicylate, phthalate, maleate, and heparin.
Neutral analytes sensed by this method include but not
limited to ammonia, ethanol, and organic amines. In an
embodiment, ions that can be sensed include potassium,
sodium, chloride, calcium, and hydronium (pH). In a par-
ticular embodiment, concentrations of both sodium and
potassium are measured. In another embodiment, concen-
trations of both magnesium and potassium are measured.
[0066] In some embodiments, the physiological analytes
can specifically include one or more of sodium ion, mag-
nesium ion, chloride ion, calcium ion, carbonate ion, phos-
phate ion, sulfate ion, insulin, aldosterone, troponin, glu-
cose, creatinine, and BNP.

[0067] Insome embodiments, the analytes can specifically
include one or more of partial pressure of oxygen (PaQ,),
partial pressure of carbon dioxide (PaCO,) and oxygen
saturation (O,Sat).

Sensor Blending Approaches

[0068] Various approaches to blending sensor values can
be used. In some embodiments, in order to accommodate
varying response times, gain and offset characteristics of
individual sensors, values from individual sensors can be
blended according to the following equation:

Sy(H=43(D+BS (DS 1,55,0)

wherein S,, S,, S, are blended sensor, 1°* sensor and 2™
sensor respectively; (S,,S,.1) is a function the 1% sensor, the
2"¢ sensor and time; and A and B are constant gain coeffi-
cients.

[0069] In a specific embodiment, values from individual
sensors can be blended according to the following equation:

Sp(B=S,(+AS1.2)

wherein (S, .t) is a highpass filtered version of S,; and A=0,
B=l1.

[0070] Referring now to FIG. 2, a graph is shown of data
from a first sensor (a fast response sensor such as an ECG
sensor), data from a second sensor (a high accuracy sensor
such as a chemical sensor); and blended values for an
analyte resulting from blending the data from the first sensor
and the data from the second sensor. In this example, it can
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be seen that the blended value rejects ECG potassium sensor
offsets (e.g., relies upon the chemical sensor values at
periods without rapid change), but follows the ECG potas-
sium sensor values during rapid changes. In this manner, the
blended value exhibits greater accuracy than would be
possible by using only the ECG data or the chemical sensor
data in isolation.

Further Embodiments of Systems and Methods

[0071] In an embodiment herein, a medical system is
included that has a first sensor configured to produce a first
value for an analyte and a second sensor different than the
first sensor, the second sensor configured to produce a
second value for the analyte. The system also includes a
controller configured to receive the first and second values.
[0072] In accordance with various embodiments, includ-
ing methods herein, the controller creates a blended analyte
value from the first value and second value. For example, in
some embodiments, the controller creates a blended analyte
value by using the first value to normalize the second value
or by using the second value to normalize the first value. In
some embodiments, the blended analyte value is created
using a method that reduces at least one of sensor offset
errors, sensor gain errors and sensor latency.

[0073] In some embodiments, at least one of the first
sensor and the second sensor is implantable. In some
embodiments, the first sensor and the second sensor are
integrated into the same piece of hardware. In some embodi-
ments, at least one of the first sensor and the second sensor
is an optical sensor. In some embodiments, the optical sensor
is a sensor array. In some embodiments, at least one of the
first sensor and the second sensor is a chemical sensor. In
some embodiments, the analyte sensor measures one or
more of an electrolyte, a protein, a sugar. a hormone, a
peptide, an amino acid and a metabolic product. In some
embodiments the electrolyte is at least one of potassium,
calcium, sodium, magnesium, hydrogen phosphate, chloride
and bicarbonate. In some embodiments the analyte sensor
measures pH. In some embodiments, at least one of the first
sensor and the second sensor is an ECG sensor. In some
embodiments the first sensor is faster reacting than the
second sensor (e.g., has a faster response time). In some
embodiments, the first sensor is an ECG sensor and the
second sensor is a chemical sensor.

[0074] In some embodiments, a medical system is
included have a first sensor, a second sensor, and a control-
ler. In some embodiments, the controller triggers a measure-
ment change of the second sensor based on the first value for
the analyte. In some embodiments, the measurement change
can be selected from the group consisting of sampling
frequency, measurement schedule, measurement intensity,
and turning the sensor on or off. In various embodiments, the
first sensor has a faster response time than the second sensor.
In various embodiments, data from the first sensor is used
for trend analysis of data from the second sensor. In various
embodiments, data from the second sensor is used for trend
analysis of data from the first sensor.

