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(57) ABSTRACT

Methods and apparatus combine patient measurement data
with demographic or physiological data of the patient to
determine an output that can be used to diagnose and treat the
patient. A customized output can be determined based the
demographics of the patient, physiological data ofthe patient,
and data of a population of patients. In another aspect, patient
measurement data is used to predict an impending cardiac
event, such as acute decompensated heart failure. At least one
personalized value is determined for the patient, and a patient
event prediction output is generated based at least in part on
the personalized value and the measurement data. For
example, bioimpedance data may be used to establish a base-
line impedance specific to the patient, and the patient event
prediction output generated based in part on the relationship
of ongoing impedance measurements to the baseline imped-
ance. Multivariate prediction models may enhance prediction
accuracy.
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METHOD AND APPARATUS FOR
PERSONALIZED PHYSIOLOGIC
PARAMETERS

[0001] This application claims priority from provisional
U.S. Patent Application No. 61/321,040, titled “Method and
Apparatus for Personalized Physiologic Parameters” and
filed Apr. 5, 2010, the entire disclosure of which is hereby
incorporated by reference herein for all purposes.

BACKGROUND OF THE INVENTION

[0002] The present invention relates to monitoring and
treatment of people and animals, and more specifically to
patient monitoring and treatment of disease. Although
embodiments make specific reference to monitoring imped-
ance and electrocardiogram signals with an adherent patch,
the system methods and device described herein may be
applicable to many applications in which physiological moni-
toring is used, for example wireless physiological monitoring
with implantable devices for extended periods.

[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 such as heart
disease. In some instances a patient may have suffered a heart
attack and require care and/or monitoring after release from
the hospital. While such long term care may be at least par-
tially effective, many patients are not sufficiently monitored
and eventually succumb to cardiac decompensation, or heart
failure. One example of a device that may be used to monitor
a patient is the Holter monitor, or ambulatory electrocardio-
graphy device. Although such a device may be effective in
measuring electrocardiography, such measurements alone
may not be sufficient to reliably detect and/or avoid an
impending cardiac decompensation.

[0004] In addition to measuring heart signals with electro-
cardiograms, known physiologic measurements include
impedance measurements. For example, transthoracic
impedance measurements can be used to measure hydration
and respiration. Although transthoracic measurements can be
useful, such measurements may use electrodes that are posi-
tioned across the midline of the patient, and may be somewhat
uncomfortable and/or cumbersome for the patient to wear.
Also, known methods of using hydration as a measure of
impedance can be subject to error in at least some instances.
[0005] Work in relation to embodiments of the present
invention suggests that known methods and apparatus for
long term monitoring of patients may be less than ideal to
detect and/or avoid an impending cardiac decompensation. In
at least some instances, cardiac decompensation can be dif-
ficult to detect, for example in the early stages. Although
bioimpedance and other physiological parameters have been
used to assess HF condition and track patient improvement or
worsening, at least some of the current methods and apparatus
may not predict an impending patient event and can result in
false positives in at least some instances.

[0006] Therefore, a need exists for improved patient moni-
toring. Ideally, such improved patient monitoring would
avoid at least some of the short-comings of the present meth-
ods and devices.

BRIEF SUMMARY OF THE INVENTION

[0007] Embodiments of the present invention provide
improved methods and apparatus for patient monitoring and
treatment. In many embodiments, patient measurement data
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is combined with demographic or physiological data of the
patient to determine an output that can be used to diagnose
and treat the patient. For example a customized output can be
determined based the demographics of the patient, physi-
ological data of the patient, and data of a population of
patients. The patient population data may correspond to data
that can influence the data measured from the patient such that
the output determined with the patient data and the patient
population data is less sensitive to patient characteristics and
can be used more effectively by a treating physician. For
example, the measured patient data may correspond to hydra-
tion of the patient, such as impedance of the patient, and the
output may comprise a hydration indicator based patient the
impedance of the patient and data that can influence the
impedance measurement such as patient demographic data
and patient data corresponding to fat. The patient demo-
graphic data may comprise one or more gender, age or race,
and the patient data corresponding to fat may comprise one or
more measurements related to fat of the patient such as the
height and weight, the body mass index (BMI), or the percent
fat based on imaging. The output determined based on the
patient data and the population data may comprise one or
more of a hydration indicator, an adjusted impedance, the
hydration indicator over time, or an event prediction.

[0008] In a first aspect, embodiments of the present inven-
tion provide an apparatus to monitor a patient. The apparatus
comprises at least two electrodes coupled to circuitry to mea-
sure an impedance of the patient. At least one processor
receives the measured impedance and patient data, and the at
least one processor is configured to determine an output based
on the impedance and the patient data.

[0009] Inmany embodiments, the patient data corresponds
to a demographic of the patient. The patient demographic
may correspond to one or more of a gender of the patient, an
age of the patient, or a race of the patient.

[0010] In many embodiments, the patient data corresponds
to fat of the patient. The patient data corresponding to fat of
the patient comprising one or more of a percent body fatofthe
patient, a body mass index, a height of the patient, a weight of
the patient, a caliper measure of the fat of the patient, a tape
measure test of the patient, a near infrared interactance,
images of the patient to determine fat, dual energy x-ray
absorptiometry (DXA), expansion based on body volume,
body average density measurement, a second impedance
measurement of the patient, an anthropometeric measure-
ment of body fat, a circumference of the patient, a circumfer-
ence of a body part, a thickness of a skin fold, or an estimate
of body density.

[0011] In many embodiments, the output comprises cus-
tomized patient data based on patient data corresponding to
fat of the patient and at least one patient demographic com-
prising one or more of a sex, a race, or an age of the patient.

[0012] Inmany embodiments, the patient data corresponds
to an ejection fraction of the patient.

[0013] In many embodiments, the patient data comprises
one or more of blood pressure, creatinine, blood urea nitrogen
(BUN), troponin, ck-mb (creatinine kinase-MB), or a previ-
ous event of the patient.

[0014] In many embodiments, the output comprises one or
more of a patient hydration indicator, an adjusted impedance,
a patient population statistic adjusted based on the patent
data, the hydration indicator over time, or a patient event
prediction output.
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[0015] Inmany embodiments, the output may comprise the
patient hydration indicator. The at least one processor can be
configured to increase an hydration amount of the patient
hydration indicator based on the impedance measurement
and in response to a decrease of fat of the patient, and the at
least one processor can be configured to decrease the hydra-
tion amount of the patient hydration indicator based on the
impedance measurement and in response to an increase of the
fat of the patient.

[0016] The hydration indicator may comprise an adjusted
impedance of the patient, and the adjusted impedance may
correspond inversely to the hydration of the patient.

[0017] In many embodiments, the output comprises the
adjusted impedance. The at least one processor can be con-
figured to determine the adjusted impedance so as to corre-
spond to an increase of at least about one half ohm per unit
increase of body mass index and so as to correspond to a
decrease of at least about one half ohm per unit decrease of
body mass index. The at least one processor can be configured
to determine the adjusted impedance so as to correspond to an
increase of at least about one ohm per unit increase of body
mass index and so as to correspond to a decrease of at least
about one ohm per unit decrease of body mass index.

[0018] In many embodiments, the output comprises a spot
check output based on a spot check impedance measurement
of the patient and the patient data.

[0019] In many embodiments, the output comprises an
acute output based on an acute impedance measurement of
the patient and the patient data.

[0020] In many embodiments, the output comprises the
patient population statistic adjusted based on the patient data.
The output may comprise a first marker and a second marker,
in which the first marker is determined based on data of a
population of patients and the patient data and the second
marker is determined based on the data of the population of
patients and the patient data. The first marker may correspond
to dehydration of the patient, and the second marker corre-
sponding to excess body fluid of the patient. The first marker
may comprise an upper adjusted impedance marker corre-
sponding to dehydration of the patient based on the data of the
population of patients, and the second marker may comprise
a lower adjusted impedance marker corresponding to exces-
sive hydration of the patient based on the data of the popula-
tion of patients.

[0021] In many embodiments, the at least one processor is
configured to determine a first hydration marker based on the
patient data and a second hydration marker based on the
patient data, the first hydration marker indicating dehydration
of the patient, the second hydration marker indicating excess
hydration. The at least one processor can be coupled to a
display to show the hydration indicator in relation to the first
hydration marker and the second hydration marker. The at
least one processor can be coupled to a color display and
configured to show on the display the hydration indicator in
spatial and color relation to the first hydration marker and the
second hydration marker. The at least one processor can be
configured to show green along a first region of the display
extending between the first marker and the second marker
configured to show red along a second region of the display
disposed away from the first region.

[0022] In many embodiments, the output comprises the
hydration indicator over time and wherein the hydration indi-
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cator over time comprises a plurality of hydration indicators
based o a plurality of impedance measurements at least one
day apart.

[0023] In many embodiments, the output comprises the
patient event prediction output. The patient event prediction
output may comprise a signal corresponding to prediction of
an impending cardiac event of the patient based on the hydra-
tion indicator and the patient data. The event prediction signal
may comprise a signal to predict an impending cardiac dec-
ompensation of the patient based on the adjusted impedance
and the patient data.

[0024] Inmany embodiments, the circuitry is coupled to the
at least two electrodes to measure the impedance with at least
one frequency within a range from about 1 kHz to about 50
kHz. The at least one frequency comprises a bandwidth of no
more than about 5 kHz.

[0025] In many embodiments, the apparatus further com-
prises one or more of a cardioverter, an implantable cardio-
verter-defibrillator (ICD), cardiac a defibrillator, a resynchro-
nization therapy defibrillator (CRT-D) or a pacemaker
coupled to the at least one processor to treat the patient.
[0026] In many embodiments, the at least two electrodes
comprise implantable electrodes. One of the at least two
electrodes comprises a housing of the apparatus.

[0027] In many embodiments, the at least two electrodes
comprise gel electrodes to adhere to a skin of the patient.
[0028] In another aspect, embodiments of the present
invention provide a method of monitoring a patient. An
impedance of the patient is measured, and a patient output is
determined based on the measured impedance and a patient
data.

