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A device to measure tissue impedance comprises drive cir-
cuitry coupled to calibration circuitry, such that a calibration
signal from the calibration circuitry corresponds to the cur-
rent delivered through the tissue. Measurement circuitry can
be coupled to measurement electrodes and the calibration
circuitry, such that the tissue impedance can be determined in
response to the measured calibration signal from the calibra-
tion circuitry and the measured tissue impedance signal from
the measurement electrodes. Processor circuitry comprising a
tangible medium can be configured to determine a complex
tissue impedance in response to the calibration signal and the
tissue impedance signal. The processor can be configured to
select a frequency for the drive current, and the amount of
drive current at increased frequencies may exceed a safety
threshold for the drive current at lower frequencies.
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METHOD AND APPARATUS TO MEASURE
BIOELECTRIC IMPEDANCE OF PATIENT
TISSUE

CROSS-REFERENCES TO RELATED
APPLICATIONS

[0001] The present application claims the benefit under 35
USC 119(e) of U.S. Provisional Application No. 61/046,221
filed Apr. 18, 2008; the full disclosure of which is incorpo-
rated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

[0002] The present invention relates to patient monitoring.
Although embodiments make specific reference to monitor-
ing impedance and electrocardiogram signals with an adher-
ent patch, the system methods and device described herein
may be applicable to many applications in which physiologi-
cal monitoring is used, for example physiological monitoring
with implantable devices.

[0003] Patients are often treated for diseases and/or condi-
tions associated with a compromised status of the patient, for
example a compromised physiologic status. In some
instances, a patient may report symptoms that require diag-
nosis to determine the underlying cause. For example, a
patient may report fainting or dizziness that requires diagno-
sis, in which long term monitoring of the patient can provide
useful information as to the physiologic status of the patient.
In some instances a patient may have suffered a heart attack
and require care and/or monitoring after release from the
hospital. One example of a device to provide long term moni-
toring of a patient is the Holter monitor, or ambulatory elec-
trocardiography device. In addition to measuring heart sig-
nals with electrocardiograms, known physiologic
measurements include impedance measurements that can be
used to assess the status of the patient.

[0004] Impedance measurements can be used to measure
hydration and respiration of a patient. Long term impedance
measurements used to determine patient hydration in relation
to cardiac status represents one area where impedance mea-
surements may be useful. Although current methodologies
have been somewhat successful in measuring hydration, work
in relation to embodiments of the present invention suggests
that known methods and apparatus for monitoring patient
hydration with impedance may be less than ideal. Some cur-
rent devices may not accurately measure the impedance of the
internal tissue of the patient, thereby making accurate hydra-
tion measurements more difficult. In some instances, the skin
of the patient and/or coupling of electrodes to the skin may
affect the impedance measurements. For example, environ-
mental factors external to the patient may effect the measure-
ments, for example when the patient showers. The electronics
used to measure complex impedance signals of the patient
may be somewhat larger than ideal and may not provide as
much accuracy as would be ideal. Thus, devices that are worn
by the patient may be somewhat uncomfortable, which may
lead to patients not wearing the devices and not complying
with direction from the health care provider, such that data
collected may be less than ideal. As a compromise to reduce
size and improve patient comfort, some devices to measure
impedance may use circuitry that measures part of the tissue
impedance without determining the resistance and reactance
components of the complex impedance of the tissue.
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[0005] Although implantable devices may be used in some
instances, many of these devices can be invasive and/or
costly, and may suffer at least some of the shortcomings of
known wearable devices described above. In addition,
implantable devices can be invasive and/or costly such that
many patients cannot receive a therapeutic benefit. Although
injectable devices may decrease invasiveness, the size
requirements of injectable devices can place limitations on
the circuitry and may limit the accuracy of such devices.
[0006] Therefore, a need exists for improved patient moni-
toring with impedance measurements. Ideally, such improved
patient monitoring would avoid at least some of the short-
comings of the present methods and devices.

BRIEF SUMMARY OF THE INVENTION

[0007] The present invention relates to patient monitoring.
Although embodiments make specific reference to monitor-
ing impedance and electrocardiogram signals with an adher-
ent patch, the system methods and device described herein
may be applicable to many applications in which physiologi-
cal monitoring with impedance measurements are used, for
example physiological monitoring with implantable devices.
[0008] In many embodiments of the present invention, tis-
suie impedance is determined in response a calibration signal
from calibration circuitry and a tissue impedance signal from
the tissue. Because the tissue impedance can be determined
from both a tissue impedance signal and a calibration signal,
errors can be minimized, for example errors that correspond
to fluctuations in drive current, variations in measurement
circuitry gain, time delays of the drive circuitry, time delays of
the measurement circuitry, and parasitic impedance of the
tissue, for example skin. The drive circuitry can be coupled to
the calibration circuitry and at least two drive electrodes so as
to drive current through the tissue and the calibration cir-
cuitry. Thus, a calibration signal from the calibration circuitry
can be measured when the electrodes are connected to the
patient, such that the calibration signal substantially corre-
sponds to the current actually delivered through the tissue.
Measurement circuitry can be connected to at least two mea-
surement electrodes so as to measure a tissue impedance
signal in response to the impedance of the tissue and the
current through the tissue. The measurement circuitry can
also be coupled to the calibration circuitry to measure the
calibration signal, such that the tissue impedance can be
determined in response to the measured calibration signal and
the measured tissue impedance signal. Processor circuitry
comprising a tangible medium can be configured to deter-
mine a complex tissue impedance in response to the calibra-
tion signal and the tissue impedance signal, such errors are
minimized which correspond to fluctuations in drive current,
variations in measurement circuitry gain, time delays of the
drive circuitry, time delays of the measurement circuitry, and
parasitic impedance of the tissue. As the calibration resistor
can be provided with the drive circuitry and measurement
circuitry, the system can be self calibrating, thereby eliminat-
ing a time consuming step at manufacture and minimizing
memory resources of the controlling computer and/or proces-
sor. Inmany embodiments, the processor can be configured to
select a frequency for the drive current, and the drive circuitry
can be configured to increase the amount of drive current with
increasing frequercy, such that the signal to noise ratio can be
improved. The amount of drive current at a selected increased
frequency may even exceed a safety threshold for the amount
of drive current at a lower frequency. The measurement cit-
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cuitry can be configured to decrease the gain of the impedance
signal with increasing frequency, such that the increased
amount of current does not saturated the measurement cir-
cuitry and/or digitization electronics such as an analog to
digital converter.

[0009] In a first aspect, embodiments of the present inven-
tion provide a device for measuring an impedance of a tissue
of a patient. The calibration circuitry comprises an imped-
ance. At least four electrodes are configured to couple to the
tissue of the patient. The at least four electrodes may comprise
at least two measurement electrodes and at least two drive
electrodes. Drive circuitry is coupled to the at least two drive
electrodes and the calibration circuitry to pass a current
through the at least two drive electrodes and the calibration
circuitry. Measurement circuitry is configured to couple to the
at least two measurement electrodes and the calibration cir-
cuitry, such that the measurement circuitry can be configured
to measure a calibration signal from the calibration circuitry
and a tissue impedance signal from the at least two measure-
ment electrodes. Processor circuitry comprising a tangible
medium is configured to determine the impedance of the
tissue in response to the calibration signal and the tissue
impedance signal.

[0010] In many embodiments, the processor circuitry com-
prises as least one of an impedance converter or a microcon-
troller. The processor circuitry can be configured to determine
the impedance of the tissue with a discrete Fourier transform
of at least one of measurement signal or the current signal.
[0011] In many embodiments, the calibration circuitry can
be connected in series between the drive circuitry and the at
least two measurement electrodes to calibrate the tissue
impedance measurement when the at least two electrodes are
connected to the patient. The drive circuitry can be configured
to pass the current through the tissue and the calibration
circuitry to generate the tissue measurement signal and the
calibration signal when the at least four electrodes are con-
nected to the tissue. The calibration circuitry may comprise a
calibration resistor, and the measurement circuitry can be
configured to measure the calibration signal in response to the
current through the calibration resistor and the tissue. The
measurement circuitry can be configured to measure the tis-
sue measurement signal in response to the current through the
tissue and the calibration resistor. The processor can be con-
figured to determine the tissue impedance from the calibra-
tion signal and the tissue measurement signal.

[0012] Inmanyembodiments, atleastoneswitchiscoupled
to the drive circuitry, the measurement circuitry, the calibra-
tion circuitry and the at least four electrodes. The at least one
switch comprises a first configuration and a second configu-
ration, In the first configuration the at least one switch couples
the measurement circuitry to the calibration circuitry to mea-
sure the calibration signal. In the second configuration the at
least one switch couples the measurement circuitry to the at
least two measurement electrodes to measure the tissue
impedance signal. The processor circuitry can be coupled to
the at least one switch to select the first configuration or the
second configuration.

[0013] In many embodiments, the measurement circuitry
comprises a first measurement circuit configured to measure
the calibration signal and a second measurement circuit con-
figured to measure the tissue impedance signal.

[0014] In many embodiments, the calibration circuitry
comprises at least one resistor connected in series to the drive
circuitry and the at least two drive electrodes, such that a
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resistance of the resistor corresponds to at least 90% the
impedance of the calibration circuitry. The calibration cit-
cuitry may comprise a resistance, and the calibration signal
may comprise a complex calibration signal. The tissue
impedance signal may comprise a complex tissue impedance
signal, and the processor can be configured to determine a
complex impedance of the tissue in response to the complex
calibration signal and the complex tissue impedance signal.
[0015] In many embodiments, the processor is configured
to store a calibration value comprising a resistance of the
calibration circuitry that corresponds to a real number, and the
calibration signal corresponds to the resistance of the calibra-
tion circuitry, delays of the drive circuitry and delays of the
measurement circuitry. The processor can be configured to
determine a complex calibration coefficient in response to the
calibration value and the calibration signal. The tissue imped-
ance may comprise a complex tissue impedance and proces-
sor can be configured to determine the complex tissue imped-
ance in response to the complex calibration coefficient and
the tissue impedance signal. For example, the processor can
be configured to determine a complex tissue parameter from
the tissue impedance signal, and the processor can be config-
ured to determine the complex tissue impedance with at least
one of a complex multiplication or a complex division of the
complex calibration coefficient and the complex tissue
parameter. The processor can be configured to determine the
complex tissue parameter with a discrete Fourier transform of
the tissue impedance signal and determine the complex cali-
bration coefficient with a discrete Fourier transform of the
calibration signal. The delays of the drive circuitry and the
measurement circuitry can correspond to a phase angle of the
calibration signal of at least about 90 degrees.