Devices

[0075] Sensors and other components herein can be a part
of many different specific devices including implantable
devices, external devices, wearable devices, holdable
devices, and the like. Specific devices can include, but are
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not limited to, cardiac rhythm management devices such as
pacemakers, implantable cardioverter defibrillators (ICDs),
cardiac resynchronization therapy (CRT) devices, implant-
able monitors, neurostimulation devices, and the like. Sen-
sors and other components herein can all be a part of the
same device or can be distributed across separate devices
that can be in communication with one another directly or
indirectly.

[0076] Referring now to FIG. 3, a schematic view is
shown of a medical device system 300 in accordance with
the embodiments. In some embodiments, medical device
system 300 can include an implantable medical device 302,
as shown in FIG. 3. In other embodiments, at least a portion
of the medical device system can be implantable. In some
embodiments, the implantable medical device 302 can
include an implantable loop recorder, implantable monitor
device, or the like. In some embodiments, implantable
medical device 302 can be implanted within the body of a
patient 304. Various implant sites can be used including
areas on the limbs, the upper torso, the abdominal area, and
the like. In some embodiments, the medical device system
can include one or more additional medical devices that are
communicatively coupled to one another.

[0077] Referring now to FIG. 4, a schematic cross-sec-
tional view of the implantable medical device 302 is shown
in accordance with various embodiments herein. The
implantable device 302 includes a housing 402. The housing
402 can include various materials such as metals, polymers,
ceramics, and the like. In some embodiments, the housing
402 can be a single integrated unit. In other embodiments,
the housing 402 can include a main segment 404 along with
appendage segments 406 and 408. In one embodiment, the
housing 402, or one or more portions thereof, can be formed
of titanium. In some embodiments, one or more segments of
the housing 402 can be hermetically sealed. In some
embodiments, the main segment 404 can be formed of a
metal and the appendage segments 406 and 408 can be
formed from a polymeric material.

[0078] The housing 402 defines an interior volume 410
that in some embodiments is hermetically sealed off from the
area 412 outside of the implantable medical device. The
implantable medical device 302 can include circuitry 450.
The circuitry 450 can include various components, includ-
ing, but not limited to a controller 451, a sensor 452 (e.g., an
accelerometer, a gyroscope, a microphone, a bio-impedance
sensor), a microprocessor 453, therapy unit circuitry 454,
recorder circuitry 455, and sensor interface circuitry 456.
Other examples of components suitable for use in the
medical device systems embodied herein can include telem-
etry circuitry, memory circuitry (e.g., such as random access
memory (RAM) and/or read only memory (ROM)), power
supply circuitry (which can include, but not be limited to,
one or more batteries, a capacitor, a power interface circuit,
etc.), normalization circuitry, control circuitry, electrical
field sensor and stimulation circuitry, display circuitry, and
the like.

[0079] In some embodiments, one or more components
can be integrated into the implantable medical device and in
other embodiments one or more components can be sepa-
rate. In some embodiments recorder circuitry can record the
data produced by the chemical sensor and/or the sensor 452
and record time stamps regarding the same. In some embodi-
ments, the circuitry can be hardwired to execute various
functions while in other embodiments, the circuitry can be
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implemented as instructions executing on a controller, a
microprocessor, other computation device, application spe-
cific integrated circuit (ASIC), or the like.