[0029] In another aspect, embodiments of the present
invention provide an apparatus to monitor a patient having a
body fluid. The apparatus comprises means for determining
an output based on patient data.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] FIG. 1 shows a patient and a monitoring system
comprising a patient measurement device, according to
embodiments of the present invention;

[0031] FIG. 1A shows a first patient suitable for monitoring
in accordance with embodiments;

[0032] FIG. 1B shows a second patient suitable for moni-
toring in accordance with embodiments;

[0033] FIG. 1C shows a third patient suitable for monitor-
ing in accordance with embodiments;

[0034] FIG. 1D shows a fourth patient suitable for moni-
toring in accordance with embodiments;

[0035] FIGS. 2A and 2A1 show an exploded view and a
side cross-sectional view, respectively, of embodiments of the
adherent device with a temperature sensor affixed to the gel
cover;

[0036] FIG. 2B shows a printed circuit board and electronic
components over the adherent patch, as in FIG. 24,

[0037] FIG. 2B1 shows an equivalent circuit that can be
used to determine optimal frequencies for determining
patient hydration, according to embodiments of the present
invention;

[0038] FIG. 2C shows an implantable device suitable for
incorporation according to embodiments of the present inven-
tion;
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[0039] FIG. 2D shows a viewable display showing an
adjusted impedance corresponding to a personalized fluid
level disposed between an upper adjusted marker and a lower
adjusted marker;

[0040] FIG. 2E shows a plot corresponding to statistical
parameters of a patient population that can be combined with
patient data to generate a display in accordance with embodi-
ments shown in FIG. 2D;

[0041] FIG. 2F shows adjusted impedance over time in
accordance with embodiments of FIG. 2D and FIG. 2E;
[0042] FIG. 3 shows a method of monitoring a patient
according to embodiments of the present invention;

[0043] FIG. 4 shows a scatter plot of impedance and body
mass index measured with a population of approximately 200
patients, in accordance with embodiments;

[0044] FIG. 5 illustrates reading impedance data (BioZ)
from the adherent device in accordance with embodiments;
[0045] FIG. 6 illustrates an example method of utilizing the
impedance parameter readings to derive an impedance flag
that may be used in predicting an impending cardiac event;
[0046] FIG. 7 illustrates a flowchart of one exemplary
embodiment for computing a baseline impedance and an
impedance index;

[0047] FIG. 8 illustrates a flowchart of one exemplary
method of computing a baseline breath parameter and a
breath index;

[0048] FIG. 9 illustrates a flowchart for computing a ratio
index from ongoing measurements of the patient’s imped-
ance and the patient’s predicted impedance; and

[0049] FIG. 10 graphically illustrates event prediction logic
according to embodiments.

DETAILED DESCRIPTION OF THE INVENTION

[0050] Embodiments as described herein provide appara-
tus and methods for adjusting physiological parameters mea-
sured by a patient measurement device so as to determine a
personalized value for the assessment of the patient, for
example of a heart failure (HF) condition.

[0051] The methods and apparatus may comprised instruc-
tions of a computer program embodied on a computer read-
able medium so as to operate in accordance with algorithm
that uses specific and unique parameters from a patient in
order to implement a patient specific and personalized output
for HF assessment and care. In many embodiments, the out-
put may comprise a range of normal and abnormal physi-
ological parameters that are adjusted so as to comprise spe-
cific and unique evaluation of the condition of the patient.
[0052] For example, a patient’s demographics and charac-
teristics (e.g. race, gender, weight, BMI, etc.) can be used in
a formula derived from population data, to yield a patient
specific outcomes target. These target values can be used as
initial conditions for treatment or as an ideal endpoint for
care. The embodiments as described herein may also include
the display of patient data relative to population data; and
such display can be made to the patient, caregiver, physician,
or other health care professional.

[0053] In many embodiments, unique demographic and
characteristic information from a patient can be input into an
assessment system (input peripheral of the adherent device
system). The information input to the system can modify
measured values in accordance with an algorithm, select an
appropriate algorithm parameter range or select a separate
algorithm sub-routine that would be most appropriate for that
specific patient with a specific disease condition, or combi-
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nations thereof. This information is useful for incorporation
into a disease tracking or prediction algorithm implemented
in accordance with instructions of a computer program. The
input information can be used to set the initial conditions of an
event prediction algorithm, and can influence the character-
istics and/or thresholds of the algorithm.

[0054] Inmany embodiments, the input information can be
displayed to the physician relative to values that are appro-
priate for that patient. This display allows the physician to
have an assessment of a patient status relative to a range of
values that are appropriate and specific for that patient. Devia-
tion from such values can signify and quantify a change in
patient status such as either an improvement or worsening in
disease condition in a manner that is specific to that patient.
This patient specific information is useful for long term moni-
toring of patient condition, medication compliance and dis-
ease stability.

[0055] As used herein the term data encompasses informa-
tion.
[0056] FIG. 1 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 a patient measurement
device to monitor the patient which may comprise an implant-
able device 1001 or an adherent device 100, for example.
Adherent device 100 can be adhered to a patient P at many
locations, for example thorax T of patient P. In many embodi-
ments, the adherent device may adhere to one side of the
patient, from which side data can be collected. Work in rela-
tion 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. The moni-
toring system 10 and adherent device 100 may comprise
components as described in U.S. Pub. No. US-2009-
0076345-A1, entitled “Adherent Device with Multiple Physi-
ological Sensors”, and U.S. Pub. No. US-2009-0076344-A1,
entitled “Multi-sensor Patient Monitor to Detect Impending
Cardiac Decompensation”, the full disclosures of which are
incorporated herein by reference and suitable for combina-
tion in accordance with some embodiments of the present
invention as described herein.

[0057] Adherent device 100 can wirelessly communicate
with remote center 106. The communication may occur
directly (via a cellular or Wi-Fi network), or indirectly
through intermediate device or gateway 102. The gateway
102 may comprise components of the zLink™, a small por-
table device similar to a cell phone that wirelessly transmits
information received from PiiX™ to Corventis, commer-
cially available from Corventis Inc. of San Jose, Calif. The
gateway 102 may consist of multiple devices, which can
communicate wired or wirelessly with remote center 106 in
many ways, for example with a connection 104 which may
comprise an Internet connection and/or with a cellular con-
nection. Remote center 106 may comprise Corventis Web
Services, a hosted application for data analysis and storage
that also includes the Corventis website (www.corventis.
com), which enables secure access to physiological trends
and clinical event information for interpretation and diagno-
sis. In many embodiments, monitoring system 10 comprises
a distributed processor system with at least one processor
comprising a tangible medium of device 100, at least one
processor 102P of gateway 102, and at least one processor
106P at remote center 106, each of which processors can be in
electronic communication with the other processors. At least
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one processor 102P comprises a tangible medium 102T, and
at least one processor 106P comprises a tangible medium
106T. Remote processor 106P may comprise a backend
server located at the remote center. Remote center 106 can be
in communication with a health care provider communication
device 108A with a communication system 107A, such as the
Internet, an intranet, phone lines, wireless and/or satellite
phone. Health care provider communication device 108 A, for
example for a family member, can be in communication with
patient P with a communication, as indicated by arrow 109 A.
Remote center 106 can be in communication with a health
care professional, for example with a physician 108B com-
munication device, with acommunication system 107B, such
as the Internet, an intranet, phone lines, wireless and/or sat-
ellite phone. Physician communication device 108B can be in
communication with patient P with communication, for
example with a two way communication system, as indicated
by arrow 109B. The PDA may comprise a tangible medium
having instruction of a computer program embodied thereon
to display the patient data to the physician. Remote center 106
can be in communication with an emergency responder
device 108C, for example a communication device fora 911
operator and/or paramedic, with a communication system
107C. In many embodiments, instructions are transmitted
from remote site 106 to a processor supported with the adher-
ent patch on the patient, and the processor supported with the
patient can receive updated instructions for the patient treat-
ment and/or monitoring, for example while worn by the
patient. Emergency responder device 108C can travel with
the responder to the patient as indicated by arrow 109C. Thus,
in many embodiments, monitoring system 10 comprises a
closed loop system in which patient care can be monitored
and implemented from the remote center in response to sig-
nals from the adherent device.

[0058] Each ofthe above described communication devices
may comprise a display coupled to a processor having a
tangible medium comprising a memory with instructions of a
computer program embodied thereon, for example a personal
digital assistant (PDA) such as a smart phone, for example a
iPhone™, or Blackberry™.

[0059] In many embodiments, adherent device 100 may
continuously monitor physiological parameters, communi-
cate wirelessly with a remote center, and provide alerts when
necessary. The adherent patch may attach to the patient’s
thorax and contains sensing electrodes, battery, memory,
logic, and wireless communication capabilities. In some
embodiments, remote center 106 receives the patient data and
applies a patient evaluation algorithm, for example the pre-
diction algorithm to predict patient physiological or mental
deterioration. In some embodiments, the algorithm may com-
prise an algorithm to predict impending patient physiological
or mental deterioration, for example based on decreased
hydration and activity. When a flag is raised, the center may
communicate with the patient, hospital, nurse, and/or physi-
cian to allow for therapeutic intervention, for example to
prevent further physiological or mental deterioration.

[0060] Adherent device 100 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-
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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 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.

[0061] In many embodiments, adherent device 100 may
comprise a reusable electronics module with replaceable dis-
posable patches, and each of the replaceable patches may
include a battery. The adherent device 100 may comprise
components of the PiiX™, an unobtrusive, water-resistant,
patient-worn device that adheres to the skin and automatically
collects and transmits physiological information, commer-
cially available from Corventis Inc. of San Jose, Calif. In
some embodiments, the device may have a rechargeable mod-
ule, and may use dual battery and/or electronics modules,
wherein one module 101 A can be recharged using a charging
station 103 while the other module 101B is placed on the
adherent patch with connectors. In some embodiments, the
gateway 102 may comprise the charging module, data trans-
fer, storage and/or transmission, such that one of the electron-
ics modules can be placed in the gateway 102 for charging
and/or data transfer while the other electronics module is
worn by the patient.

[0062] System 10 can perform the following functions: ini-
tiation, programming, measuring, storing, analyzing, com-
municating, predicting, and displaying. The adherent device
may contain a subset of the following physiological sensors:
bioimpedance, respiration, respiration rate variability, heart
rate (ave, min, max), heart rhythm, heart rate variability
(HRV), heart rate turbulence (HRT), heart sounds (e.g. S3),
respiratory sounds, blood pressure, activity, posture, wake/
sleep, orthopnea, temperature/heat flux, and weight. The
activity sensor may comprise one or more of the following:
ball switch, accelerometer, minute ventilation, HR, bio-
impedance noise, skin temperature/heat flux, BP, muscle
noise, posture.