[0016] In many embodiments, the processor is configured
to select a first frequency and a second frequency to measure
impedance signals of the calibration circuitry at each of the
first frequency and the second frequency, and the processor is
configured to measure impedance signals of the tissue at each
ofthe first frequency and the second frequency. The processor
can be configured to determine an impedance of the tissue at
the each of the first frequency and the second frequency in
response to the impedance signals of the calibration circuitry
measured at each of the first frequency and the second fre-
quency and the impedance signals of the tissue measured at
each of the first frequency and the second frequency.

[0017] In many embodiments, the processor is configured
to store a tolerance range and measure the calibration cir-
cuitry in response to the impedance signal of the tissue and the
tolerance range. The tolerance range may comprise plus or
minus twenty percent of a baseline tissue impedance mea-
surement, and the processor can be configured to measure the
calibration circuitry in response to the tissue impedance out-
side the tolerance range.

[0018] In another aspect, embodiments of the present
invention provide a device for measuring an impedance of a
tissue of a patient. The device comprises at least four elec-
trodes configured to couple to the tissue of the patient. The at
least four electrodes comprising at least two drive electrodes,
and at least two measurement electrodes. Drive circuitry is
coupled to the at least two drive electrodes to pass a variable
current through the tissue to generate a tissue measurement
signal. The drive circuitry is configured to increase the current
from a first current amount at a first frequency to a second
current amount at a second frequency, in which the second
frequency greater than the first frequency. Measurement cit-
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cuitryis coupled to the at least two measurement electrodes to
determine the impedance ofthe tissue in response to the tissue
measurement signal. The measurement circuitry comprises a
variable gain of the measurement signal, and the variable gain
is configured to decrease from a first gain at the first frequency
to a second gain at the second frequency.

[0019] In many embodiments, the variable current of the
drive circuitry comprises a drive current frequency response,
and the variable gain of the measurement circuitry comprises
variable gain frequency response, in which the variable gain
frequency response comprises an inverse of the drive current
frequency response.

[0020] In many embodiments, the drive circuitry is config-
ured to increase the second current amount to at least four
times the first current amount, and the measurement circuitry
is configured to decrease the second gain to no more than
about one half of the first gain. In specific embodiments, the
drive circuitry is configured to increase the second current
amount to at least ten times the first current amount, and the
measurement circuitry is configured to decrease the second
gain to no more than about one third of the first gain.

[0021] In many embodiments, the second frequency is at
least 1 kHz, and the second current amount is at least 10 pA
and no more than 1000 pA. The first frequency corresponds to
a first safety threshold of the first current, and the second
frequency corresponds to a second safety threshold of the
second current. The drive circuitry can be configured to
exceed the first safety threshold with the second current
amount and not to exceed the second safety threshold with the
second current amount. The drive circuitry can be configured
to exceed the first safety threshold with the second current by
atleasta factor of two. The safety threshold of the first current
may correspond to 10 A or a product of the first currentin pA
times the first frequency in kHz, whichever is greater.
[0022] In another aspect, embodiments of the present
invention provide a method of measuring patient impedance.
The method comprises providing at least four electrodes
comprising at least two drive electrodes and at least two
measurement electrodes. The at least two drive electrodes can
be connected in series to a calibration resistor. Measurement
circuitry is provided to measure a tissue impedance signal
from the measurement electrodes. A drive current is passed
through the at least two drive electrodes and the calibration
resistor with drive circuitry. A current signal is measured from
the calibration resistor in response to the current through the
calibration resistor. The tissue impedance signal is measured
from the measurement electrodes. The tissue impedance is
determined in response to the current signal and the tissue
impedance signal.

[0023] In many embodiments, the current signal from the
calibration resistor is measured with the measurement cir-
cuitry.

[0024] In many embodiments, the tissue impedance can be

determined with an impedance converter. The current signal
from the calibration resistor may comprise a first voltage that
is converted into a first current and the first current can be fed
into the impedance converter. The tissue impedance signal
from the measurement electrodes may comprise a second
voltage that can be converted to a second current and the
second current fed into the impedance converter.

[0025] Inmany embodiments, the drive circuitry may com-
prise a network to limit the drive current through the patient,
such that the network increases the drive current through the
patient as a frequency of the drive current increases. The
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measurement circuitry may comprise a variable gain that
decreases when the frequency is increases and the drive cut-
rent increases.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] FIG. 1A shows a patient and a monitoring system
comprising an adherent device, according to embodiments of
the present invention;

[0027] FIG. 1B shows a bottom view of the adherent device
as in FIG. 1A comprising an adherent patch;

[0028] FIG. 1C shows a top view of the adherent patch, as
in FIG. 1B;
[0029] FIG. 1D shows a printed circuit boards and elec-

tronic components over the adherent patch, as in FIG. 1C;
[0030] FIG. 1D1 shows an equivalent circuit that can be
used to determine optimal frequencies for determining
patient hydration, according to embodiments of the present
invention;

[0031] FIG. 1E shows batteries positioned over the printed
circuit board and electronic components as in FIG. 1D;
[0032] FIG. 1F shows a top view of an electronics housing
and a breathable cover over the batteries, electronic compo-
nents and printed circuit board as in FIG. 1E;

[0033] FIG. 1G shows a side view of the adherent device as
in FIGS. 1A 10 1F;

[0034] FIG. 1H shown a bottom isometric view of the
adherent device as in FIGS. 1A to 1G;

[0035] FIGS. 11 and 1] show a side cross-sectional view
and an exploded view, respectively, of the adherent device as
in FIGS. 1A 1o 1H;

[0036] FIG. 1K shows at least one electrode configured to
electrically couple toa skin of the patient through a breathable
tape, according to embodiments of the present invention;
[0037] FIG. 2A shows a simplified schematic illustration of
acircuit diagram for measuring patient impedance, according
to embodiments of the present invention;

[0038] FIG. 2B shows an inverse frequency response of the
drive circuitry and measurement circuitry, according to
embodiments of the present invention;

[0039] FIG. 3A shows circuitry for measuring patient
impedance with an impedance converter, according to
embodiments of the present invention;

[0040] FIG. 3B shows a model for measuring patient
impedance with circuitry as in FIG. 3A;

[0041] FIG. 3C shows a model equivalent to the model of
FIG. 3B that allows for correction of parasitic impedance,
according to embodiments of the present invention; and
[0042] FIG. 4 shows a method of measuring patient imped-
ance, according to embodiments of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0043] Embodiments of the present invention relate to
patient monitoring. Although embodiments make specific
reference to monitoring impedance and electrocardiogram
signals with an adherent patch, the system methods and
device described herein may be applicable to many applica-
tion in which physiological monitoring is used, for example
physiological monitoring with implantable devices.

[0044] In many embodiments, the adherent devices
described herein may be used for 90 day monitoring, or more,
and may comprise completely disposable components and/or
reusable components, and can provide reliable data acquisi-
tion and transfer. In many embodiments, the patch is config-



US 2015/0073252 Al

ured for patient comfort, such that the patch can be worn
and/or tolerated by the patient for extended periods, for
example 90 days or more. In many embodiments, the adher-
ent patch comprises a tape, which comprises a material, pref-
erably breathable, with an adhesive, such that trauma to the
patient skin can be minimized while the patch is worn for the
extended period. In many embodiments, the printed circuit
board comprises a flex printed circuit board that can flex with
the patient to provide improved patient comfort.

[0045] FIG. 1A shows a patient P and a monitoring system
10. Patient P comprises a midline M, a first side S1, for
example a right side, and a second side S2, for example a left
side. Monitoring system 10 comprises an adherent device
100. Adherent device 100 can be adhered to a patient P at
many locations, for example thorax T of patient P. In many
embodiments, the adherent device may adhere to one side of
the patient, from which side data can be collected. Work in
relation with embodiments of the present invention suggests
that location on a side of the patient can provide comfort for
the patient while the device is adhered to the patient.

[0046] Monitoring system 10 includes components to
transmit data to a remote center 106. Adherent device 100 can
communicate wirelessly to an intermediate device 102, for
example with a single wireless hop from the adherent device
on the patient to the intermediate device. Intermediate device
102 can communicate with remote center 106 in many ways,
for example with an internet connection. In many embodi-
ments, monitoring system 10 comprises a distributed process-
ing system with at least one processor on device 100, at least
one processor on intermediate device 102, and at least one
process at remote center 106, each of which processors is in
electronic communication with the other processors. Remote
center 106 can be in communication with a health care pro-
vider 108 A with a communication system 107A, such as the
Internet, an intranet, phone lines, wireless and/or satellite
phone. Health care provider 108A, for example a family
member, can be in communication with patient P with a
communication, for example with a two way communication
system, as indicated by arrow 109A, for example by cell
phone, email, landline. Remote center 106 can be in commu-
nication with a health care professional, for example a phy-
sician 108B, with a communication system 107B, such as the
Internet, an intranet, phone lines, wireless and/or satellite
phone. Physician 108B can be in communication with patient
P with a communication, for example with a two way com-
munication system, as indicated by arrow 109B, for example
by cell phone, email, landline. Remote center 106 can be in
communication with an emergency responder 108C, for
example a 911 operator and/or paramedic, with a communi-
cation system 107C, such as the Internet, an intranet, phone
lines, wireless and/or satellite phone. Emergency responder
108C can travel to the patient as indicated by arrow 109C.
Thus, in many embodiments, monitoring system 10 com-
prises a closed loop system in which patient care can be
monitored and implemented from the remote center in
response to signals from the adherent device.