[0080] Implantable medical device 302 can include a
sensor 452. In some embodiments, sensor 452 can be a
multi-axis accelerometer, such as a 3-axis accelerometer or
a 6-axis accelerometer. Sensor 452 can be configured to
measure position data of a patient. In some embodiments,
sensor 452 can be configured to measure a preliminary
position of a patient at a given time point. In some embodi-
ments, sensor 452 can be configured to measure a final
position of a patient at a given time point. In some embodi-
ments, sensor 452 can be configured to measure multiple
position variations of a patient over a given time period.
[0081] In some embodiments, the implantable medical
device 302 can include a chemical sensor 420. However, in
other embodiments, the chemical sensor may be external
such as with in vitro testing. In the embodiment shown in
FIG. 4, the chemical sensor is an optical chemical sensor.
However, in other embodiments the chemical sensor can be
a potentiometric chemical sensor. The chemical sensor 420
can specifically include at least one chemical sensing ele-
ment 422, an optical window 424, and an electro-optical
module 428. The electro-optical module 428 can be in
electrical communication with the circuitry 450 within the
interior volume 410. In some embodiments, the control
circuitry 450 is configured to selectively activate the chemi-
cal sensor 420. The chemical sensor 420 can be configured
to be chronically implanted or it can be configured to be
temporarily implanted. In some embodiments, the chemical
sensor 420 can be configured to measure a cellular intersti-
tial component, a blood component, or a breath component,
or any analytes thereof. In some embodiments the blood
component can include blood constituents or analytes
thereof, such as red blood cells; white blood cells including
at least neutrophils, eosinophils, and basophils; platelets;
hemoglobin; and the like.

[0082] The chemical sensor 420 can include an electro-
optical module 428 coupled to the optical window 424. The
electro-optical module 428 can specifically include one or
more optical excitation assemblies. Each optical excitation
assembly can include various light sources such as light-
emitting diodes (LEDs), vertical-cavity surface-emitting
lasers (VCSELs), electroluminescent (EL) devices or the
like. The electro-optical module 428 can also include one or
more optical detection assemblies. Each optical detection
assembly can include one or more photodiodes, avalanche
photodiodes, a photodiode array, a photo transistor, a multi-
element photo sensor, a complementary metal oxide semi-
conductor (CMOS) photo sensor, or the like.

[0083] The chemical sensing element 422 can be disposed
on the optical window 424. The chemical sensing element
422 can be configured to detect a physiological analyte by
exhibiting an optically detectable response to the physiologi-
cal analyte. Specific examples of physiological analytes are
discussed in greater detail below. In operation, physiological
analytes of interest from the in vivo environment can diffuse
into the chemical sensing element 422 causing a detectable
change in the optical properties of the chemical sensing
element 422. Light can be generated by the electro-optical
module 428 and can pass through the optical window 424
and into the chemical sensing element 422. Light can then
either be preferentially reflected from or re-emitted by the
chemical sensing element 422 proportional to the sensed
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physiological analyte, and pass back through the optical
window 424 before being received by the electro-optical
module 428. Data regarding the specific physiological ana-
lyte of interest can be recorded by recorder circuitry 455 for
use at a later time.

[0084] In some embodiments the chemical sensing ele-
ment 422 can be located in a fluid such as blood, interstitial
fluid, urine, lymph or chyle, and the sensing element 422 can
sense physiological analytes in a fluid. In other embodi-
ments, the chemical sensing element 422 can be located in
a solid tissue such as cardiac or skeletal muscle, fat, bone,
bone marrow, organ tissues (e.g. kidney, liver, brain, lung,
etc.), and the sensing element 422 can sense physiological
analytes in a solid tissue.

[0085] The implantable medical device 302 can include a
controller 451. In some embodiments, the controller 451 can
be configured to execute one or more operations described
herein. The implantable medical device 302 can include
additional components, for example, a therapy unit 454. The
therapy unit 454 can be configured to deliver a therapy to a
patient and/or control or influence the delivery of a therapy
provided by another device. In some embodiments, the
therapy unit can be configured to provide optimum therapy
to a patient depending on if they are in a recumbent, standing
or sitting position. Examples of therapies include, but are not
limited to pacing schemes such as rate-adaptive pacing,
cardiac-resynchronization therapy (CRT), delivery of a neu-
rostimulation therapy, administration of therapeutic agents,
and the like. In some embodiments, the therapy unit 454 can
be a pharmaceutical therapy unit. In some embodiments, the
therapy unit 454 can include both an electrical therapy unit
and a pharmaceutical therapy unit. In some embodiments,
the therapy unit 454 can be directed by the controller 451 to
deliver a therapy to a patient.