[0063] FIG. 1A shows a first patient suitable for monitor-
ing.

[0064] FIG. 1B shows a second patient suitable for moni-
toring,

[0065] FIG. 1C shows a third patient suitable for monitor-
ing.

[0066] FIG. 1D shows a fourth patient suitable for moni-
toring,

[0067] Each of the patients shown in FIGS. 1A to 1D may

have different physical attributes, such that it can be helpful to
determine the output based on the data of the patient. For
example, the patients shown in FIGS. 1A and 1B comprise
men and the patients shown in FIGS. 1C and 1D comprise
women. Each of the patients may have a body mass index
determined based on the height and weight of the patient.
[0068] Work in relation to embodiments indicates patient
characteristics can influence the measurements of the patient.
For example, patient demographics such as age, gender and
race can be related to the measurements of the patient.
[0069] Physiology of the patient can also influence the
measurements. For example fat comprising adipose tissue, fat
molecules, fat cells and combinations thereof can influence
impedance measurements. The fat may comprise a layer of
tissue disposed under the skin that can influence the imped-
ance measured through the skin of the patient. For example,
electrical current passed through the fat tissue can increase
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the measured impedance of the patient. Alternatively or in
combination, the fat can be disposed in the internal tissues of
the patient. For example, fat molecules can permeate internal
tissues and may influence impedance measurements of
implanted electrodes passing an electrical current through the
internal tissues or of electrodes disposed on the skin passing
current through the internal tissue. For example, fat may
increase the measured impedance of a patient having normal
hydration such that the measured impedance is abnormally
high, for example, when the patient has normal hydration and
would appear dehydrated based on an impedance measure-
ment alone.

[0070] FIGS.2A and 2A1 show a side cross-sectional view
and an exploded view, respectively, of embodiments of the
adherent device. The adherent device 100 may comprise an
adherent patch 110 with an adhesive 116B, electrodes 1124,
112B, 112C, 112D with gels 114A, 114B, 114C, 114D, gel
cover 180, temperature sensor 177, cover 162, and a printed
circuit board (PCB) 120 with various circuitry for monitoring
physiological sensors, communicating wirelessly with a
remote center, and providing alerts when necessary. The
adherent device 100 comprises at least two electrodes com-
prising two or more of electrodes 112A, 112B, 112C and
112D. Adherent device 100 may comprise a maximum
dimension, for example a maximum length from about 4 to 10
inches, a maximum thickness along a profile of the device
from about 0.2 inches to about 0.6 inches, and a maximum
width from about 2 to about 4 inches.

[0071] The adherent patch 110 comprises a first side, or a
lower side 110 A, that is oriented toward the skin of the patient
when placed on the patient. The adherent patch 110 may also
comprise a tape 110T which is a material, preferably breath-
able, with an adhesive 116 A to adhere 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. Gels 114A, 114B, 114C and 114D can
each be positioned over electrodes 112A, 112B, 112C and
112D, respectively, to provide electrical conductivity
between the electrodes and the skin of the patient. Adherent
patch 100 also comprises a second side, or upper side 110B.
In many embodiments, electrodes 112A, 112B, 112C and
112D extend from lower side 110A through adherent patch
110 to upper side 110B. An adhesive 116B can be applied to
upper side 110B to adhere structures, for example a breath-
able cover, to the patch such that the patch can support the
electronics and other structures when the patch is adhered to
the patient.

[0072] In many embodiments, adherent patch 110 may
comprise a layer of breathable tape 1107, for example a
tricot-knit polyester fabric, to allow moisture vapor and air to
circulate to and from the skin of the patient through the tape.
In many embodiments, breathable tape 110T comprises a
backing material, or backing 111, with an adhesive. In many
embodiments, the backing is conformable and/or flexible,
such that the device and/or patch does not become detached
with body movement. In many embodiments, the adhesive
patch may comprise from 1 to 2 pieces, for example 1 piece.
In many embodiments, adherent patch 110 comprises phar-
macological agents, such as at least one of beta blockers, ace
inhibiters, diuretics, steroid for inflammation, antibiotic, anti-
fungal agent, and cortisone steroid. Patch 110 may comprise
many geometric shapes, for example at least one of oblong,
oval, butterfly, dogbone, dumbbell, round, square with
rounded corners, rectangular with rounded corners, or a poly-
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gon with rounded corners. In specific embodiments, a thick-
ness of adherent patch 110 is within a range from about
0.001" to about 0.020", length of the patch is within a range
from about 2" to about 10", and width of the patch is within a
range from about 1" to about 5".

[0073] In many embodiments, the adherent device 100
comprises a temperature sensor 177 disposed over a periph-
eral portion of gel cover 180 to allow the temperature near the
skin to be measured through the breathable tape and the gel
cover. Temperature sensor 177 can be affixed to gel cover 180
such that the temperature sensor can move when the gel cover
stretches and tape stretch with the skin of the patient. Tem-
perature sensor 177 may be coupled to temperature sensor
circuitry 144 through a flex connection comprising at least
one of wires, shielded wires, non-shielded wires, a flex cit-
cuit, or a flex PCB. The temperature sensor can be affixed to
the breathable tape, for example through a cutout in the gel
cover with the temperature sensor positioned away from the
gel pads. A heat flux sensor can be positioned near the tem-
perature sensor for example to measure heat flux through to
the gel cover.

[0074] The adherent device comprises electrodes 112A,
112B, 112C and 112D configured to couple to tissue through
apertures in the breathable tape 110T. Electrodes 112A,
112B, 112C and 112D can be fabricated in many ways, for
example printed on a flexible connector 112F, such as silver
ink on polyurethane. In some embodiments, the electrodes
may comprise at least one of carbon-filled ABS plastic,
Ag/AgCl, silver, nickel, or electrically conductive acrylic
tape. The electrodes may comprise many geometric shapes to
contact the skin, for example at least one of square, circular,
oblong, star shaped, polygon shaped, or round. In specific
embodiments, a dimension across a width of each electrodes
is within a range from about 002" to about 0.050". In specific
embodiments, the two inside electrodes may comprise force,
or current electrodes, with a center to center spacing within a
range from about 20 to about 50 mm. In specific embodi-
ments, the two outside electrodes may comprise measure-
ment electrodes, for example voltage electrodes, and a center-
center spacing between adjacent voltage and current
electrodes is within a range from about 15 mm to about 35
mm. Therefore, in many embodiments, a spacing between
inner electrodes may be greater than a spacing between an
inner electrode and an outer electrode.

[0075] Inmany embodiments, gel 114A, or gel layer, com-
prises a hydrogel that is positioned on electrode 112A and
provides a conductive interface between skin and electrode,
so as to reduce impedance between electrode/skin interface.
The gel may comprise water, glycerol, and electrolytes, phar-
macological agents, such as beta blockers, ace inhibiters,
diuretics, steroid for inflammation, antibiotic, and antifungal
agents. Gels 114A, 114B, 114C and 114D can be positioned
over electrodes 112A, 112B, 112C and 112D, respectively, so
as to couple electrodes to the skin of the patient. The flexible
connector 112F comprising the electrodes can extend from
under the gel cover to the PCB to connect to the PCB and/or
components supported thereon. For example, flexible con-
nector 112F may comprise flexible connector 122A to pro-
vide strain relief.

[0076] A gel cover 180, or gel cover layer, for example a
polyurethane non-woven tape, can be positioned over patch
110 comprising the breathable tape to inhibit flow of gels
114A-114D through breathable tape 110T. Gel cover 180
may comprise at least one of a polyurethane, polyethylene,
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polyolefin, rayon, PVC, silicone, non-woven material, foam,
or a film. Gel cover 180 may comprise an adhesive, for
example an acrylate pressure sensitive adhesive, to adhere the
gel cover to adherent patch 110. In many embodiments, the
gel cover can regulate moisture of the gel near the electrodes
so as to keeps excessive moisture, for example from a patient
shower, from penetrating gels near the electrodes. A PCB
layer, for example the flex PCB 120, or flex PCB layer, can be
positioned over gel cover 180 with electronic components
130 connected and/or mounted to the flex PCB 120, for
example mounted on flex PCB so as to comprise an electron-
ics layer disposed on the flex PCB layer. In many embodi-
ments, the gel cover may avoid release of excessive moisture
form the gel, for example toward the electronics and/or PCB
modules. In many embodiments, a thickness of gel cover is
within a range from about 0.0005" to about 0.020". In many
embodiments, gel cover 180 can extend outward from about
0-20 mm from an edge of gels. Gel layer 180 and breathable
tape 110T comprise apertures 180A, 180B, 180C and 180D
through which electrodes 112A-112D are exposed to gels
114A-114D.

[0077] In many embodiments, device 100 includes a
printed circuitry, for example a PCB module that includes at
least one PCB with electronics component mounted thereon.
The printed circuit may comprise polyester film with silver
traces printed thereon. Rigid PCB’s 120A, 120B, 120C and
120D with electronic components may be mounted on the flex
PCB 120. In many embodiments, the PCB module comprises
two rigid PCB modules with associated components mounted
therein, and the two rigid PCB modules are connected by flex
circuit, for example a flex PCB. In specific embodiments, the
PCB module comprises a known rigid FR4 type PCB and a
flex PCB comprising known polyimide type PCB. Batteries
150 may be positioned over the flex PCB and electronic
components. Batteries 150 may comprise rechargeable bat-
teries that can be removed and/or recharged. A cover 162 may
be placed over the batteries, electronic components and flex
PCB. In specific embodiments, the PCB module comprises a
rigid PCB with flex interconnects to allow the device to flex
with patient movement. The geometry of flex PCB module
may comprise many shapes, for example at least one of
oblong, oval, butterfly, dogbone, dumbbell, round, square,
rectangular with rounded corners, or polygon with rounded
corners. In specific embodiments the geometric shape of the
flex PCB module comprises at least one of dogbone or dumb-
bell. The PCB module may comprise a PCB layer with flex
PCB 120 that can be positioned over gel cover 180 and elec-
tronic components 130 connected and/or mounted to flex
PCB 120. In many embodiments, the adherent device may
comprise a segmented inner component, for example the
PCB, for limited flexibility.