[0047] In many embodiments, the adherent device may
continuously monitor physiological parameters, communi-
cate wirelessly with a remote center, and provide alerts when
necessary. The system may comprise an adherent patch,
which attaches to the patient’s thorax and contains sensing
electrodes, battery, memory, logic, and wireless communica-
tion capabilities. In some embodiments, the patch can com-
municates with the remote center, via the intermediate device
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in the patient’s home. In the many embodiments, the remote
center receives the data and applies the prediction algorithm.
When a flag is raised, the center may communicate with the
patient, hospital, nurse, and/or physician to allow for thera-
peutic intervention to prevent decompensation.

[0048] The adherent device may be affixed and/or adhered
to the body in many ways. For example, with at least one of
the following an adhesive tape, a constant-force spring, sus-
penders around shoulders, a screw-in microneedle electrode,
a pre-shaped electronics module to shape fabric to a thorax, a
pinch onto roll of skin, or transcutaneous anchoring. Patch
and/or device replacement may occur with a keyed patch (e.g.
two-part patch), an outline or anatomical mark, a low-adhe-
sive guide (place guidelremove old patchiplace new
patchlremove guide), or akeyed attachment for chatter reduc-
tion. The patch and/or device may comprise an adhesiveless
embodiment (e.g. chest strap), and/or a low-irritation adhe-
sive model for sensitive skin. The adherent patch and/or
device can comprise many shapes, for example at least one of
a dogbone, an hourglass, an oblong, a circular or an oval
shape.

[0049] In many embodiments, the adherent device may
comprise a reusable electronics module with replaceable
patches (the module collects cumulative data for approxi-
mately 90 days) and/or the entire adherent component (elec-
tronics+patch) may be disposable. In a completely disposable
embodiment, a “baton” mechanism may be used for data
transfer and retention, for example baton transfer may include
baseline information. In some embodiments, the device may
have a rechargeable module, and may use dual battery and/or
electronics modules, wherein one module 101A can be
recharged using a charging station 103 while the other mod-
ule 101B is placed on the adherent device. In some embodi-
ments, the intermediate device 102 may comprise the charg-
ing module, data transfer, storage and/or transmission, such
that one of the electronics modules can be placed in the
intermediate device for charging and/or data transfer while
the other electronics module is worn by the patient.

[0050] In many embodiments, the system can perform the
following functions: initiation, programming, measuring,
storing, analyzing, communicating, predicting, and display-
ing. The adherent device may contain a subset of the follow-
ing physiological sensors: bioimpedance, respiration, respi-
ration rate variability, heart rate (ave, min, max), heart
thythm, HRV, HRT, heart sounds (e.g. S3), respiratory
sounds, blood pressure, activity, posture, wake/sleep, ortho-
pnea, temperature’heat flux, and weight. The activity sensor
may be one of the following: ball switch, accelerometer,
minute ventilation, HR, bioimpedance noise, skin tempera-
ture/heat flux, BP, muscle noise, posture.

[0051] In many embodiments, the patch wirelessly com-
municates with a remote center. In some embodiments, the
communication may occur directly (via a cellular or Wi-Fi
network), or indirectly through intermediate device 102.
Intermediate device 102 may consist of multiple devices
which communicate wired or wirelessly to relay data to
remote center 106.

[0052] In many embodiments, instructions are transmitted
from a remote site to a processor supported with the patient,
and the processor supported with the patient can receive
updated instructions for the patient treatment and/or monitor-
ing, for example while worn by the patient.

[0053] FIG. 1B shows a bottom view of adherent device
100 as in FIG. 1A comprising an adherent patch 110. Adher-
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ent patch 110 comprises a first side, or a lower side 110A, that
is oriented toward the skin of the patient when placed on the
patient. In many embodiments, adherent patch 110 comprises
a tape 110T which is a material, preferably breathable, with
an adhesive 116A. Patient side 110A comprises adhesive
116A to adhere the patch 110 and adherent device 100 to
patient P. Electrodes 112A, 112B, 112C and 112D are affixed
to adherent patch 110. In many embodiments, at least four
electrodes are attached to the patch, for example six elec-
trodes. In some embodiments the patch comprises two elec-
trodes, for example two electrodes to measure the electrocar-
diogram (ECG) of the patient. Gel 114A, gel 114B, gel 114C
and gel 114D can each be positioned over electrodes 1124,
112B, 112C and 112D, respectively, to provide electrical
conductivity between the electrodes and the skin of the
patient. In many embodiments, the electrodes can be affixed
to the patch 110, for example with known methods and struc-
tures such as rivets, adhesive, stitches, etc. In many embodi-
ments, patch 110 comprises a breathable material to permit
air and/or vapor to flow to and from the surface of the skin.

[0054] FIG. 1C shows atop view of the adherent patch 100,
asin FIG. 1B. Adherent patch 100 comprises a second side, or
upper side 110B. In many embodiments, electrodes 110A,
110B, 110C and 110D extend from lower side 110A through
the adherent patch to upper side 110B. In some embodiments,
an adhesive 116B can be applied to upper side 110B to adhere
structures, for example electronic structures, to the patch such
that the patch can support the electronics and other structures
when the patch is adhered to the patient. The PCB comprise
completely flex PCB, rigid PCB combined flex PCB and/or
rigid PCB boards connected by cable.

[0055] FIG. 1D shows a printed circuit boards and elec-
tronic components over adherent patch 110, as in FIG. 1C. In
some embodiments, a printed circuit board (PCB), for
example flex PCB 120, may be connected to upper side 100B
of patch 110 with connectors 122A, 122B, 122C and 122D.
Flex PCB 120 can include traces 123A, 123B, 123C and
123D that extend to connectors 122A, 1228, 122C and 122D,
respectively, on the flex PCB. Connectors 1224, 122B, 122C
and 122D can be positioned on flex PCB 120 in alignment
with electrodes 112A, 112B, 112C and 112D so as to electri-
cally couple the flex PCB with the electrodes. In some
embodiments, connectors 122A, 122B, 122C and 122D may
comprise insulated wires that provide strain relief between
the PCB and the electrodes. In some embodiments, additional
PCB’s, for example rigid PCB’s 120A, 120B, 120C and
120D, can be connected to flex PCB 120. Electronic compo-
nents 130 can be connected to flex PCB 120 and/or mounted
thereon. In some embodiments, electronic components 130
can be mounted on the additional PCB’s.

[0056] Electronic components 130 comprise components
to take physiologic measurements, transmit data to remote
center 106 and receive commands from remote center 106. In
many embodiments, electronics components 130 may com-
prise known low power circuitry, for example complementary
metal oxide semiconductor (CMOS) circuitry components.
Electronics components 130 comprise an activity sensor and
activity circuitry 134, impedance circuitry 136 and electro-
cardiogram circuitry, for example ECG circuitry 136. In some
embodiments, electronics circuitry 130 may comprise a
microphone and microphone circuitry 142 to detect an audio
signal from within the patient, and the audio signal may
comprise a heart sound and/or a respiratory sound, for
example an S3 heart sound and a respiratory sound with rales
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and/or crackles. Electronics circuitry 130 may comprise a
temperature sensor, for example a thermistor, and tempera-
ture sensor circuitry 144 to measure a temperature of the
patient, for example a temperature of a skin of the patient.
[0057] Work in relation to embodiments of the present
invention suggests that skin temperature may effect imped-
ance and/or hydration measurements, and that skin tempera-
ture measurements may be used to correct impedance and/or
hydration measurements. In some embodiments, increase in
skin temperature or heat flux can be associated with increased
vaso-dilation near the skin surface, such that measured
impedance measurement decreased, even through the hydra-
tion of the patient in deeper tissues under the skin remains
substantially unchanged. Thus, use of the temperature sensor
can allow for correction of the hydration signals to more
accurately assess the hydration, for example extra cellular
hydration, of deeper tissues of the patient, for example deeper
tissues in the thorax.

[0058] Electronics circuitry 130 may comprise a processor
146. Processor 146 comprises a tangible medium, for
example read only memory (ROM), electrically erasable pro-
grammable read only memory (EEPROM) and/or random
access memory (RAM). Electronic circuitry 130 may com-
prise real time clock and frequency generator circuitry 148. In
some embodiments, processor 136 may comprise the fre-
quency generator and real time clock. The processor can be
configured to control a collection and transmission of data
from the impedance circuitry electrocardiogram circuitry and
the accelerometer. In many embodiments, device 100 com-
prise a distributed processor system, for example with mul-
tiple processors on device 100.

[0059] Inmany embodiments, electronics components 130
comprise wireless communications circuitry 132 to commu-
nicate with remote center 106. The wireless communication
circuitry can be coupled to the impedance circuitry, the elec-
trocardiogram circuitry and the accelerometer to transmit to a
remote center with a communication protocol at least one of
the hydration signal, the electrocardiogram signal or the incli-
nation signal. In specific embodiments, wireless communica-
tion circuitry is configured to transmit the hydration signal,
the electrocardiogram signal and the inclination signal to the
remote center with a single wireless hop, for example from
wireless communication circuitry 132 to intermediate device
102. The communication protocol comprises at least one of
Bluetooth, Zigbee, WiFi, WiMax, IR, amplitude modulation
or frequency modulation. In many embodiments, the commu-
nications protocol comprises a two way protocol such thatthe
remote center is capable of issuing commands to control data
collection.

[0060] In some embodiments, intermediate device 102
comprises a data collection system to collect and store data
from the wireless transmitter. The data collection system can
be configured to communicate periodically with the remote
center. In many embodiments, the data collection system can
transmit data in response to commands from remote center
106 and/or in response to commands from the adherent
device.