[0086] An exemplary electrical stimulation therapy unit
can include an electrical field sensor that is configured to
generate a signal corresponding to cardiac electric fields.
The electrical field sensor can include a first electrode 482
and a second electrode 484, In some embodiments, the
housing 402 itself can serve as an electrode. The electrodes
can be in communication with the electrical field sensor. The
electrical field sensor can include a circuit in order to
measure the electrical potential difference (voltage) between
the first electrode 482 and the second electrode 484. The
implantable medical device 302 can also include an antenna
480, to allow for unidirectional or bidirectional wireless data
communication within the medical device system 300.
[0087] Inanembodiment firsta current (Ii) is passed from
electrode 482 to electrode 484 through the tissue surround-
ing implantable medical device 302. The voltage between
electrode 482 and electrode 484 (Vi) is measured and the
bio-impedance of the tissue surrounding implantable medi-
cal device 302 is determined by dividing Vi by li. In some
embodiments the bio-impedance is used to determine a
respiratory parameter such as respiratory rate or tidal vol-
ume. In some embodiments the bio-impedance is used to
determine a constituent of the tissue, such as the fluid
content.

[0088] Elements of some embodiments of a medical
device system are shown in FIG. 5 in accordance with the
embodiments herein. However, it will be appreciated that
some embodiments can include additional elements beyond
those shown in FIG. 5. In addition, some embodiments may
lack some elements shown in FIG. 5. The medical device
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system, as embodied herein, can gather information through
one or more sensing channels 520, 530, 540. A controller
510 can communicate with a memory 512 via a bidirectional
data bus. The memory 512 can include read only memory
(ROM) or random access memory (RAM) for program
storage and RAM for data storage.

[0089] In some embodiments, a medical device can
include one or more electric field sensors 522 (i.e., elec-
trodes) and an electric field sensor channel interface 520 that
can communicate with a port of controller 510. The medical
device can also include another type of sensor 532 and a
sensor channel interface 530 for the same that can commu-
nicate with a port of controller 510. The medical device can
also include one or more chemical sensors 542 and a
chemical sensor channel interface 540 that can communicate
with a port of controller 510. The channel interfaces 520,
530 and 540 can include various components such as
analog-to-digital converters for digitizing signal inputs,
sensing amplifiers, registers that can be written to by the
control circuitry in order to adjust the gain and threshold
values for the sensing amplifiers, and the like. A telemetry
interface 514 is also provided for communicating with
external devices such as a programmer, a home-based unit,
and/or a mobile unit (e.g. a cellular phone, laptop computer,
etc.).

[0090] In some embodiments, the medical device can also
include additional sensors, such as posture sensors, activity
sensors, or respiration sensors integral to the medical device.
In some embodiments, the medical device can also include
additional sensors that are separate from medical device. In
various embodiments one or more of the posture sensors,
activity sensors, or respiration sensors can be within another
implanted medical device communicatively coupled to the
medical device via telemetry interface 514. In various
embodiments one or more of the additional posture sensors,
activity sensors, or respiration sensors can be external to the
body and are coupled to medical device via telemetry
interface 514.

[0091] Referring now to FIG. 6, a schematic view is
shown of a medical device system 600 in accordance with
the embodiments herein. The medical device system 600 can
include an implantable medical device 602 and one or more
stimulation leads 640, 646, and 654. In various embodi-
ments, the implantable medical device 602 can include a
therapy unit such as a cardiac rhythm management device,
including a pacemaker, a cardiac resynchronization therapy
(CRT) device, a remodeling control therapy (RCT) device,
a cardioverter/defibrillator, or a device providing two or
more of these therapies. In some embodiments, the implant-
able medical device 602 can be, or also include, a neuro-
logical stimulation device. In some embodiments, the
implantable medical device 602 can be, or also include, a
pharmaceutical delivery device.

[0092] The implantable medical device 602 can include a
pulse generator housing 604 and a header 608. The term
“pulse generator housing” as used herein shall refer to the
part or parts of an implanted medical device, such as a
cardiac rhythm management device, neurological therapy
device, or pharmaceutical delivery device containing the
power source and circuitry for delivering pacing therapy,
electrical stimulation, shock therapy, and/or pharmaceutical
therapy. Together, the pulse generator housing 604, the
contents therein, and the header assembly 608 can be
referred to as a pulse generator. It will be appreciated that
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embodiments herein can also be used in conjunction with
implantable medical devices that may lack pulse generators
such as monitoring devices and pharmaceutical delivery
devices.