[0078] In many embodiments, an electronics housing 160
encapsulates the electronics layer. Electronics housing 160
may comprise an encapsulant, such as a dip coating, which
may comprise a waterproof material, for example silicone,
epoxy, other adhesives and/or sealants. In many embodi-
ments, the PCB encapsulant protects the PCB and/or elec-
tronic components from moisture and/or mechanical forces.
The encapsulant may comprise silicone, epoxy, other adhe-
sives and/or sealants. In some embodiments, the electronics
housing may comprising metal and/or plastic housing and
potted with aforementioned sealants and/or adhesives.

[0079] Inmany embodiments, cover 162 canencase the flex
PCB, electronics, and/or adherent patch 110 so as to protect at
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least the electronics components and the PCB. In some
embodiments, cover 162 can be adhered to adherent patch
110 with an adhesive 164 or adhesive 116B on an underside of
cover 162. In many embodiments, cover 162 attaches to
adherent patch 110 with adhesive 1168, 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 materials, for example sili-
cone, an outer polymer cover to provide smooth contour
without limiting flexibility, a breathable fabric, or a breath-
able water resistant cover. In some embodiments, the breath-
able fabric may comprise polyester, nylon, polyamide, and/or
elastane (Spandex™). Work inrelation to embodiments ofthe
present invention suggests that these coatings can be impor-
tant to keep excessive moisture from the gels near the elec-
trodes and to remove moisture from body so as to provide
patient comfort.

[0080] Inmany embodiments, cover 162 can be attached to
adherent patch 110 with adhesive 116B such that cover 162
stretches and/or retracts when adherent patch 110 stretches
and/or retracts with the skin of the patient. For example, cover
162 and adherent patch 110 can stretch in two dimensions
along the length and width of the adherent patch with the skin
of the patient, and stretching along the length can increase
spacing between electrodes. Stretching of the cover and
adherent patch 110 can extend the time the patch is adhered to
the skin as the patch can move with the skin. Electronics
housing 160 can be smooth and allow breathable cover 162 to
slide over electronics housing 160, such that motion and/or
stretching of cover 162 is slidably coupled with housing 160.
The PCB can be slidably coupled with adherent patch 110 that
comprises breathable tape 110T, such that the breathable tape
can stretch with the skin of the patient when the breathable
tape is adhered to the skin of the patient, for example along
two dimensions comprising the length and the width.

[0081] The breathable cover 162 and adherent patch 110
comprise breathable tape that can be configured to couple
continuously for at least one week the at least one electrode to
the skin so as to measure breathing of the patient. The breath-
able tape may comprise the stretchable breathable material
with the adhesive and the breathable cover may comprises a
stretchable breathable material connected to the breathable
tape, as described above, such that both the adherent patch
and cover can stretch with the skin of the patient. Arrows 182
show stretching of adherent patch 110, and the stretching of
adherent patch can be at least two dimensional along the
surface of the skin of the patient. As noted above, connectors
122A-122D between PCB 130 and electrodes 112A-112D
may comprise insulated wires that provide strain relief
between the PCB and the electrodes, such that the electrodes
can move with the adherent patch as the adherent patch com-
prising breathable tape stretches. Arrows 184 show stretching
of cover 162, and the stretching of the cover can be at least two
dimensional along the surface of the skin of the patient.

[0082] The PCB 120 may be adhered to the adherent patch
110 comprising breathable tape 110T at a central portion, for
example a single central location, such that adherent patch
110 can stretched around this central region. The central
portion can be sized such that the adherence of the PCB to the
breathable tape does not have a substantial effect of the modu-
lus of the composite modulus for the fabric cover, breathable
tape and gel cover, as described above. For example, the
central portion adhered to the patch may be less than about
100 mm?, for example with dimensions that comprise no
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more than about 10% of the area of patch 110, such that patch
110 can stretch with the skin of the patient. Electronics com-
ponents 130, PCB 120, and electronics housing 160 are
coupled together and disposed between the stretchable
breathable material of adherent patch 110 and the stretchable
breathable material of cover 160 so as to allow the adherent
patch 110 and cover 160 to stretch together while electronics
components 130, PCB 120, and electronics housing 160 do
not stretch substantially, if at all. This decoupling of electron-
ics housing 160, PCB 120 and electronic components 130 can
allow the adherent patch 110 comprising breathable tape to
move with the skin of the patient, such that the adherent patch
can remain adhered to the skin for an extended time of at least
one week.

[0083] Anair gap 169 may extend from adherent patch 110
to the electronics module and/or PCB, so as to provide patient
comfort. Air gap 169 allows adherent patch 110 and breath-
able tape 110T to remain supple and move, for example bend,
with the skin of the patient with minimal flexing and/or bend-
ing of PCB 120 and electronic components 130, as indicated
by arrows 186. PCB 120 and electronics components 130 that
are separated from the breathable tape 110T with air gap 169
can allow the skin to release moisture as water vapor through
the breathable tape, gel cover, and breathable cover. This
release of moisture from the skin through the air gap can
minimize, and even avoid, excess moisture, for example when
the patient sweats and/or showers. Gap 169 extends from
adherent patch 110 to the electronics module and/or PCB a
distance within a range from about 0.25 mm to about 4 mm.

[0084] In many embodiments, the adherent device com-
prises a patch component and at least one electronics module.
The patch component may comprise adherent patch 110 com-
prising the breathable tape with adhesive coating 116A, at
least one electrode, for example electrode 112A and gel
114A. The at least one electronics module can be separable
from the patch component. In many embodiments, the at least
one electronics module comprises the flex PCB 120, elec-
tronic components 130, electronics housing 160 and cover
162, such that the flex PCB, electronic components, electron-
ics housing and cover are reusable and/or removable for
recharging and data transfer, for example as described above.
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 connec-
tion, and/or snap directly to the electrodes. Monitoring with
multiple adherent patches for an extended period is described
in U.S. Pub. No. 2009-0076345-A1, published on Mar. 19,
2009, the full disclosure of which has been previously incor-
porated herein by reference, and which adherent patches and
methods are suitable for combination in accordance with
embodiments described herein.

[0085] The adherent device 100, shown in FIG. 2A, may
comprise an X-axis, Y-axis and Z-axis for use in determining
the orientation of the adherent device 100 and/or the patient P.
Electric components 130 may comprise a 3D accelerometer.
As the accelerometer of adherent device 100 can be sensitive
to gravity, inclination of the patch relative to an axis of the
patient can be measured, for example when the patient stands.
Vectors from a 3D accelerometer can be used to determine the
orientation of a measurement axis of the patch adhered on the
patient and can be used to determine the angle of the patient,
for example whether the patient is laying horizontally or
standing upright, when measured relative to the X-axis,
Y-axis and/or X-axis of adherent device 100.
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[0086] FIG. 2B shows a PCB and electronic components
over adherent patch 110. In some embodiments, PCB 120, for
example a flex PCB, may be connected to electrodes 1124,
112B, 112C and 112D of FIG. 2A with connectors 122A,
122B, 122C and 122D, respectively, and may include traces
123A,123B, 123C and 123D that extend to connectors 122 A,
122B, 122C and 122D. In some embodiments, connectors
122A-122D may comprise insulated wires and/or a film with
conductive ink that provide strain relief between the PCB and
the electrodes. Examples of structures to provide strain relief
are also described in U.S. Pub. No. 2009-0076345-Al,
entitled “Adherent Device with Multiple Physiological Sen-
sors”, filed on Sep. 12, 2008 as noted above.

[0087] 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 a temperature sensor,
an activity sensor and activity circuitry 134, impedance cir-
cuitry 136 and electrocardiogram circuitry, for example ECG
circuitry 138. In some embodiments, electronics circuitry 130
may comprise a microphone and microphone circuitry 142 to
detect an audio signal, such as heart or respiratory sound,
from within the patient.

[0088] Electronics circuitry 130 may comprise a tempera-
ture sensor, for example a thermistor in contact with the skin
of the patient, and temperature sensor circuitry 144 to mea-
sure a temperature of the patient, for example a temperature of
the skin of the patient. A temperature sensor may be used to
determine the sleep and wake state of the patient, which may
decrease during sleep and increase during waking hours.
Work in relation to embodiments of the present invention
suggests that skin temperature may affect impedance and/or
hydration measurements, and that skin temperature measure-
ments may be used to correct impedance and/or hydration
measurements. In some embodiments, increase in skin tem-
perature or heat flux can be associated with increased vaso-
dilation near the skin surface, such that measured impedance
measurement decreased, even through the hydration 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.
[0089] 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
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 hydration
data.

[0090] 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 of FIG. 2A in a four pole
configuration, such that electrodes 112A and 112D comprise
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outer electrodes that are driven with a current and comprise
force electrodes that force the current through the tissue. The
current delivered between electrodes 112A and 112D gener-
ates a measurable voltage between electrodes 112B and
112C, such that electrodes 112B and 112C comprise inner,
sense, electrodes that sense and/or measure the voltage in
response to the current from the force electrodes. In some
embodiments, electrodes 112B and 112C may comprise force
electrodes and electrodes 112A and 112D may comprise
sense electrodes. The voltage measured by the sense elec-
trodes can be used to measure the impedance of the patient
and determine the respiration rate and/or hydration of the
patient. The electrocardiogram circuitry may be coupled to
the sense electrodes to measure the electrocardiogram signal,
for example as described in U.S. Pub. No. 2009-0076345-A1,
entitled “Adherent Device with Multiple Physiological Sen-
sors”, published on Mar. 29, 2009, previously incorporated
by reference and suitable for combination in accordance with
embodiments described herein. In many embodiments,
impedance circuitry 136 can be configured to determine res-
piration of the patient. In specific embodiments, the imped-
ance circuitry can measure the hydration at 25 Hz intervals,
for example at 25 Hz intervals using impedance measure-
ments with a frequency from about 0.5 kHz to about 20 kHz.

[0091] ECG circuitry 138 can generate electrocardiogram
signals and data from two or more of electrodes 112A, 112B,
112C and 112D in many ways. In some embodiments, ECG
circuitry 138 is connected to inner electrodes 112B and 122C,
which may comprise sense electrodes of the impedance cir-
cuitry as described above. In many embodiments, the ECG
circuitry may measure the ECG signal from electrodes 112A
and 112D when current is not passed through electrodes
112A and 112D.