[0061] Activity sensor and activity circuitry 134 can com-
prise many known activity sensors and circuitry. In many
embodiments, the accelerometer comprises at least one of a
piezoelectric accelerometer, capacitive accelerometer or
electromechanical accelerometer. The accelerometer may
comprises a 3-axis accelerometer to measure at least one of an
inclination, a position, an orientation or acceleration of the
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patient in three dimensions. Work in relation to embodiments
of the present invention suggests that three dimensional ori-
entation of the patient and associated positions, for example
sitting, standing, lying down, can be very useful when com-
bined with data from other sensors, for example ECG data
and/or hydration data.

[0062] Impedance circuitry 136 can generate both hydra-
tion data and respiration data. In many embodiments, imped-
ance circuitry 136 is electrically connected to electrodes
112A, 112B, 112C and 112D such that electrodes 112A and
112D comprise outer electrodes that are driven with a current,
or force electrodes. The current delivered between electrodes
112A and 112D generates a measurable voltage between
electrodes 112B and 112C, such that electrodes 112B and
112C comprise inner electrodes, or measurement electrodes
that measure the voltage in response to the current from the
force electrodes. The voltage measured by the measurement
electrodes can be used to determine the hydration of the
patient.

[0063] FIG. 1D1 shows an equivalent circuit 152 that can
be used to determine optimal frequencies for measuring
patient hydration. Work in relation to embodiments of the
present invention indicates that the frequency of the current
and/or voltage at the force electrodes can be selected so as to
provide impedance signals related to the extracellular and/or
intracellular hydration of the patient tissue. Equivalent circuit
152 comprises an intracellular resistance 156, or RICW) in
series with a capacitor 154, and an extracellular resistance
158, or R(ECW). Extracellular resistance 158 is in parallel
with intracellular resistance 156 and capacitor 154 related to
capacitance of cell membranes. In many embodiments,
impedances can be measured and provide useful information
over a wide range of frequencies, for example from about 0.5
kHz to about 200 KHz. Work in relation to embodiments of
the present invention suggests that extracellular resistance
158 can be significantly related extracellular fluid and to
cardiac decompensation, and that extracellular resistance 158
and extracellular fluid can be effectively measured with fre-
quencies in a range from about 0.5 kHz to about 20 kHz, for
example from about 1 kHz to about 10 kHz. In some embodi-
ments, a single frequency can be used to determine the extra-
cellular resistance and/or fluid. As sample frequencies
increase from about 10 kHz to about 20 kHz, capacitance
related to cell membranes decrease the impedance, such that
the intracellular fluid contributes to the impedance and/or
hydration measurements. Thus, many embodiments of the
present invention employ measure hydration with frequen-
cies from about 0.5 kHz to about 20 kHz to determine patient
hydration.

[0064] Inmany embodiments, impedance circuitry 136 can
be configured to determine respiration of the patient. In spe-
cific embodiments, the impedance circuitry can measure the
hydration at 25 Hz intervals, for example at 25 Hz intervals
using impedance measurements with a frequency from about
0.5 kHz to about 20 kHz.

[0065] ECG circuitry 138 can generate electrocardiogram
signals and data from electrodes 112A, 112B, 112C and
112D. In some embodiments, ECG circuitry 138 is connected
to inner electrodes 112B and 122C, which may comprise
measurement electrodes of the impedance circuitry as
described above. In some embodiments, the inner electrodes
may be positioned near the outer electrodes to increase the
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voltage of the ECG signal measured by ECG circuitry 138. In
some embodiments, the ECG circuitry can share components
with the impedance circuitry.

[0066] FIG. 1E shows batteries 150 positioned over the flex
printed circuit board and electronic components as in FIG.
1D. Batteries 150 may comprise rechargeable batteries that
can be removed and/or recharged. In some embodiments,
batteries 150 can be removed from the adherent patch and
recharged and/or replaced.

[0067] FIG. 1F shows a top view of a cover 162 over the
batteries, electronic components and flex printed circuit
board as in FIG. 1E. In many embodiments, an electronics
housing 160 may be disposed under cover 162 to protect the
electronic components, and in some embodiments electronics
housing 160 may comprise an encapsulant over the electronic
components and PCB. In some embodiments, cover 162 can
be adhered to adhesive patch with an adhesive 164 on an
underside of cover 162. In some embodiments, electronics
housing 160 can be adhered to cover 162 with an adhesive 166
where cover 162 contacts electronics housing 160. In many
embodiments, electronics housing 160 may comprise a water
proof material, for example a sealant adhesive such as epoxy
or silicone coated over the electronics components and/or
PCB. In some embodiments, electronics housing 160 may
comprise metal and/or plastic. Metal or plastic may be potted
with a material such as epoxy or silicone.

[0068] Cover 162 may comprise many known biocompat-
ible cover, casing and/or housing materials, such as elas-
tomers, for example silicone. The elastomer may be fenes-
trated to improve breathability. In some embodiments, cover
162 may comprise many known breathable materials, for
example polyester, polyamide, and/or elastane (Spandex).
The breathable fabric may be coated to make it water resis-
tant, waterproof, and/or to aid in wicking moisture away from
the patch.

[0069] FIG. 1G shows a side view ofadherentdevice 100 as
in FIGS. 1A to 1F. Adherent device 100 comprises a maxi-
mum dimension, for example a length 170 from about 4 to 10
inches (from about 100 mm to about 250 mm), for example
from about 6 to 8 inches (from about 150 mm to about 200
mm). In some embodiments, length 170 may be no more than
about 6 inches (no more than about 150 mm). Adherent device
100 comprises a thickness 172. Thickness 172 may comprise
amaximum thickness along a profile of the device. Thickness
172 can be from about 0.2 inches to about 0.4 inches (from
about 5 mm to about 10 mm), for example about 0.3 inches
(about 7.5 mm).

[0070] FIG. 1H shown a bottom isometric view of adherent
device 100 as in FIGS. 1A to 1G. Adherent device 100 com-
prises a width 174, for example a maximum width along a
width profile of adherent device 100. Width 174 can be from
about 2 to about 4 inches (from about 50 mm to 100 mm), for
example about 3 inches (about 75 mm).

[0071] FIGS. 11 and 1] show a side cross-sectional view
and an exploded view, respectively, of adherent device 100 as
in FIGS. 1A to 1H. Device 100 comprises several layers. Gel
114A, or gel layer, is positioned on electrode 112A to provide
electrical conductivity between the electrode and the skin.
Electrode 112A may comprise an electrode layer. Adhesive
patch 110 may comprise a layer of breathable tape 1107T, for
example a known breathable tape, such as tricot-knit polyes-
ter fabric. An adhesive 116A, for example a layer of acrylate
pressure sensitive adhesive, can be disposed on underside
110A of patch 110. A gel cover 180, or gel cover layer, for
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example a polyurethane non-woven tape, can be positioned
over patch 110 comprising the breathable tape. A PCB layer,
for example flex PCB 120, or flex PCB layer, can be posi-
tioned over gel cover 180 with electronic components 130
connected and/or mounted to flex PCB 120, for example
mounted on flex PCB so as to comprise an electronics layer
disposed on the flex PCB. In many embodiments, the adher-
ent device may comprise a segmented inner component, for
example the PCB, for limited flexibility. In many embodi-
ments, the electronics layer may be encapsulated in electron-
ics housing 160 which may comprise a waterproof material,
for example silicone or epoxy. In many embodiments, the
electrodes are connected to the PCB with a flex connection,
for example trace 123A of flex PCB 120, so as to provide
strain relive between the electrodes 112A, 112B, 112C and
112D and the PCB. Gel cover 180 can inhibit flow of gel 114A
and liquid. In many embodiments, gel cover 180 can inhibit
gel 114 A from seeping through breathable tape 1107 to main-
tain gel integrity over time. Gel cover 180 can also keep
external moisture from penetrating into gel 114A. In many
embodiments, cover 162 can encase the flex PCB and/or
electronics and can be adhered to at least one of the electron-
ics, the flex PCB or the adherent patch, so as to protect the
device. In some embodiments, cover 162 attaches to adhesive
patch 110 with adhesive 116B, and cover 162 is adhered to the
PCB module with an adhesive 161 on the upper surface of the
electronics housing. Cover 162 can comprise many known
biocompatible cover, housing and/or casing materials, for
example silicone. In many embodiments, cover 162 com-
prises an outer polymer cover to provide smooth contour
without limiting flexibility. In some embodiments, cover 162
may comprise a breathable fabric. Cover 162 may comprise
many known breathable fabrics, for example breathable fab-
rics as described above. In some embodiments, the breathable
fabric may comprise polyester, polyamide, and/or elastane
(Spandex) to allow the breathable fabric to stretch with body
movement. In some embodiments, the breathable tape may
contain and elute a pharmaceutical agent, such as an antibi-
otic, anti-inflammatory or antifungal agent, when the adher-
ent device is placed on the patient.

[0072] In many embodiments, the breathable tape of adhe-
sive patch 110 comprises a first mesh with a first porosity and
gel cover 180 comprises a breathable tape with a second mesh
porosity, in which the second porosity is less than the first
porosity to inhibit flow of the gel through the breathable tape.

[0073] In many embodiments, a gap 169 extends from
adherent patch 110 to the electronics module and/or PCB,
such that breathable tape 110T can breath to provide patient
comfort.

[0074] In many embodiments, the adherent device com-
prises a patch component and at least one electronics module.
The patch component may comprise adhesive patch 110 com-
prising the breathable tape with adhesive coating 116A, at
least one electrode 114A and gel 114, for example a gel
coating. The at least one electronics module can be is sepa-
rable from the patch component. In many embodiments, the at
least one electronics module comprises the flex printed circuit
board 120, electronic component 130, electronics housing
160 and waterproof cover 162, such that the flex printed
circuit board, electronic components electronics housing and
water proof cover are reusable and/or removable for recharg-
ing and data transfer, for example as described above. In many
embodiments, adhesive 116B is coated on upper side 110A of
adhesive patch 110B, such that the electronics module, or
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electronics layers, can be adhered to and/or separated from
the adhesive component, or adhesive layers. In specific
embodiments, the electronic module can be adhered to the
patch component with a releasable connection, for example
with Velcro™, a known hook and loop connection, and/or
snap directly to the electrodes. In some embodiments, two
electronics modules can be provided, such that one electron-
ics module can be worn by the patient while the other is
charged as described above.