[0093] In FIG. 6, the proximal ends of the stimulation
leads 640, 646, and 654 are disposed within the header
assembly 608. The stimulation leads 640, 646, and 654 can
pass to the heart 652 transvenously. In this view, stimulation
lead 640 passes into the coronary venous system, stimula-
tion lead 646 passes into the right atrium, and stimulation
lead 654 passes into the right ventricle. However, it will be
appreciated that stimulation leads can be disposed in various
places within or around the heart. Stimulation lead 640
includes a tip electrode 642 and a ring electrode 644.
Stimulation leads 646 and 654 also include tip electrodes
650 and 658 and ring electrodes 648 and 656, respectively.
It will be appreciated that stimulation leads can include
different numbers of electrodes. For example, in some
embodiments, a stimulation lead may only include a single
electrode and in some embodiments a stimulation lead may
include more than two electrodes. Depending on the con-
figuration, the stimulation leads can provide electrical and/or
optical communication between the distal ends of the stimu-
lation leads and the pulse generator. In operation, the pulse
generator may generate pacing pulses or therapeutic shocks
which are delivered to the heart 652 via the electrodes of the
stimulation leads. In many embodiments, the stimulation
leads include a material that is electrically conductive in
order to deliver the pacing pulses or therapeutic shocks.
[0094] The medical device system 600 can also be con-
figured to sense electrical activity of the heart. By way of
example, the medical device system 600 can include an
electrical field sensor, such as shown in FIG. 7 as part of
control circuitry 751. Specifically, the medical device sys-
tem 400 can use one or more electrodes, such as the
electrodes on the stimulation leads 642, 644, 648, 650, 656,
and/or 658, in order to sense electrical activity of the heart,
such as a time-varying electrical potential. In some embodi-
ments, the pulse generator housing 604 can serve as an
electrode for purposes of sensing electrical activity and/or
delivering electrical stimulation.

[0095] The medical device system 600 can also include a
chemical sensor 606. The chemical sensor 606 (such as
described above in reference to FIG. 3) can be configured to
measure the concentration of physiological analytes such as
those described below.

[0096] Referring now to FIG. 7, a schematic cross-sec-
tional view of an implantable medical device 602, as shown
in FIG. 6. The implantable medical device 602 includes a
pulse generator housing 604 a header assembly 608. The
pulse generator housing 604 of the implantable medical
device 602 can include various materials such as metals,
polymers, ceramics, and the like. In one embodiment, the
pulse generator housing 604 is formed of titanium. The
header assembly 608 can be coupled to one or more elec-
trical stimulation leads 750. The header assembly 608 can
serve to provide fixation of the proximal end of one or more
leads and electrically couples the leads to components
within the pulse generator housing 604. The header assem-
bly 608 can be formed of various materials including metals,
polymers, ceramics, and the like.

[0097] The pulse generator housing 604 defines an interior
volume 770 that is hermetically sealed off from the volume
772 outside of the device 700. Various electrical conductors
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709, 711 can pass from the header assembly 608 through a
feed-through structure 705, and into the interior volume 770.
As such, the conductors 709, 711 can serve to provide
electrical communication between the electrical stimulation
lead 750 and control circuitry 751 disposed within the
interior volume 770 of the pulse generator housing 604.
[0098] Control circuitry 751 can include many of the same
features as those presented above in reference to implantable
medical device 302, such as, for example a controller 451,
a sensor 452, a microprocessor 453, therapy unit circuitry
454, recorder circuitry 455, and sensor interface circuitry
456. In some embodiments, control circuitry 751 can include
additional features that are not present in reference to
implantable medical device 302. In some embodiments,
control circuitry can include fewer features than those
presented with respect to implantable medical device 302.
The control circuitry 751 can include additional components
such memory (such as random access memory (RAM)
and/or read only memory (ROM)), a telemetry module,
electrical field sensor and stimulation circuitry, a power
supply (such as a battery), normalization circuitry, and an
optical sensor interface channel, amongst others.