[0092] Electronics circuitry 130 may comprise a processor
146 that can be configured to control a collection and trans-
mission of data from the impedance circuitry electrocardio-
gram circuitry and the accelerometer. Processor 146 com-
prises a tangible medium, for example read only memory
(ROM), electrically erasable programmable read only
memory (EEPROM) and/or random access memory (RAM).
Electronic circuitry 130 may comprise real time clock and
frequency generator circuitry 148. In some embodiments,
processor 146 may comprise the frequency generator and real
time clock. In many embodiments, device 100 comprises a
distributed processor system, for example with multiple pro-
cessors on device 100.

[0093] Inmany embodiments, electronics components 130
comprise wireless communications circuitry 132 to commu-
nicate with remote center 106. PCB 120 may comprise an
antenna to facilitate wireless communication. The antenna
may be integral with PCB 120 or may be separately coupled
thereto. The wireless communication circuitry can be coupled
to the impedance circuitry, the electrocardiogram 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 inclination signal. In spe-
cific embodiments, wireless communication circuitry 132 is
configured to transmit the hydration signal, the electrocardio-
gram signal and the inclination signal to the remote center
either directly or through gateway 102. The communication
protocol comprises at least one of Bluetooth, ZigBee, WiF1,
WiIMAX, IR, amplitude modulation or frequency modula-
tion. In many embodiments, the communications protocol
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comprises a two way protocol such that the remote center is
capable of issuing commands to control data collection.

[0094] Inmany embodiments, the electrodes are connected
to the PCB with a flex connection, for example trace 123A,
123B,123C and 123D of flex PCB 120, so as to provide strain
relief between the electrodes 112A, 112B, 112C and 112D
and the PCB. In such embodiments, motion of the electrodes
relative to the electronics modules, for example rigid PCB’s
120A,120B, 120C and 120D with the electronic components
mounted thereon, does not compromise integrity of the elec-
trode/hydrogel/skin contact. In many embodiments, the flex
connection comprises at least one of wires, shielded wires,
non-shielded wires, a flex circuit, or a flex PCB. In specific
embodiments, the flex connection may comprise insulated,
non-shielded wires with loops to allow independent motion
of the PCB module relative to the electrodes.

[0095] FIG. 2B1 shows anequivalent 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 intrac-
ellular hydration of the patient tissue. Equivalent circuit 152
comprises an intracellular resistance 156, or R(ICW) in series
with a capacitor 154, and an extracellular resistance 158, or
R(ECW). Extracellular resistance 158 is in parallel with intra-
cellular resistance 156 and capacitor 154 related to capaci-
tance of cell membranes. In many embodiments, impedarnces
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 patient
physiological or mental physiological or mental deteriora-
tion, and that extracellular resistance 158 and extracellular
fluid can be effectively measured with frequencies in a range
from about 0.5 kHz to about 50 kHz, for example from about
0.5 kHz to 20 kHz, for example from about 1 kHz to about 10
kHz. In some embodiments, a single frequency can be used to
determine the extracellular resistance and/or fluid. As sample
frequencies increase from about 10 kHz to about 20 kHz,
capacitance related to cell membranes decrease the imped-
ance, such that the intracellular fluid contributes to the imped-
ance and/or hydration measurements. Thus, many embodi-
ments of the present invention measure hydration with
frequencies from about 0.5 kHz to about 50 kHz to determine
patient hydration.

[0096] As noted herein, fat can influence the impedance
measurement and an increase in fat can increase the measured
impedance and a decrease in fat can decrease the measured
impedance, and the presence of fat can be related to the
impedance measured with the equivalent circuit shown in
FIG. 2B1.

[0097] FIG. 2C shows a schematic illustration of an
implantable device 1001 suitable for incorporation in accor-
dance with embodiments of the present invention. Implant-
able device 1001 comprises at least two implantable elec-
trodes 1121, and a processor 146. The implantable device
1001 may comprise a component of system 10, and processor
146 may comprise at least one processor of the processor
system. The implantable device 1001 may comprise many of
the components of the adherent device 100, as described
herein.
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[0098] For example, the implantable device 1001 may
comprise components of an implantable medical device as
described in U.S. Pat. Pub. No. 20080024293, entitled
“ADAPTATIONS TO OPTIVOL ALERT ALGORITHM”, in
the name of Stylos, published on Jan. 31, 2008. The implant-
able medical device may include a hermetically sealed enclo-
sure and three leads: a ventricular lead, an atrial/SVC lead,
and a coronary sinus/coronary vein lead. The enclosure may
contain the electronic circuitry used for generating cardiac
pacing pulses for delivering cardioversion and defibrillation
shocks and for monitoring the patient’s heart rhythm.
Examples of such circuitry are known in the art. The ventricu-
lar lead may carry three electrodes adjacent its distal end: a
ring electrode, an extendable helix electrode mounted retrac-
tably within an insulative electrode head, and an elongated
coil electrode. The atrial/SVC lead may carry the same three
electrodes adjacent its distal end: a ring electrode, an extend-
ible helix electrode mounted retractably within an insulative
electrode head, and an elongated coil electrode. The coronary
sinus/coronary vein lead may carry an electrode (illustrated in
broken outline) that can be located within the coronary sinus
and great vein of the heart. The coronary sinus/coronary vein
lead may also carry a ring electrode and a tip electrode adja-
cent its distal end.

[0099] FIG. 2D shows a viewable display showing an
hydration indicator disposed between a first upper adjusted
marker and a second lower adjusted marker. The first upper
marker may correspond to dehydration of the patient can be
shown in red a may correspond to a first threshold shown on
a first region of the display. The second upper marker may
correspond to excessive hydration of the patient can be shown
in red a may correspond a first threshold shown on a second
portion of the screen. The hydration indicator may comprise
a slider disposed between the first marker and the second
marker when the patient has normal hydration. The hydration
indicator may comprise an adjusted impedance correspond-
ing to a personalized fluid level of the patient. For example,
the patient’s height and weight can be entered into the at least
one processor of the processor system and used to determine
apersonalized bioimpedance corresponding to a personalized
fluid amount or fluid level. The measured bioimpedance can
be compared to a heart failure patient population with com-
parable physical characteristics. The graphical display can
show the patient specific fluid status relative to a comparable
cohort of patients.

[0100] The information can be used in many ways, for
example to assess patient status as a point in time measure-
ment, for example upon admission to a hospital or upon
discharge from a hospital. The hydration indicator compris-
ing the adjusted bioimpedance can be used to guide patient
care such as diuresis and ultrafiltration and to assess response
to treatment. The hydration indicator comprising the adjusted
bioimpedance can be used to assess remotely the stability of
HF disease following discharge and to assess remotely patient
compliance and effectiveness with HF medication.

[0101] FIG. 2E shows a plot corresponding to statistical
parameters of a patient population that can be combined with
patient data to generate a display in accordance with embodi-
ments shown in FIG. 2D, for example. The statistical data
may correspond to statistics of a patient population such as a
regression coefficients that may comprise a slope, offset and
fit coefficients that can be used to determine a regression line,
confidence intervals and prediction intervals, for example.
The display can show the statistical data of the population and
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the individual patient, so as to help the physician interpret the
condition of the patient. For example, the display can show a
confidence interval, for example 95% CI, a prediction inter-
val, for example 95% PI and a regression line. The prediction
intervals may correspond to the first upper marker and second
lower marker shown above, for example, adjusted based on
the independent patient parameter such as body mass index.
[0102] The data can be stratified based on demographics
suich as a one or more of race, gender and age, and correspon-
dence among measured patient determined for presentation to
the physician. The correspondence of impedance with body
mass index can be used to establish the upper and lower
markers and “optimal” hydration. For example, the patient
body mass index (BMI) and patient population data can be
used to determine the prediction interval markers correspond-
ing to the upper and lower markers based on the body mass
index, and the regression line can be used to determine the
“optimal” hydration based on the body mass index. Similar
adjustments can be made to many of the individual patient
measurements as described herein based on the patient popu-
lation data.

[0103] FIG. 2F shows adjusted impedance over time show
on a physician device display in accordance with embodi-
ments of FIG. 2D and FIG. 2E. The adjusted impedance over
time may comprise a plurality of adjusted impedance mea-
surements, for example daily measurements shown over
about four weeks. The adjusted impedance over time may be
shown in relation to the upper adjusted marker (too dry) and
the lower adjusted marker (too wet). The time course of the
patient treatment can be used by the physician to evaluate
treatment.

[0104] FIG. 3 shows a method 300 of monitoring a patient
according to embodiments of the present invention

[0105] At astep 305, the impedance of a patient population
is measured, for example with a patient measurement device
for each patient of the population as described herein.
[0106] Atastep 310, demographics of the individuals of the
patient population are measured.

[0107] At a step 315, additional data of patients of the
population are measured (e.g. height, weight, blood chemis-
try, ejection fraction) such that correspondence of among the
measurement data, demographic data and correspondence
data can be determined.

[0108] At a step 320, statistical parameters of the patient
population are determined.

[0109] At a step 325, statistical parameters of the patient
population are stratified based on demographics.

[0110] At a step 330, the demographics of the individual
patient are determined.

[0111] At a sub-step, 330A the race of the patient is deter-
mined.

[0112] At a sub-step 330B, the gender of the patient is
determined.

[0113] At a sub-step 330C, the age of the patient is deter-
mined.

[0114] At a step 335 the additional data of the patient is
determined (e.g. height, weight, blood chemistry, ejection
fraction)

[0115] At a sub-step 335A, the height of the patient is
determined.

[0116] At a sub-step 335B, the weight of the patient is
determined.

[0117] At a sub-step 335C, the body mass index of the

patient is determined.
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[0118] At a sub-step 335D, the ejection fraction of the
patient is determined.

[0119] At a step 340, electrodes are positioned in contact
with the patient.

[0120] At a step 345, the impedance of the patient is mea-
sured, for example with electrodes as described above.
[0121] At astep 350, an adjusted impedance of the patient
is determined, for example a hydration indicator as described
above.

[0122] At a step 355A, an upper adjusted impedance
marker is determined,

[0123] Atastep 355B, alower adjusted impedance marker
is determined.
[0124] Atastep 360, display parameters are determined for

the adjusted impedance and markers.