[0075] In many embodiments, at least one electrode 112A
extends through at least one aperture in the breathable tape
110.

[0076] Insomeembodiments, the adhesive patch may com-
prise a medicated patch that releases a medicament, such as
antibiotic, beta-blocker, ACE inhibitor, diuretic, or steroid to
reduce skin irritation. In some embodiments, the adhesive
patch may comprise a thin, flexible, breathable patch with a
polymer grid for stiffening. This grid may be anisotropic, may
use electronic components to act as a stiffener, may use elec-
tronics-enhanced adhesive elution, and may use an alternat-
ing elution of adhesive and steroid.

[0077] FIG. 1K shows at least one electrode 190 configured
to electrically couple to a skin of the patient through a breath-
able tape 192. In many embodiments, at least one electrode
190 and breathable tape 192 comprise electrodes and mate-
rials similar to those described above. Electrode 190 and
breathable tape 192 can be incorporated into adherent devices
as described above, so as to provide electrical coupling
between the skin an electrode through the breathable tape, for
example with the gel.

[0078] FIG. 2A shows a simplified schematic illustration of
circuitry 200 for measuring patient signals, such as imped-
ance signals to measure hydration, ECG signals. Circuitry
200 comprises drive circuitry 210 to drive a current through
the patient tissue, and measurement circuitry 250 to measure
an impedance signal from the patient tissue. Circuitry 200
may comprise at least four electrodes 240 to couple drive
circuitry 210 and measurement circuitry 250 to the patient
tissue. Circuitry 200 comprises calibration circuitry 220 to
calibrate the drive circuitry and measurement circuitry. Cit-
cuitry 200 may comprise a processor system 260 that com-
prises at least one processor, for example a processor 262 on
the adherent device as described above. Circuitry 200 may
comprise at least one switch 230 that can be used to select for
measurement either on board calibration circuitry 220 or
electrodes 240 that are coupled to the skin of the patient.
Circuitry 200 may comprise ECG circuitry 270 to measure
electrocardiogram signals from the patient, accelerometer
280 to measure patient position and/or activity, and wireless
circuitry 290 to transmit the data.

[0079] Drive circuitry 210 may comprise a drive module
212. Drive module 212 can be used to generate a drive current
at a selected frequency. For example, drive module 212 may
comprise direct digital synthesis (DDS) and digital to analog
conversion (DAC) and amplifiers to generate the drive current
at the selected frequency. The amplifiers to generate the drive
current may comprise a gain, and in some embodiments the
gain of the drive current amplifiers increases with increasing
frequency. In some embodiments, drive module 212 may
comprise analog electronics, for example a frequency gen-
erator to generate the drive current at the selected frequency.
The drive current may comprise an AC component at the
selected frequency and a DC component. Drive circuitry 210
comprises circuitry to adjust the current delivered to the
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patient in response to the selected frequency. In many
embodiments, drive circuitry 210 can increase the current
delivered to the patient as the drive frequency increases, such
that the amount of current complies with safe current require-
ments, for example known AAMI ESI1 requirements. The
drive current is generally below a safety threshold that corre-
sponds to 10 pA for frequencies below 1 kHz, increases by 10
UA per decade kHz from 1 kHz to 100 kHz, and remains at 1
mA for frequencies above 100 kHz, for example from 100
kHz to 1 MHz. In many embodiments, drive circuitry 210
comprises an attenuation network that decreases current from
the drive module to the tissue. In many embodiments, the
attenuation of drive current from the drive module decreases
with increasing frequency, such that the amount of current
delivered to the patient increases with increasing frequency.
In specific embodiments, attenuation circuitry 212 may com-
prise a high pass RC circuit network such that the current
delivered to tissue increases from about 200 Hz to about 1
kHz, for example with a corner frequency, f_, within a range
from about 200 Hz to about 1 kHz. Alternatively or in com-
bination, drive circuitry 210 may comprise a high pass ampli-
fier that increases the gain of current delivered to the patient as
the selected frequency increases.

[0080] Calibration circuitry 220 can comprise components
of known impedance to calibrate circuitry 200. Calibration
circuitry 220 can be connected to drive circuitry 210 and
measurement circuitry 250 to calibrate the electronics of cir-
cuitry 200, for example drive circuitry 210 and measurement
circuitry 250. In specific embodiments, calibration circuitry
220 comprises a resistor of known resistance that can be used
to calibrate drive circuitry 210 and measurement circuitry
250. Calibration circuitry 220 may comprise a substantial
resistance with very little reactance, for example resistance
may comprise at least 90% of the magnitude of the impedance
of calibration circuitry 220. The use of calibration circuitry
that comprises substantial resistance can facilitate calibra-
tion, as phase delay and amplitude changes in the measured
calibration signal may be attributed to changes in drive cir-
cuitry 210 and measurement circuitry 250. In many embodi-
ments, the resistor of calibration circuitry 220 comprises a
known resistance that is close to the impedance of tissue
measured such that the calibration circuitry comprises an
impedance with a magnitude within the range of physiologic
tissue impedances likely to be measured with the electrodes,
for example from about 10 Ohms to about 200 Ohms. In some
embodiments, calibration circuitry 220 may comprises a plu-
rality of selectable resistors to select a resistance that is close
to the measured tissue impedance.

[0081] At least one electrode 240 comprises at least two
drive electrodes, for example V+ electrode 244 and V- elec-
trode 248. The at least two drive electrodes can be coupled to
drive circuitry 210 to pass a current through the tissue of the
patient. At least one electrode 240 comprises at least two
measurement electrodes, for example I+ electrode 244 and I-
electrode 246. The at least two measurement electrodes can
be coupled to measurement circuitry 250 to measure an
impedance signal from the tissue, for example a voltage drop
across the tissue from the current passed through the tissue.

[0082] Circuitry 200 may comprise at least one switch 230.
At least one switch 230 may comprise a first package of high
performance switches SW1, a second package of high per-
formance switches SW2 and a third package of high perfor-
mance switches SW3. Atleast one switch 230 can be config-
ured in many ways. In specific embodiments, a first
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configuration of at least one switch 230 couples drive cir-
cuitry 210 and measurement circuitry 250 to calibration cit-
cuitry 230 to measure an impedance signal from calibration
circuitry 230 to calibrate the circuitry. A second configuration
of at least one switch 230 couples drive circuitry 210 to the at
least two drive electrodes and measurement circuitry 250 to
the at least two measurement electrodes to measure the
impedance of the tissue of the patient.

[0083] Although at least one switch 230 is shown, in some
embodiments calibration can be performed without switches,
for example with substantially parallel drive and measure-
ment circuits. In specific embodiments, drive circuitry 210
may comprise substantially similar parallel drive circuits with
one of the parallel drive circuits coupled to the resistance
circuitry and the other of the parallel drive circuits coupled to
the tissue with the drive electrodes. Measurement circuitry
250 may comprise substantially similar measurement circuits
with one of the substantially similar measurement circuits
coupled to the resistance circuitry and the other of the sub-
stantially similar measurement circuits coupled to the tissue
with the measurement electrodes. Thus, in at least some
embodiments, calibration based on the resistance circuitry
can be performed without the at least one switch.

[0084] Measurement circuitry 250 may comprise a differ-
ential amplifier, for example an instrumentation amplifier 252
with high input impedance. Instrumentation amplifier 252
may comprise known instrumentation amplifier circuits.
Measurement circuitry can be configured with a variable gain
that decreases as the current to the tissue increases. Measure-
ment circuitry 250 may comprise a pre-emphasis before ana-
log to digital converter 256, for example de-emphasis net-
work that decreases the gain of the measurement circuitry as
the frequency increases. In specific embodiments, an RC
network can be used to provide a decrease in gain of the
measurement circuitry with an increase in drive frequency
and drive current. Measurement circuitry 250 may comprise
an analog to digital converter 256 (A/D) to convert the analog
measurement signal to a digital measurement signal the ana-
log to digital converter communicates the digitized measure-
ment signal to the processor system.

[0085] Circuitry 200 may comprise ECG circuitry 270.
BCG circuitry 270 can be connected to the drive electrodes of
at least one electrode 240 and may be connected to the mea-
surement electrodes of at least one electrode 240 to measure
the ECG signal from the patient. ECG circuitry may comprise
known ECG circuitry with variable gain, for example known
instrumentation amplifiers and known bandpass filters to
select the frequencies of the ECG signal with variable gain.
ECG circuitry 270 can be connected to processor 262 to
process the ECG signals.

[0086] Circuitry 200 may comprise an accelerometer 280
to measure patient orientation, acceleration and/or activity of
the patient. Accelerometer 280 may comprise many known
accelerometers. Accelerometer 280 may be connected to pro-
cessor 262 to process signals from accelerometer 280.
[0087] Circuitry 200 may comprise wireless circuitry 290.
Wireless circuitry 290 may comprise known wireless cir-
cuitry for wireless communication from the device. Wireless
communications circuitry 290 can communicate with remote
center as described above. The wireless communication cir-
cuitry can be coupled to the impedance circuitry, the electro-
cardiogram circuitry and the accelerometer to transmit to a
remote center with a communication protocol at least one of
the hydration signal, the electrocardiogram signal or the incli-
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nation signal from the accelerometer. In specific embodi-
ments, wireless communication circuitry is configured to
transmit the hydration signal, the electrocardiogram signal
and the inclination signal to the remote center with a single
wireless hop, for example from wireless communication cir-
cuitry 290 to the intermediate device as described above. The
communication protocol may comprise at least one of Blue-
tooth, Zigbee, WiFi, WiMax, IR, amplitude modulation or
frequency modulation. In many embodiments, the communi-
cations protocol comprises a two way protocol such that the
remote center is capable of issuing commands to control data
collection.