[0099] The implantable medical device 602 can also
include a chemical sensor 606. In the embodiment shown in
FIG. 7, the chemical sensor 606 is a potentiometric chemical
sensor. The chemical sensor 606 can specifically include a
receptor module 722, and a transducer module 728. The
transducer module 728 can be in electrical communication
with the control circuitry 751 within the interior volume 770,
and in some embodiments, the control circuitry 551 can be
configured to selectively activate the chemical sensor (such
as, e.g., using the controller 451). In some embodiments, the
chemical sensor 606 can be configured to be chronically
implanted. In some embodiments, the chemical sensor 606
can be configured to be temporarily implanted.

[0100] The chemical sensor 606 can be configured to
detect a physiological analyte by exhibiting an electrical
signal response to the physiological analyte. In operation,
physiological analytes of interest from the in vivo environ-
ment can contact the receptor module 722 causing a detect-
able change in the electrical properties of the same. The
transducer module 728 can then be used to process and/or
propagate the signal created by the receptor module 722.
[0101] Similar to the implantable medical device 302
shown in FIG. 3, the implantable medical device 602 can
also include a sensor 452. Sensor 452 can include a multi-
axis accelerometer, such as a 3-axis accelerometer or a
6-axis accelerometer. Sensor 452 can be configured to
measure position data of a patient. In some embodiments,
sensor 452 can be configured to measure a preliminary
position of a patient at a given time point. In some embodi-
ments, accelerometer 452 can be configured to measure a
final position of a patient at a given time point. In some
embodiments, sensor 452 can be configured to measure
multiple position variations of a patient over a given time
period.

[0102] The implantable medical device 602 can incorpo-
rate, for example, an electrical field sensor that is configured
to generate a signal corresponding to cardiac electric fields.
The electrical field sensor can include a first electrode and a
second electrode. The electrodes of the electrical field sensor
can be the same electrodes used to provide electrical stimu-
lation (such as referred to with respect to FIG. 6) or can be
different electrodes. In some embodiments, one or more
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electrodes can be mounted on one or more electrical stimu-
lation leads 750. In some embodiments, the pulse generator
housing 604 can serve as an electrode. The electrodes can be
in communication with the electrical field sensor and stimu-
lation circuitry. The electrical field sensor and stimulation
circuitry can be used in order to measure the electrical
potential difference (voltage) between the first electrode and
the second electrode.

[0103] Elements of some embodiments of an implantable
medical device 602 are shown in FIG. 8. However, it will be
appreciated that some embodiments can include additional
elements beyond those shown in FIG. 8. In addition, some
embodiments may lack some elements shown in FIG. 8. The
implantable medical device 602 can sense cardiac events
through one or more sensing channels and outputs pacing
pulses to the heart via one or more pacing channels in
accordance with a programmed pacing mode. A controller
802 communicates with a memory 807 via a bidirectional
data bus. The memory 807 typically comprises read only
memory (ROM) or random access memory (RAM) for
program storage and RAM for data storage.

[0104] The implantable medical device can include atrial
sensing and pacing channels comprising at least a first
electrode 826, lead 824, sensing amplifier 822, output circuit
823, and an atrial channel interface 820, which can com-
municate bidirectionally with a port of controller 802. In this
embodiment, the device also has ventricular sensing and
pacing channels comprising at least a second electrode 816,
lead 814, sensing amplifier 812, output circuit 813, and
ventricular channel interface 810, which can communicate
bidirectionally with a port of controller 802. For each
channel, the same lead and electrode are used for both
sensing and pacing. The channel interfaces 810 and 820
include analog-to-digital converters for digitizing sensing
signal inputs from the sensing amplifiers and registers which
can be written to by the control circuitry in order to output
pacing pulses, change the pacing pulse amplitude, and adjust
the gain and threshold values for the sensing amplifiers. The
implantable medical device can also include a chemical
sensor 842 and a chemical sensor channel interface 840, and
another type of sensor 852 and an associated channel
interface 850. A telemetry interface 844 is also provided for
communicating with an external programmer.