[0125] At a step 365, spatial relationships are determined
for the adjusted impedance in relation to the adjusted imped-
ance markers

[0126] At astep 370, a color is determined of the adjusted
impedance based on the spatial relationship to the markers,
for example.

[0127] At a step 375, the adjusted impedance the upper
adjusted marker and the lower adjusted marker are shown on
the display to the physician.

[0128] At a step 380, a plurality of adjusted impedance
measurements are determined.

[0129] At a step 385, adjusted impedance measurements
over time are displayed.

[0130] Atastep 390, adjusted impedance is combined with
patient data to predict an event of the patient, for example a
heart failure event of the patient.

[0131] At a step 395, the patient is treated with therapy,
which may comprise treatment with drugs, electrical stimu-
lation therapy, or combinations thereof.

[0132] At a step 397, the above steps can be repeated.
[0133] The processor system, as described above, may
comprise instructions of a computer program embedded
thereon so as to perform many ofthe steps of the method 300.
For example, many of the steps of the method 300 can be
performed with the processor system comprising the proces-
sor of the patient measurement device, the processor of the
gateway and the processor of the remote server. The method
300 can be performed with one or more of the processor of the
patient measurement device, the processor ofthe gateway and
the processor of the remote server. Further the steps of the
method 300 can be distributed among the processor of the
processor system such that each processor performs at least
one of the steps or sub-steps of method 300.

[0134] It should be appreciated that the specific steps illus-
trated in FIG. 3 provide a particular method of monitoring a
patient in accordance with an embodiment of the present
invention. Other sequences of steps may also be performed in
accordance with alternative embodiments. For example,
alternative embodiments of the present invention may per-
form the steps outlined above in a different order. Moreover,
the individual steps illustrated in FIG. 3 may include multiple
sub-steps that may be performed in various sequences as
appropriate to the individual step. Alternatively, the multiple
sub-steps may be performed as an individual step. Further-
more, 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 alterna-
tives.
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[0135] Embodiments as described herein can be incorpo-
rated with many commercially available patient monitoring
and treatment systems such as the OptiVoI™ alert algorithm
and computer programs embodying instructions thereof com-
mercially available from Medtronic, the CareLink™ server
commercially available from Medtronic, the Latitude™
patient management system commercially available from
Boston Scientific, the Merlin™ system commercially avail-
able from St. Jude and the MCOT™ commercially available
from CardioNet.

[0136] Cardiac Event Prediction

[0137] According to another aspect, embodiments may find
particular application in the prediction of impending cardiac
events, for example impending acute decompensated heart
failure (ADHF) events. In particular, the accuracy of cardiac
event prediction may be significantly enhanced if the predic-
tion is based at least in part on personalized data gathered
from a patient, rather than being based merely on norms
applicable to large patient populations. In some embodi-
ments, the prediction is based at least in part on data measured
over time from the patient, for example impedance data. The
prediction may also be based at least in part on descriptive
data that indicates at least one descriptive characteristic of the
patient, for example any one or any combination of the
patient’s height, weight, body mass index, or other character-
istics.

[0138] An adherent device, for example an adherent device
such as those described above and shown in FIGS. 2A-2B1,
may be adhered to the skin of a patient, and measures a
bioimpedance between two or more electrodes of the adher-
ent device. Bioimpedance may also be referred to herein as
simply “impedance.” The adherent device provides ongoing
impedance measurements that can be used to characterize the
patient’s hydration level, breathing, and other parameters,
and to monitor changes in the patient’s parameters. One or
more of these parameters may be utilized to predict an
impending cardiac event. Multi-parameter prediction may
have advantages in event prediction accuracy.

[0139] As is discussed above, each adherent device may
have a finite useful life, and multiple adherent devices may be
used serially to monitor a patient over an extended period. For
example, each adherent device may remain in place on the
patient for about 1 week, after which another adherent device
replaces the former one. The data from the multiple adherent
devices may be combined into a single, ongoing data set. As
is described above, data from the adherent devices may be
transmitted to a remote computer where analysis is per-
formed.

[0140] The adherent device or devices may make ongoing
measurements of a number of different characteristics of the
patient, including the patient’s bioimpedance, electrocardio-
gram information, temperature, activity level, posture, hydra-
tion, or other characteristics, such as an audio signal charac-
terizing a heart or respiratory sound of the patient.

[0141] Some patient data may indicate one or more descrip-
tive characteristics of the patient. This kind of data may also
be referred to as “patient descriptive data”. For example,
patient descriptive data may correspond to the amount of fat
in the patient’s body, and could include one or more of a
percent body fat of the patient, a body mass index, a height of
the patient, a weight of the patient, or other information
corresponding to the fat of the patient. Patient descriptive data
may include demographic information about the patient, for
example the patient’s sex, race, or age.
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[0142] Insome embodiments, patient descriptive data may
be input to the system, for example using a keyboard, key pad,
bar code reader, scanner, wired or wireless electronic signal,
automated measurement device, or other input mechanism.
Patient descriptive data could also be obtained from the
patient’s medical records, for example by automatic access of
medical records stored electronically. Patient descriptive data
may be input into the system once at the beginning of a
monitoring period, or only occasionally during a monitoring
period, as compared with the characteristics measured by the
adherent devices on an ongoing basis throughout the moni-
toring period.

[0143] FIG. 5 illustrates reading impedance data (BioZ)
from the adherent device in accordance with embodiments, to
determine one reading of an impedance parameter and one
reading of a breath parameter. In some embodiments, imped-
ance data from the adherent device are gathered periodically,
for example every 5, 10, 15, 20, 30, or 60 minutes, to deter-
mine the impedance parameter and the breath parameter.
Other intervals between readings may be used. The imped-
ance may be indicative of patient hydration, and the imped-
ance data may also be processed to derive the breath param-
eter that is indicative of some aspect or combination of
aspects of the patient’s breathing, for example the patient’s
breathing rate or the volume of air breathed by the patient in
a tidal breath.

[0144] Inthe example of FIG. 5, the impedance is sampled
120 times over the span of 30 seconds, to gather 120 imped-
ance data points. The raw data points from one 30-second
sample period are shown in curve 501. Other sampling peri-
ods and frequencies could be used. The peaks and valleys in
curve 501 correspond to the patient’s breathing, and in this
particular instance, the patient took about seven breaths while
the impedance was being sampled.

[0145] To determine one impedance reading from the 120
data points, outliers may be eliminated from the data points,
and the median of the remaining points determined. In the
example of FIG. §, the impedance parameter IP 502 derived
from this 30-second sampling period is the median of the
retained data points. In other embodiments, the impedance
data points could be averaged to determine the impedance
parameter, or some other process could be used to determine
the impedance parameter reading from the data points.
[0146] To determine the breath parameter for a particular
sampling interval, curve 501 may be first filtered, to smooth
the curve in a manner similar to filtered curve 503. In some
embodiments, the filtering may be accomplished by convolv-
ing a 5™ order high pass Butterworth filter with a 0.05 Hz
cutoffand a 9% order low pass Butterworth filter with a 0.4 Hz
cutoff and applying the resulting filter function to the data
points, although other kinds of filters could be used. The DC
component of curve 501 may also be established at axis 504.
The local maxima of the absolute value of the filtered points
are found, and the peaks having magnitudes in the upper 50%
of the peaks are retained—that is, those having the largest
magnitudes as measured from axis 504. In the example of
FIG. 5, seven peaks 505 are retained. An envelope is defined
around each of the peaks, including all of the samples
between the respective peak and the neighboring minimum
on each side of the peak. A variance of these samples is then
computed. In FIG. 5, the samples used for computing the
shown with heavy dots. One particular i”* sample 506 is
labeled, and its magnitude e, is depicted, as measured from
axis 504. The variance is simply the sum of the squares of the
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magnitudes of the dotted samples. That is, the breath param-
eter BP derived from this 30-second sampling period is Ze
over all of the dotted data points. The breath parameter BP
may be related to the patient’s breath volume or breathing
effort. The breath parameter values may be further filtered
before use. For example, in some embodiments, the breath
parameter values are low-pass filtered before use, using an
averaging finite impulse response filter of length 20.

[0147] Thus, in this embodiment, at the end of each 30-sec-
ond sampling interval, a single reading of impedance param-
eter IP and a single reading of breath parameter BP are
obtained.

[0148] While specific example techniques for computing
animpedance parameter and a breath parameter are described
above, may other techniques are possible within the scope of
the claims. For example, the breath parameter could be com-
puted as an area under curve 501 or curve 503, or the breath
parameter could be based on the peak values of curve 501 or
curve 503. Techniques for computing an impedance param-
eter and a breath parameter without generating a curve similar
to curve 501 could be utilized. In some embodiments, a breath
parameter relating to the patient’s breathing rate, breathing
effort, or some other aspect of the patient’s breathing could be
determined.

[0149] FIGS. 6 and 7 illustrate example methods of utiliz-
ing the impedance parameter readings to derive a baseline
impedance, an impedance index, and an impedance flag that
may be used in predicting an impending cardiac event.
[0150] Insomeembodiments, a prediction of an impending
cardiac event is based at least in part on relationship of the
ongoing measurements of the impedance parameter IP to a
patient-specific baseline impedance. Because bioimpedance
and patient hydration are related, this parameter may be
thought of as a measurement of the amount of fluid in the
patient’s tissues, and the prediction may be thought of as
being based in part on the relationship of the patient’s ongo-
ing fluid measurements to a patient-specific baseline fluid
measurement.

[0151] Turning to FIG. 6, the upper curve 601 schemati-
cally represents the impedance parameter readings taken a
patient, as described above. Curve 601 is simplified for case
of illustration, and spans about 90 days of monitoring. An
actual curve including readings taken over several months
may include thousands of readings of impedance.

[0152] The impedance parameter readings taken during an
initial period at the beginning of monitoring may be used to
determine one or more patient-specific baseline values for the
patient. For example, in some embodiments, a baseline
impedance specific to the patient is computed as the average
of the impedance parameter readings taken during the initial
period of monitoring. The length of the initial period may be
selected as any appropriate time, for example 24 hours, 48
hours, 72 hours, or another suitable time period. The variabil-
ity of the readings may also be characterized, for example the
standard deviation of the impedance parameter readings
taken during the initial period may be computed. Some addi-
tional filtering may be performed before computing the aver-
age and standard deviation.