[0088] Processor system 260 may comprise processors in
addition to processor 262, for example a remote processor as
described above. Processor 262 comprises a tangible medium
that can be configured with instructions, for example known
processor memory. Processor 262 may comprise a known
single chip processor with random access memory (RAM),
read only memory (ROM), erasable read only memory
(EPROM) and a central processing unit. Processor system
260 may also comprise an onboard impedance converter 264,
for example AD5934 commercially available from Analog
Devices of Norwood, Mass., USA. Impedance converter 264
and/or processor 262 can be configured to synthesize a drive
signal with drive circuitry 212 comprising direct digital syn-
thesis (DDS) and digital to analog conversion (DAC). Imped-
ance converter 262 and/or processor 262 can also be config-
ured to measure the impedance signal with analog to digital
conversion (ADC) and a digital Fourier transform (DFT). In
many embodiments, processor 262 is connected to a precision
oscillator, forexample a know quartz 16 MHz oscillator, so as
to provide an accurate and synchronous time base. The syn-
chronous time base is provided for the drive signal and analog
to digital conversion, such that time and/or phase delay of the
circuitry and tissue impedance measurement can be accu-
rately determined. Thus, the measured phase angle of a signal
may correspond to the time delay from digitization of the
drive signal at the DAC to measurement of the signal at the
ADC. Work in relation to embodiments of the present inven-
tion suggests that time delays of the drive circuitry and time
delays of the measurement circuitry can correspond to a
phase angle of 270 degrees at some measurement frequen-
cies, such that calibration that includes delays of the drive
circuitry and measurement circuitry can provide improved
accuracy of the determined complex tissue impedance.
[0089] The four wire, for four electrode, impedance deter-
mination uses that property that current through a series cir-
cuit will create a voltage drop across each component that is
proportional to their respective impedances. The general
form of this, realizing that each variable is a complex number,
is:

Zyiond Rear= Vil Vs

[0090] which becomes
Zpeov= Vi VI Reay
[0091] where Z,.,...,, comprises the unkown impedance,

or tissue impedance, R_,, comprises the resistance of the
calibration circuitry, V,, comprises the voltage signal across
the unknown impedance, and V,, comprises the voltage
across the calibration resistor.

[0092] Processor system 260 can be configured to make
complex calibration and tissue impedance measurements at
many frequencies as described above. In specific embodi-
ments, processor system 262 can store a known value of the
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resistance of calibration circuitry in memory ofthe processor.
For example, the calibration circuitry may comprise a known
resistance, R_,, that can be measured with an ohm meter and
stored in processor memory as a real number. The processor
system can select calibration circuitry 220 in a first configu-
ration of at least one switch 230, as described above. A drive
current is passed through calibration circuitry 220 and an
impedance signal measured with measurement circuitry 250.
The impedance signal is digitized with the analog to digital
converter 256, for example with quadrature sampling for
about 256 cycles corresponding to 1024 samples of the mea-
surement calibration signal. Processor system 260, for
example processor 262 and/or impedance converter 262, cal-
culates a digital transform of the signal, for example at least
one of a discrete Fourier transform (DFT), a cosine transform
or a sine transform of the measurement signal. In a specific
embodiment, processor 262 calculates a cosine transform of
the measurement signal and a sine transform of the measure-
ment signal at the tissue excitation frequency with the current.
The cosine transform comprises a known transform and cal-
culating the cosine transform of the measurement signal may
comprise multiplying the measurement signal by the cosine
of the phase of the drive signal at each sampled data point and
summing the values. The sine transform comprises a known
transform and calculating the sine transform of the measure-
ment signal may comprise multiplying the measurement sig-
nal by the sine of the phase of the drive signal at each sampled
data point and summing the values. The cosine transform of
the measured impedance calibration signal, C_, corresponds
to the real component, or resistance, of the measured imped-
ance calibration signal, and the sine transform of the mea-
sured impedance calibration signal, C,, corresponds to the
imaginary component, or reactance, of the measured imped-
ance calibration signal.

[0093] The measured complex impedance calibration sig-
nal can be expressed as

Zea(CA/C)

[0094] The complex calibration coefficient, 7,5 can be
expressed as

Zooog RoatZoar Roat (CHIC)

cal

[0095] As noted above, although the calibration circuit
comprises a substantial resistance, often without a substantial
reactance component, the complex calibration coefficient
may include a substantial reactance component due to the
phase and/or time delay of the drive circuitry, time delay of
the measurement circuitry, and/or additional parasitic imped-
ances such as the electrode to tissue coupling. The complex
calibration coefficient can be used to calculate the tissue
impedance, such that the phase and/or time delays can be
calibrated out of the tissue impedance measurement along
with the parasitic impedances such as the electrode to tissue
coupling. Work in relation to embodiments of the present
invention suggests that the phase delay due to the drive cir-
cuitry and/or measurement circuitry can be 90 degrees or
more, for example 270 degrees, such that a much more accu-
rate determination impedance can be made using the calibra-
tion circuitry and complex calibration coefficient.

[0096] Thetissue can be selected for measurement with the
at least one switch in the second configuration, as described
above. A drive current can be passed through measurement
electrodes with measurement circuitry 210 and a tissue
impedance signal measured from the measurement electrodes
with measurement circuitry 250. The tissue impedance signal
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is digitized and the cosine and sine transforms of the mea-
sured tissue impedance signal calculated. The cosine trans-
form of the tissue measured tissue impedance signal, T,
corresponds to the real component, or resistance, of the mea-
sured tissue impedance signal and the sine transform of the
measured tissue impedance signal, T, corresponds to the
imaginary component, or reactance, of the measured tissue
impedance signal. The complex tissue impedance signal, Z,,
can be expressed as

Z=T AT,

[0097] Thecomplex impedance of thetissue, 7, ., can be
determined and/or calculated in response to the complex
impedance calibration signal and the complex tissue imped-
ance signal. In specific embodiments, the complex imped-
ance of the tissue can be calculated in response to the mea-
sured complex calibration coefficient and the measured
complex tissue impedance signal by multiplying the mea-
sured complex calibration coefficient and the measured com-
plex tissue impedance signal, expressed as

Zissue~Zear" Zes™Zear D U TV (CtyC)]
*Rcal
[0098] Therefore, the complex impedance of the tissue can

be calculated in response to the measured calibration imped-
ance signal and the measured tissue impedance signal, such
that phase and/or time delays of the drive circuitry, measure-
ment circuitry and/or parasitic impedance of tissue are cor-
rected. In some embodiments, the complex impedance of the
tissue can be determined from the complex ratio of the com-
plex tissue impedance signal over the complex calibration
impedance signal times the resistance of the calibration resis-
tor. The changes in the current applied to the tissue with the
drive circuitry and changes in the gain of the measurement
circuitry can be corrected by repeating the above measure-
ments and calculations at additional frequencies. As the
impedance of the calibration circuitry, for example the cali-
bration resistor, remains substantially constant at different
measurement frequencies these additional measurements can
provide very accurate measurements of tissue impedance at
many frequencies.

[0099] Although the complex calibration impedance mea-
surements and complex tissue impedance measurements are
explained with reference to digital transforms, similar results
can be obtained with known methods using lock-in detection
and/or synchronous demodulation. In some embodiments,
lock-in detection with first and second lock-in amplifiers can
be driven at the measurement frequency, in which the first and
second lock-in amplifiers are phase shifted by ninety degrees
to obtain the real and imaginary components, respectively, of
the measured impedance signal. A switch, as described
above, can select the calibration circuitry or the tissue elec-
trodes for measurement with the phase shifted lock-in ampli-
fiers.

[0100] FIG. 2B shows an inverse frequency response of the
drive circuitry 210 and measurement circuitry 250. Drive
circuitry 210 generates a drive current 211. Measurement
circuitry 250 comprises a gain 251. A safety threshold 213 is
shown that corresponds to known safe current requirements,
for example AAMI ES1 requirements. Drive current 211 is
below a safety threshold 213. Drive current 211, safety
threshold 213 and gain 211 change with frequency. At a first
frequency 215, for example about 1 kHz, safety threshold 213
corresponds to about 10 pA. Safety threshold 213 corre-
sponds to about 10 pA for frequencies below 1 kHz. From
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about 1 kHz to about 100 kHz, threshold 213 increases by
about 10 pA per decade from about 1 kHz to about 100 kHz.
At frequencies above about 100 kHz, for example from 100
kHz to 1 MHz, safety threshold 213 comprises a safe cur-
rently limit of about 1000 pA or 1 mA. As drive current 211
increase from first frequency 211 to a second frequency 217,
for example 10kHz, drive current 213 increases substantially,
for example about an order of magnitude, such that the drive
current at the second frequency is above the safety threshold
at the first frequency. As drive frequency 211 increases above
1 kHz, gain 251 of the measurement circuitry decreases. In
specific embodiments, gain 251 is about 100 at first frequency
215 of about 1 kHz and gain 251 is about 10 at second
frequency 217 of about 10 kHz. The total system gain of the
impedance circuitry can be defined as the product of the drive
current times the measurement circuitry. The inverse fre-
quency response of the drive circuitry and measurement cit-
cuitry is such that the total system gain is substantially uni-
form, for example to within 25%, over from the first
frequency to the second frequency, even though the drive
current increase by at least a factor of two, for example by a
factor of 10. Therefore, the impedance circuitry provides a
substantially uniform total system gain when the drive current
at higher frequency exceeds a safety threshold at the lower
frequency.