[0105] It should be noted that, as used in this specification
and the appended claims, the singular forms “a,” “an,” and
“the” include plural referents unless the content clearly
dictates otherwise. Thus, for example, reference to a com-
position containing “a compound” includes a mixture of two
or more compounds. It should also be noted that the term
“or” is generally employed in its sense including “and/or”
unless the content clearly dictates otherwise.

[0106] It should also be noted that, as used in this speci-
fication and the appended claims, the phrase “configured”
describes a system, apparatus, or other structure that is
constructed or configured to perform a particular task or
adopt a particular configuration to. The phrase “configured”
can be used interchangeably with other similar phrases such
as arranged and configured, constructed and arranged, con-
structed, manufactured and arranged, and the like. “Cir-
cuitry” can include both hardwired circuitry for execution of
particular operations as well as processors that are pro-
grammed to execute instructions to provide the same func-
tionality.
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[0107] All publications and patent applications in this
specification are indicative of the level of ordinary skill in
the art to which this specification pertains. All publications
and patent applications are herein incorporated by reference
to the same extent as if each individual publication or patent
application was specifically and individually indicated by
reference.

[0108] Aspects have been described with reference to
various specific and preferred embodiments and techniques.
However, it should be understood that many variations and
modifications may be made while remaining within the spirit
and scope herein. As such, the embodiments described
herein are not intended to be exhaustive or to limit the scope
to the precise forms disclosed herein. Rather, the embodi-
ments are chosen and described so that others skilled in the
art can appreciate and understand the principles and prac-
tices.

1. A medical system comprising

a first sensor configured to produce a first value for an
analyte;

a second sensor different than the first sensor, the second
sensor configured to produce a second value for the
analyte; and

a controller configured to receive the first and second
values;

wherein the controller creates a blended analyte value
from the first value and second value.

2. The medical system of claim 1, wherein the controller
creates a blended analyte value by using the first value to
normalize the second value or by using the second value to
normalize the first value.

3. The medical system of claim 2, wherein the blended
analyte value is created using a method that reduces at least
one of sensor offset errors, sensor gain errors and sensor
latency as compared with values from the first sensor and
second sensor standing alone.

4. The medical system of claim 1, wherein at least one of
the first sensor and the second sensor is implantable.

5. The medical system of claim 1, wherein at least one of
the first sensor and the second sensor is an optical chemical
Sensor.

6. The medical system of claim 5, wherein the optical
chemical sensor measures one or more of an electrolyte, a
protein, a sugar, a hormone, a peptide, an amino acid and a
metabolic product.

7. The medical system of claim 6, wherein the electrolyte
is at least one of potassium, calcium, sodium, magnesium,
hydrogen phosphate, chloride and bicarbonate.
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8. The medical system of claim 6, wherein the optical
chemical sensor measures pH.

9. The medical system of claim 1, wherein at least one of
the first sensor and the second sensor is an ECG sensor.

10. The medical system of claim 1, wherein the first
sensor is faster reacting than the second sensor.

11. The medical system of claim 1, wherein the first
sensor is an ECG sensor and the second sensor is a chemical
Sensor.

12. A medical system comprising

a first sensor configured to produce a first value for an
analyte;

a second sensor different than the first sensor, the second
sensor configured to produce a second value for the
analyte; and

a controller configured to receive the first and second
values;

wherein the controller triggers a measurement change of
the second sensor based on the first value for the
analyte.

13. The medical system of claim 12, wherein the mea-
surement change is selected from the group consisting of
sampling frequency, measurement schedule, measurement
intensity, and turning the sensor on or off.

14. The medical system of claim 12, wherein the first
sensor has a faster response time than the second sensor.

15. The medical system of claim 12, wherein data from
the first sensor is used for trend analysis of data from the
second sensor.

16. The medical system of claim 12, wherein data from
the second sensor is used for trend analysis of data from the
first sensor.

17. The medical system of claim 12, wherein the control-
ler creates a blended analyte value from the first value and
second value.

18. The medical system of claim 17, wherein the blended
analyte value is created using a method that reduces at least
one of sensor offset errors, sensor gain errors and sensor
latency.

19. The medical system of claim 12, wherein the first
sensor is faster reacting than the second sensor.

20. The medical system of claim 12, wherein the first
sensor is an ECG sensor and the second sensor is a chemical
Sensor.
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