[0153] In some embodiments, patient activity data may be
available, indicating whether the patient is resting or active,
for example exercising. The activity data may be derived from
signals provided by an accelerometer or other activity sensor
on the adherent device that also performs the impedance
measurements. Preferably, the readings utilized for establish-
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ing the baseline impedance (and the baseline breath param-
eter described below) are taken while the patient is in a state
of relatively low activity, and preferably at rest. In other
embodiments, the patient’s posture may be detected, and
utilized in the data gathering. For example, readings utilized
for establishing the baseline parameters may preferably be
taken while the patient is lying down.

[0154] Anindex may then be computed that is indicative of
a change in the impedance parameter relative to the baseline
impedance over time. For example, the index may generally
track the number of standard deviations (of the initial moni-
toring period data) by which the current impedance parameter
reading departs from the baseline impedance value. The index
is then compared with a threshold, and when the index passes
the threshold, an impedance flag is generated indicating that
the impedance has departed from the baseline value by more
than the threshold amount. The flag may be an actual elec-
tronic signal, for example a voltage level ina digital electronic
circuit, but most often will be a state recognized and recorded
by a processor executing program instructions.

[0155] The lower curve 602 of FIG. 6 depicts an example
impedance index and the results of these computations. As
can be seen, during the initial period 603 while the baseline
impedance is being established, the deviation from the base-
line is taken to be zero. After the initial period 603, the
impedance index is tracked and compared with a threshold
value. The threshold value may be set at any suitably predic-
tive value, for example -0.6, -0.9, -1.2, -1.5, or another
number of standard deviations of the baseline data. The actual
threshold value will depend on the particular method used for
characterizing the impedance parameter readings during the
initial period. For example if a variance of the impedance
parameter readings were to be used, then the magnitude of the
threshold value may be significantly different than in an
embodiment where a standard deviation is used. Any time the
index passes or exceeds (goes below) the threshold, the pre-
dictive impedance flag 604 indicates that the threshold has
been exceeded. This condition can be seen in FIG. 6 during
intervals 605. This impedance flag may be utilized alone or in
combination with other flags or signals to predict an impend-
ing cardiac event. Whenever the impedance index is closer
than the threshold value to the baseline impedance, the pre-
dictive impedance flag is not raised, for example in intervals
606 shown in FIG. 6.

[0156] Further filtering may be performed in the computa-
tion of the impedance index. In the exemplary embodiment of
FIG. 6, the impedance index is computed periodically from
the impedance parameter readings taken during a preceding
time window. Any suitable sampling period and window
length may be utilized. For example, the impedance index
may be computed every ¥ hour, ¥ hour, 1 hour, 1.5 hour, 2
hours, or on another suitable schedule, and may be based on
impedance parameter readings taken during the previous 12
hours, 24 hours, 36 hours, 48 hours, 60 hours, 72 hours, or
another suitable window length. In some embodiments, the
variability of the readings obtained during the current win-
dow is also considered in the computation of the impedance
index. Each window may overlap considerably with the pre-
vious one. For example, if the impedance index is computer
every ' hour, and each window is 24 hours long, the each
window would overlap by 23.5 hours with the previous win-
dow.

[0157] FIG. 7 illustrates a flowchart of one exemplary
embodiment for computing the baseline impedance and the
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impedance index 602. In step 701, the impedance parameter
is monitored, for example as described above, for the initial
period. In step 702, the impedance parameter readings are
filtered. In some embodiments, a median filter of having an
order between 3 and 15, for example an order of3, 5,7,9,11,
13, or 15, may be applied to the impedance parameter read-
ings, although other kinds or lengths of filters may be used, or
the filtering step may be omitted. In step 703, a mean p* ; and
standard deviation o* , are computed from the filtered initial
period impedance parameter readings. The mean p*, and
standard deviation 0* ; are thus patient-specific baseline val-
ues derived from the patient’s impedance data. A different
patient may have different values. The mean p*, is an
example of a baseline impedance specific to the patient.
[0158] In step 704, the impedance parameter is monitored
for an additional time period. In step 705, the data from the
current window is examined to see if gaps exist. For example,
if it is determined that any two adjacent readings were taken
more than four hours apart, it may be determined that the data
for the current window has gaps, and the data may notbe used.
In step 706, the readings in the current window are filtered, for
example using a 9% order median filter or another kind of
filter. As before, the filtering step could be omitted. It will be
also understood that some of the operations depicted in FIG.
7 may be reordered. For example, the filtering of the readings
from the current window could be performed before examin-
ing the data to see if gaps exist.

[0159] In step 707, the mean p - and standard deviation
0, of filtered impedance parameter data from the current
window are computed. In step 708, the impedance index T4,
is computed as

Hew — Mg

2 2
VOEw + (ap?

Ty =

Generally, impedance index T, indicates how much the
impedance at the current window differs from the patient’s
patient-specific baseline impedance. A lower value for T,
generally indicates a higher fluid level in the patient’s tissues.
This example formula accounts for the variance of the read-
ings taken during the current window, as well as the variance
of the readings taken during the initial period.

[0160] While the example above describes one technique
for establishing a baseline impedance parameter and comput-
ing an impedance index, many other techniques are possible
within the scope of the claims. For example, a baseline
impedance parameter may be computed as a median of sev-
eral readings of an impedance parameter, or even from a
single reading. An impedance index may not be based on a
number of standard deviations of change from the baseline,
but could be based on a simple difference in readings from the
baseline, a percentage change from the baseline, or could be
computed in any other suitable way.

[0161] Insome cases, for example in a patient who has had
arecent prior cardiac event, the patient’s impedance readings
may be changing significantly during the initial period during
which the baseline values are being established. For this
reason, an additional check and optimization may be per-
formed. In one example embodiment, the impedance index
values are examined for the first five days of monitoring. If
any window during the first five days has an impedance index
T, that departs from the baseline impedance index by a
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significant amount, and the patient has had a previous cardiac
event within the past seven days, then the baseline values for
impedance and breath volume may be reset to the values
computed for the window having the maximum departure
from the baseline impedance index.

[0162] FIG. 8 illustrates a flowchart of one exemplary
method of computing a baseline breath parameter and a
breath index that may be utilized in predicting a cardiac event.
A breathflagis also derived from the breath parameter and the
breath index. In some embodiments, the breathing parameter
may be monitored in a manner similar to the impedance
parameter, and a baseline established and a breath index
computed. Prediction of an impending cardiac event may
then be based at least in part on relationship of the ongoing
measurements of the breath parameter to the patient-specific
baseline breath parameter.

[0163] In step 801, the breathing parameter is monitored,
for example as described above, for the initial period. In step
802, a mean p*,- and standard deviation o* - are computed
from the initial period breath parameter readings. The mean
p* ;- and standard deviation o* - are patient-specific baseline
breath-related values derived from the patient’s impedance
data. A different patient may have different values.

[0164] Instep 803, the breath parameter is monitored for an
additional time period. In step 804, the data from the previous
window is examined to see if gaps exist. For example, if it is
determined that any two adjacent readings were taken more
than four hours apart, it may be determined that the data for
the current window has gaps, and the data may not be used.
[0165] In step 805, the mean y, ;- and standard deviation
0, 50f the breath parameter data from the current window are
computed. In step 806, the breath index B, is computed as

Hyw =y

VT +(h)?
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Generally, breath index B, indicates how much the breath
parameter at the current window differs from the patient’s
patient-specific baseline breath parameter. A lower value for
By, generally indicates shallower breathing.

[0166] It will be recognized that additional filtering steps
may be utilized in the computation of breath index B ;.
[0167] The relationship of the breath index B, and the
baseline breath parameter value may be tracked to generate a
predictive breath flag. For example, a threshold deviation
from the baseline may be established, and the breath flag
raised when the breath index exceeds the threshold. The
threshold may be set at any suitable predictive value, for
example, -0.2, -0.3, =04, =0.5, or some other level. The
actual magnitude of the threshold is dependent on the particu-
lar technique used to compute the breath parameter. For
example, if a variance of the baseline readings is used rather
than a standard deviation, or if a different breath parameter is
used, the threshold may be considerably different.

[0168] While the example above describes one technique
for establishing a baseline breath parameter and computing a
breath index, many other techniques are possible within the
scope of the claims. For example, a baseline breath parameter
may be computed as a median of several readings of a breath
parameter, or even from a single reading. A breath index may
not be based on a number of standard deviations of change
from the baseline, but could be based on a simple difference
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in readings from the baseline, a percentage change from the
baseline, or could be computed in any other suitable way. In
other embodiments, the breath parameter may be related to
the patient’s breathing rate, rather than volume, and the breath
index may indicate a change in the patient’s breathing rate as
compared with a baseline breathing rate.

[0169] FIG. 9 illustrates a method of computing another
index that may be utilized in predicting a cardiac event
according to embodiments. In the method of F1G. 9, a patient-
specific predicted impedance value is computed, and the
ongoing measurements of the impedance parameter com-
pared with this predicted value to generate another index that
may be utilized in the prediction of an impending cardiac
event. In one example embodiment, the predicted impedance
is computed from the patient’s body mass index (BMI),
which is in turn computed from the patient’s height and
weight.

[0170] Based on the data shown in FIG. 4, a best-fit linear
model indicates that in general, the higher a patient’s BMI,
the higher the patient’s predicted impedance. The linear
model includes a slope m and an intercept value b, and pre-
dicts BioZ from BMI according to the relation

Predicted Impedance=b+m*BMI.

Depending on the particular population of subjects used to
generate the linear model and the fitting technique used, the
slope may be between 1.5 and 2.0, and the intercept may be
between 3 and 4. For example, the slope m may be approxi-
mately 1.5,1.6,1.7,1.8, 1.9, or 2.0, and the intercept value b
may be approximately 3.0, 3.2, 3.4,3.6,3.8, 0or 4.0.