[0101] FIG. 3A shows circuitry 300 for measuring patient
impedance with an impedance converter, according to
embodiments of the present invention. The impedance con-
verter circuitry can be configured to determine tissue imped-
ance with a four point measurement technique comprising a
grounded unknown impedance and distributed parasitic
impedance. In many embodiments, circuitry 300 comprises
an impedance converter 302. Impedance converter 302 may
comprise a known impedance converter, for example an Ana-
log Devices AD5934 and/or AD5933. Circuitry 300 com-
prises drive circuitry 310, calibration circuitry 304, measure-
ment circuitry 320 and processor circuitry 350. In many
embodiments, measurement circuitry 300 can be used to
separate the excitation signal from the measurement signal in
the AD5934. In many embodiments, measurement of the
impedance is grounded, such that any distributed parasitic
impedance can be factored out.

[0102] Drive circuitry 310 may comprise a master clock
signal 312, for example from aknown 16 MHz oscillator. The
oscillator and/or master clock are coupled to a digital data
synthesis core, for example DDS core 314. DDS core 314 can
generate a digital representation of a waveform. DDS core
314 is coupled to a digital to analog converter, for example
DAC 316. An amplifier 318 is coupled to the output of DAC
316 to provide an excitation voltage at an output 319 of
impedance converter 302. Output 317 can be connected to
patient protection circuitry, for example network 317 that
limits current to the patient in response to frequency, as
described above. A parasitic impedance 308 can be distrib-
uted among components of circuitry 300 and may comprise
capacitance from electrodes coupled to the patient, among
other sources.

[0103] Calibration circuitry 304 may comprise a resistor
305. Current from the drive circuitry can pass a current
through resistor 305 that can be measured to calibrate the
system. Current through calibration circuitry 304 that com-
prises resistor 305 generates a calibration signal 326.

[0104] Measurement circuitry 320 comprises an amplifier
322, for example instrumentation amplifier, to measure volt-
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age across resistor 305, such that the current through the
resistor can be measured. Measurement circuitry 320 com-
prises an amplifier 324, for example an instrumentation
amplifier, to measure a tissue impedance signal 328. Ampli-
fier 322 and amplifier 324 are coupled to a switch 330. Switch
330can select amplifier 322 or amplifier 324. A control signal
331 to switch 330 can select output of amplifier 322 or output
of amplifier 324 for further processing with the impedance
converter. In some embodiments, the output of amplifier 322
and the output of amplifier 324 can be measured in parallel,
for example with two digital to analog converters on a pro-
cessor. The output of switch 330 is coupled to aresistor 332 to
convert the output voltage from the selected amplifier, either
amplifier 322 or amplifier 324, to current that is measured
with components of impedance converter 302. Impedance
converter 302 may comprise components of measurement
circuitry 320 such as an amplifier 334, a selectable gain 336,
a low pass filter 338 and an analog to digital converter, for
example ADC 340. Amplifier 334 comprises a current fol-
lower that converts an input current to a voltage. Selectable
gain 336 may comprise switches to selecta 1x or 5x gain from
amplifier 334. Low pass filter 338 may comprise a known low
pass filter to pass low frequencies and inhibit high frequen-
cies. ADC 340 may comprise a known ADC with 12 bit
resolution.

[0105] Circuitry 300 comprises processor circuitry 350, for
example circuitry on an AD 5934 that processes signals from
ADC 340. Processor circuitry 350 may comprise 1024-point
DFT circuitry 356 to compute the discrete Fourier transform
of the signal. In some embodiments, circuitry 300 can be
configured to provide 1024 samples for 256 cycles at the
selected excitation frequency, such that the data are sampled
four times, or quadrature sampled, for each cycle at the mea-
surement frequency. A real register 352 comprises memory
that stores the real component of the 1024 point DFT from
circuitry 356. An imaginary register 354 comprises memory
that stores the imaginary component of the 1024 point DFT
from circuitry 356. An interface 358 allows another device,
such as microcontroller, to access the real and imaginary
components written in memory. The real and imaginary com-
ponents of the DFT can be processed to determine the tissue
impedance in response to the DFT of calibration signal 326
and the DFT of the tissue impedance signal 328. The real and
imaginary components of the DFT of calibration signal 326
may comprise a complex calibration signal, and the real and
imaginary components of the DFT of the tissue impedance
signal 328 may comprise a complex tissue signal. The imped-
ance of the tissue can be determined by computing the com-
plex ratio of the complex tissue signal over the complex
calibration signal time and multiplying the complex ratio by
the resistance of calibration resistor 305.

[0106] Impedance converter 302 may comprise as an syn-
chronous exciter/voltmeter that drives a series connected
combination of calibration resistor 305 and tissue impedance
306 and one or more parasitic impedances 308 with a sub-
stantially fixed voltage. To determine the tissue impedance,
impedance converter 302 can be commanded to make two
measurements, one across the calibration resistor 305, and
one across the tissue impedance 306. [nstrumentation ampli-
fier inputs and/or outputs can be switched accordingly for
each measurement with switch 330. Since substantially the
same current flows through both components, the relative
phasor voltage across each is proportional to the impedance.
A current sensing component may comprise calibration resis-
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tor 305 so as to give a reference phase angle of zero degrees.
By simply computing the complex ratio of the real and imagi-
nary components of complex tissue signal over the real and
imaginary components of the complex calibration signal, and
multiplying by the resistance value of resistor 305, the com-
plex tissue impedance can be determined. In some embodi-
ments, the excitation voltage may be replaced with a con-
trolled excitation current such that measurement of voltage
across the calibration resistor can be replaced with the con-
stant current. This constant current method may use a com-
plex energy efficient bipolar voltage to current converter. The
constant voltage method and constant drive current can factor
out distributed parasitic impedances, since the impedances
are in series and current is consistent through all the imped-
ances. In addition to the benefits described above, these meth-
ods easily allow one side of the load to be at either DC or AC
ground and do not require a finite DC resistance return path.

[0107] FIG. 3B shows an equivalent circuit 390 that may
comprise a model for measuring tissue impedance with cir-
cuitry 300 that shows components that contribute to the
impedance measurements. Drive circuitry 310 and network
317 pass the drive current through the calibration circuitry
comprising calibration resistor 305. Calibration impedance
signal 326 corresponds to a voltage across the resistor. At least
four electrodes that can couple the patient tissue to the circuit
include electrode 362, electrode 364, electrode 366 and elec-
trode 368. Electrode 362 and electrode 368 may comprise at
least two drive electrodes to pass current through the tissue.
Electrode 364 and electrode 366 may comprise at least two
measurement electrodes. Tissue impedance signal 328 may
correspond to a voltage measured between the at least two
measurement electrodes comprising electrode 364 and elec-
trode 366. At least four parasitic tissue impedances comprise
parasitic impedance 372, parasitic impedance 374, parasitic
impedance 376, and parasitic impedance 378. A tissue of
interest 380 may comprise a tissue below the skin of the
patient, for which tissue hydration can be determined based
on the impedance. The drive current passed through electrode
632 and electrode 368 generates a voltage signal 382 across
tissue of interest 380.

[0108] Measurement of the impedance of tissue of interest
380 can be affected by a significant number of uncontrolled
series impedances, such as the at least four parasitic imped-
ances. In addition, patient protection circuit comprising net-
work 317 that limits maximum applied current as a function
of frequency introduces a frequency dependent excitation
voltage and may also introduce a non-zero equivalent series
impedance. In many embodiments, an assumption about cir-
cuit 390 may comprise that V,, is measured by a very high
input impedance amplifier, for example an instrumentation
amplifier, so that any sensing channel parasitic series imped-
ance is negligible in comparison.

[0109] FIG. 3C shows an equivalent circuit 395 of a model
that is similar to the model of FIG. 3B and allows for correc-
tion of parasitic impedance. For analysis simplification, many
of the parasitic impedances of FIG. 3B can be lumped into a
single value of lumped parasitic impedance 396. With this
method, the tissue impedance signal 328 may more closely
correspond to the voltage signal 382 across tissue of interest
380. Equivalent circuit 395 shows lumped parasitic imped-
ance 396 connected to ground, although the lumped parasitic
impedance can be disposed anywhere in the series circuit as
needed during analysis, for example to determine worst case
operating conditions. In many embodiments, one can assume
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that the excitation voltage corresponding to the drive current
is whatever voltage is available between ground and the high-
side of the calibration resistor.

[0110] When making V, and V,, differential voltage mea-
surements with the instrumentation amplifiers, a significant
common mode component of the excitation signal may be
present at the instrumentation amplifier input. Known instru-
mentation amplifiers with high common mode rejection
ratios, and appropriate known models can be used to select the
instrumentation amplifiers in the measurement circuitry.
[0111] The four point, or four electrode, method of mea-
suring voltage across the series connected calibration resistor
and series connected tissue impedance produces a maximum
analog to digital conversion signal when the unknown imped-
ance is large. The largest calibration resistor voltage, V,, may
occur when the unknown tissue impedance is zero ohms. The
value of calibration resistor can be chosen during design, so
that saturation of the calibration signal and tissue measure-
ment signal does not occur. The tissue impedance can be from
about 50 to 100 ohms. The calibration resistance may be
about twice the maximum tissue impedance, for example
about 200 ohms. The measurable limits of impedance, the
impedance resolution limits, the gains of each of the imped-
ance converter and instrumentation amplifier stages and the
effects of parasitic impedance on measurement limits can be
calculated using known engineering analysis techniques to
determine an optimal configuration of the circuitry compo-
nents for resolution and dynamic range.

[0112] FIG. 4 shows a method 400 of measuring patient
impedance. Method 400 can be implemented with the imped-
ance converter, processor and/or circuits shown above. In
specific embodiments, the processor comprises a tangible
medium configured to perform method 400. A step 405
selects a frequency. The selected frequency is within a range
from about DC to about 1 Mhz, and can be from about 100 Hz
to about 100 kHz.

[0113] A step 410 selects calibration, for example by con-
figuring switches coupled to the drive circuitry and measure-
ment circuitry, such that the calibration circuitry is measure-
ment with the drive circuitry and measurement circuitry. The
calibration circuitry can be selected with switches such that
on board calibration circuitry located on the measurement
device is selected. The calibration circuitry may comprise a
resistor, such that the selected calibration circuitry substan-
tially comprises a resistance with very little reactance. The
resistance of the calibration circuitry may comprises a known
resistance, for example a DC resistance from a resistor, that is
used as a calibration value stored on the processor and/or
impedance converter. A step 415 generates a source signal.
The source signal is generated at the selected frequency. The
source signal generally comprises a time base that is synchro-
nous with the digitization/detection circuitry to determine
both amplitude and phase of the measurement signal. A step
420 samples the impedance signal such that the calibration
circuitry is measured at the selected frequency. The drive
electronics, measurement electronics and time delay, for
example phase lag, of the system electronics are calibrated
with the selected frequency. As the calibration circuitry sub-
stantially comprises a resistance, most of the phase of the
measured calibration signal can be attributed to delays in the
drive circuitry and the measurement circuitry. The impedance
signal sampled from the resistance circuitry can be digitized
with an A/D converter and may comprise quadrature sam-
pling of about 1024 data points at the selected frequency for
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about 256 full cycles. The cosine and sine transforms of the
impedance signal can be calculated to determine the complex
impedance of the calibration signal. The complex impedance
of the calibration signal can then be multiplied and/or divided
by the known calibration value, for example known imped-
ance of the calibration resistor, to determine the real and
imaginary components ofthe complex calibration coefficient.
A step 425 determines the complex calibration coefficients.
The complex calibration coefficients generally comprise a
magnitude that corresponds to the resistance of the calibra-
tion circuitry and a phase that corresponds to delays in the
drive circuitry and measurement circuitry.

[0114] A step 430 selects tissue, for example by configur-
ing the switches coupled to the drive circuitry and measure-
ment circuitry, such that an outer two of the at least four
electrodes are coupled to the drive circuitry to pass current
through the tissue and an inner two, or remaining two, of the
at least four electrodes are coupled to the measurement citr-
cuitry to measure an impedance signal from the tissue. A step
440 samples the impedance of the tissue. The impedance
signal from the sampled tissue can be digitized with an A/D
converter and may comprise quadrature sampling of about
1024 data points at the selected frequency for about 256 full
cycles. The cosine and sine transforms of the impedance
signal can be calculated to determine the complex impedance
of the tissue signal. The complex impedance of the tissue
signal can then be multiplied and/or divided by the complex
calibration coefficients to determine the impedance of the
tissue. This use of complex impedance calibration coeffi-
cients, based on a known resistance in the calibration cir-
cuitry, can cause inaccuracies of the gain and phase of the
drive and measurement circuitry to drop out of the calculated
tissue impedance, such that the determined tissue impedance
corresponds to the actual impedance of the tissue. A step 445
determines the tissue impedance in response to the complex
impedance calibration coefficients and the complex imped-
ance of the tissue signal, for example with complex multipli-
cation.

[0115] A step 450 determines whether the tissue impedance
is within a calibration tolerance. For example, the processor
may check to determine whether the tissue impedance is
within 20% of the calibration circuitry and/or within 20% of
a previous tissue measurement. A step 455 repeats calibra-
tion. Calibration can be repeated with the calibration cir-
cuitry, as described above, for example in response to the
tissue measurement outside the tolerance range. A step 460
repeats the tissue measurement. The tissue measurement may
be repeated when the calibration step is repeated.

[0116] A step 465 selects a new frequency, for example a
second frequency greater than the first frequency. In many
embodiments, the amount of injected current will increase
above a safety threshold of the current injected at the first
frequency, and the gain will decrease, for example with an
inverse frequency response, such that the signal remains
within the range of the A/D converter. New calibration and
tissue measurements are taken at the new frequency. The
impedance signal of the calibration circuitry can be measured
at the new frequency to determine the complex calibration
coefficients, as described above, at the second frequency. One
will appreciate that a resistor will have a substantially fixed
resistance at the new frequencies, such that the resistance, for
example the real calibration value, of the calibration circuitry
may be the same at the second frequency as the first fre-
quency. Therefore, changes in the measured calibration signal
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can be substantially attributed to changes in the drive current
of the drive circuitry and/or gain and time delay measurement
circuitry. The tissue impedance signal at the new frequency
can be determined with the complex calibration coefficient
and complex tissue signal. Steps 465 and 470 can be repeated
to measure impedance and hydration at many frequencies.
[0117] Ttshould be appreciated that the specific steps illus-
trated in FIG. 4 provide a particular method of measuring
impedance of a patient, according to an embodiment of the
present invention. Other sequences of steps may also be per-
formed according to alternative embodiments. For example,
alternative embodiments of the present invention may pet-
form the steps outlined above in a different order. Moreover,
the individual steps illustrated in FIG. 4 may include multiple
sub-steps that may be performed in various sequences as
appropriate to the individual step. Furthermore, additional
steps may be added or removed depending on the particular
applications. One of ordinary skill in the art would recognize
many variations, modifications, and alternatives. For
example, although the processor system and circuitry, as
described above, can perform the method 400, additional
analog circuits may be used, for example lock-in detection
and synchronous demodulation circuits.

[0118] While the exemplary embodiments have been
described in some detail, by way of example and for clarity of
understanding, those of skill in the art will recognize that a
variety of modifications, adaptations, and changes may be
employed. Hence, the scope of the present invention should
be limited solely by the appended claims.

1. A device for measuring an electrocardiogram signal ofa
patient, the device comprising;

an adhesive patch that includes at least two electrodes

configured to couple to the tissue of the patient; and

an electronics module comprising electrocardiogram cit-

cuitry coupled to two or more of the at least two elec-
trodes, and a processor programmed to receive and pro-
cess the electrocardiogram signal measured from the
patient;

wherein the adhesive patch and the electronics module are

separable.

2. The device of claim 1, wherein the adhesive patch can be
replaced and the electronics module reused with multiple
adhesive patches.

3. The device of claim 1, further comprising wireless com-
munications circuitry that transmits data to a remote server.

4. The device of claim 1, wherein the electronics module
further comprises a printed circuit board on which at least
some of the electronics are mounted.

5. The device of claim 4, wherein the printed circuit board
is a flex printed circuit board.

6. The device of claim 5, wherein the electronics module
further comprises:

an electronics housing;

a battery; and
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a cover over the electronics housing, battery, and flex

printed circuit board.
7. The device of claim 1, further comprising a flexible,
breathable cover over the electronics module.
8. The device of claim 1, further comprising wireless com-
munications circuitry that transmits data to a remote server.
9. The device of claim 1, wherein the at least two electrodes
comprise at least four electrodes, wherein at least two of the
electrodes are measurement electrodes and at least two of the
electrodes are drive electrodes.
10. The device of claim 9, further including:
calibration circuitry;
drive circuitry coupled to the at least two drive electrodes
and the calibration circuitry to pass a current through the
tissue and the calibration circuitry simultaneously; and

measurement circuitry configured to couple to the at least
two measurement electrodes and the calibration cir-
cuitry, the measurement circuitry configured to measure
a calibration signal from the calibration circuitry and a
tissue impedance signal from the at least two measure-
ment electrodes, wherein the processor is programmed
to receive and process the signal measured from the two
measurement electrodes to determine a tissue imped-
ance of the patient.
11. A method of monitoring a patient, the method compris-
ing:
adhering an adherent device to a skin of the patient, the
adherent device comprising 1) an adhesive patch that
includes at least two electrodes configured to couple to
the tissue of the patient; and 2) an electronics module
comprising circuitry coupled to the at least two elec-
trodes, the circuitry including electrocardiogram cir-
cuitry coupled the at least two electrodes, and a proces-
sor programmed to receive and process the
electrocardiogram signal measured from the patient;

monitoring the patient for a period of time using the adher-
ent device; and

separating the electronics module from the adhesive patch.

12. The method of claim 11, wherein the electronics mod-
ule is a first electronics module, the method further compris-
ing:

replacing the electronics module with a second electronics

module; and

resuming monitoring of the patient.

13. The method of claim 12, wherein the first electronics
module further comprises a rechargeable battery, the method
further comprising charging the rechargeable battery.

14. The method of claim 11, wherein the adhesive patch is
a first adhesive patch, the method further comprising:

removing the adhesive patch from the skin of the patient;

replacing the adhesive patch with a second adhesive patch;
coupling the electronics module to the second adhesive
patch; and

resuming monitoring of the patient.

# 0k % k&



patsnap

TRAFROE) MEBHHALWEY BB T EMER
NIF(2E)E US20150073252A1 K (2E)R 2015-03-12
HiES US14/542097 HiEA 2014-11-14

HRIFRE (TR AGE) BCEHERA S
B (T M) A(F) CORVENTIS INC.

HARBEEANR)AGE) ZRDLREN , INC.

HRIZBA MAZAR SCOTT T

EHA MAZAR, SCOTT T.

IPCH%S A61B5/0408 A61B5/0428 A61B5/0205 A61B5/00

CPCH#%E A61B5/04087 A61B5/04085 A61B5/0531 A61B5/0428 A61B5/0205 A61B5/0006 A61B5/0002 A61B5

/0402 A61B5/0809 A61B5/7257 A61B7/00 A61B2560/0223

R 61/046221 2008-04-18 US
Hfth 23 FF 32k US9668667

SNEBEEHE Espacenet  USPTO
BEOF)

RATHNEALMRNEESERS IR LR B , FERER
HEBRNRAEESNETEIALEENER. NERKTUBEEN
BRRMBUREE | (157 MmN TRBRABRENNENREESH
kENEBRONENALBRESRKBEAREH. SFAXTRN
RIEFREBE A UMK ERN W TRECFSHNALBRESHESRNA
LMEH. KCIRER T ARE B NGRS BRAAE | 3 B8 RRA TR
FEREAUBLIREME TH RS ERNLEHE,



https://share-analytics.zhihuiya.com/view/f04bf6a5-d9a8-48d3-a1c3-19946597da62
https://worldwide.espacenet.com/patent/search/family/041201715/publication/US2015073252A1?q=US2015073252A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220150073252%22.PGNR.&OS=DN/20150073252&RS=DN/20150073252