[0171] FIG. 9 illustrates a flowchart for computing a ratio
index from the ongoing measurements of the patient’s imped-
ance and the patient’s predicted impedance. In step 901, the
patient’s predicted impedance IM is computed, for example
as described above. In step 902, the patient’s impedance is
measured for an initial period. In step 903, the patient’s
impedance is monitored for an additional time period. In step
904, the impedance data for the current window is examined
to see if there are data gaps. If the impedance parameter data
is sufficient, it is filtered in step 905. It will be recognized that
ifthe ratio index and the impedance index described above are
both to be calculated, that some steps such as filtering steps
706 and 905 are redundant, and need be performed only once.
In step 906, the median M, of the impedance parameter
readings in the current window is determined. In step 907, the
ratio index R, is computed as

My - IMp
Ry = —_"F
v IMp

Generally, ratio index R, indicates how much the patient’s
current impedance parameter differs from the impedance that
would be expected for a patient having similar characteristics,
such as body mass index.

[0172] The ratio index R, may be tracked to generate a
predictive ratio flag. For example, a threshold ratio may be
established, and the ratio flag raised when the ratio index
exceeds the threshold. The threshold may be set at any suit-
ably predictive level, for example -0.1, -0.2, -0.3, or another
value. The actual magnitude of the ratio will depend on the
particular method used for computing the predicted imped-
ance and the ratio index.
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[0173] While the example above describes one technique
for establishing a predicted impedance computing a ratio
index, many other techniques are possible within the scope of
the claims. For example, a predicted impedance may be based
on some characteristic of the patient other than BMI, for
example a body fat percentage, the patient’s weight alone, or
some other characteristic or combination of characteristics. A
ratio index may be computed using some other technique,
rather than a simple difference between the current imped-
ance and the predicted impedance.

[0174] Inembodiments, any one,any combination, or all of
the impedance flag, the breath flag, and the ratio flag may be
used to predict events such as impending acute decompensate
heart failure.

[0175] In some embodiments, a flag is used for prediction
only if it has been raised for at least a specified duration
threshold. For example, the duration threshold for the imped-
ance flag may be set, and the impedance flag may be consid-
ered as present for prediction only if it has been raised con-
tinuously for at least the duration threshold. Similar duration
thresholds may be set for the breath flag and the ratio flag. The
duration thresholds may be set at any suitably predictive
values, for example, 1 day, 2 days, 3 days, 4 days, or some
other value. The duration thresholds need not all be the same.
[0176] Theflags may be used or combined in various ways.
For example, the impedance flag could be used alone to
predict acute decompensated heart failure, with a prediction
output generated if the impedance flag has been raised for
more than its duration threshold.

[0177] However, the accuracy of prediction may be
enhanced if multiple variables are considered in the predic-
tion algorithm. In other example embodiments, any two of the
impedance flag, the breath flag, and the ratio flag may be
combined to generate the prediction output.

[0178] In a preferred embodiment, all three of the imped-
ance flag, the breath flag, and the ratio flag are utilized in
determining the prediction output, and the flags may be com-
bined as follows:

[0179] 1) if the impedance flag and the ratio flag are
present concurrently, and the breath flag is present for at
least some of the time that the impedance flag and the
ratio flag are concurrently present, the prediction output
is generated to predict impending acute decompensated
heart failure;

[0180] 2)if the impedance flag is not present, the predic-
tion output is not generated,

[0181] 3) if the ratio flag is not available (for example,
the patient’s body mass index is not known), or if the
patient’s body mass index is very high, the ratio flag is
considered to be always present, and the prediction out-
put is generated based on the impedance flag and the
breath flag as described in 1) above;

[0182] 4)ifthe breath flag is not available, the breath flag
is considered to be always present, and the prediction
output is generated based on the impedance flag and the
ratio flag; and

[0183] 5) if the ratio flag and the breath flag are not
available, then the prediction output is generated based
only on the impedance flag.

[0184] As described above, the prediction method operates
during the monitoring period, after the baseline values are
established. In some cases, it may be determined during the
initial monitoring period that an acute decompensated heart
failure is likely imminent, and the prediction output may be
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generated before the baseline values are established. For
example, once the patient’s predicted impedance IM, is
known and a reading of the patient’s actual impedance param-
eter is available, the prediction output may be generated if the
actual impedance parameter reading is below a specified
minimum value. The specified minimum value may be set at
any suitable value, for example 70% of'the patient’s predicted
impedance IM, 75%, 80%, 85%, or some other value.
[0185] FIG. 10 graphically illustrates the event prediction
logic according to embodiments. The sequence depicted in
FIG. 10 may be performed for each window of data gathering.
In test 1001, it is determined whether patient descriptive data
such as the patient’s height, weight, or body mass index is
available. If so, the patient’s body mass index is checked at
test 1002 to see if it is greater than a cutoff value. The cutoff
value may be set at any suitably predictive value, for example,
34 kg/m®, 36 kg/m*, 38 kg/m”, 40 kg/m”, or another value. If
the patient descriptive data is not available or the patient’s
body mass index is too high, control passes to test 1003,
where the patient’s impedance index T, is tested against the
patient’s patient-specific impedance change threshold. If the
impedance index has not gone below the threshold, then no
event prediction output will be generated. Similarly, the
patient’s breath index By, is tested in test 1004 against the
patient’s threshold. If the breath index has not reached the
threshold, no event prediction output is generated. Only if
both the impedance index and the breath index have gone
below their thresholds and impedance and breath flags gen-
erated, the flags are checked at test 1005 to see if the flags have
been raised for the amounts of time required for event pre-
diction. If not, no event prediction output is generated. But if
the duration logic of test 1005 indicates that the flags have
been raised for sufficient times, then an event prediction out-
put is generated at 1006.

[0186] Iftests 1001 and 1002 reveal that patient descriptive
data is available and the patient’s body mass index is below
the cutoff value, then duration logic at test 1007 checks to see
if the current reading is within the initial baseline monitoring
period. If so, and if the impedance parameter (BIOZ) is too
low, as determined at test 1007, then an event prediction
output is generated at 1006. Iftest 1007 reveals that the initial
baseline monitoring period has passed, then control passes to
tests 1009,1010, and 1011, where itis determined whether all
of the impedance index T,, the ratio index R ,, and the breath
index B have crossed their respective thresholds so that the
impedance flag, the ratio flag, and the breath flag have been
raised. If any of the flags has not been raised at some point,
then no event prediction output is generated. If all of the flags
have been raised at least once, then duration logic at tests
1012 tests whether the flags have been raised for sufficient
duration and in the correct relationship for event prediction. If
not, no event prediction output is generated, but if so, the
event prediction output is generated at 1006. Other ways of
combining patient information to generate an event predic-
tion output may be envisioned within the scope of the claims.
[0187] Experimental Clinical Studies

[0188] An experimental clinical study can be conducted on
an empirical number of patients to determine empirically
parameters of the above described adherent device and pro-
cessor system so as to adjust impedance based on data of the
patient. The empirically determined parameters can be used
with programs of the processor system to determine status of
the patient, for example to determine deterioration in the
status, based on the teachings as described herein.
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[0189] Body Mass Index Study

[0190] FIG. 4 shows a scatter plot of impedance and body
mass index measured with an experimental study comprising
a measurement population of approximately 200 patients.
The study was conducted with an adherent patch device as
described above. The data show a correspondence of body
mass index with measured impedance, and the correlationhas
been determined to be statistically significant with a p value
less than 0.001. The impedance increased at least about 1
Ohm per BMI unit increased and was shown to be about 2
Ohms per unit BMI increase. These patient population data
indicate that an “optimal” bioimpedance value is about 70
Ohms for a patient with a BMI of about 35 and about 50 Ohms
for a patient with a BMI of about 25.

[0191]

[0192] In another study, 543 heart failure patients were
enrolled. Each of the patients was in New York Heart Asso-
ciation functional class I1I or IV, had an ejection fraction of
40% or less, and had a recent admission to a hospital for
treatment of heart failure. The patients were monitored for 90
days using a multi-sensor system that monitored bioimped-
ance and other data. Of the 543 patients, 206 were assigned to
a development cohort, and data from this cohort were used to
develop a prediction method as described above. The method
was then applied to data from other 337 patients, to validate
the prediction accuracy of the method. Of the 543 patients,
314 completed the study.

[0193] Both single-variable and multi-variable prediction
methods were evaluated, with the following results achieved
in the validation patient population:

Determination and Validation of Prediction Method

Sensi-  Speci-  False Positive Advance
tivity ficity Rate (Event/ Detection
(%) (%) patient-yr.) Time (Days)
Impedance Index 83 40 9.4
Impedance Index 70 77 2.3
and Breath Index
Impedance Index 71 74 3.2
and Predicted
Impedance
Impedance Index, 65 90 0.7 Mean
Breath Index, and 114 +/-9.0
Predicted Median 9.0
Impedance Range 2.4 t0 33.3

[0194] Sensitivity is a measure of the method’s ability to
recognize impending events, and may be defined as the num-
ber of true positive predictions divided by the number of
cardiac events that occurred in the patient population, that is

Sensitivity=#TP/#Events.

[0195] Specificity is a measure of the method’s ability to
correctly recognize that no cardiac event is pending, and may
be defined as the number of true negative readings divided by
the number of patient records without events, that is

Specificity=#TN/#Patient records without events.

[0196] The false positive (FP) rate is a measure of the
method’s tendency to predict a cardiac event when none
actually occurs, and may be defined as the number of false
positive predictions divided by the total data duration in
years, that is

FP Rate=#FP/Total data duration.
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[0197] A truepositive may be defined as a prediction output
that culminates in a cardiac event, for example a prediction
output lasting at least 24 hours and culminating in an acute
decompensated heart failure event.

[0198] A false positive may be defined as the generation of
a prediction output without the predicted event occurring. A
prediction output that switches off and is not followed by an
event may also be considered a false positive.

[0199] A false negative may be defined as a cardiac even
that is not preceded by a prediction output within the preced-
ing 24 hours.

[0200] A true negative occurs when no prediction output is
generated, and no cardiac events occur during the monitoring
period.

[0201] As can bee seen from the experimental results,

multi-parameter prediction results in significantly improved
prediction accuracy, as compared with single-parameter pre-
diction, especially in the reduction of the false positive rate.

[0202] The above data are exemplary and a person or ordi-
nary skill in the art will recognize many variations and alter-
ations based on the teachings described herein.

[0203] 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.-36. (canceled)

36. An apparatus to monitor a patient having a body fluid,
the apparatus comprising: means for determining an output
based on patient data.

37. A method of predicting an impending patient cardiac
event, the method comprising: receiving impedance data
measured from the patient; establishing at least one patient-
specific value for the patient based at least in part on the
impedance data; and generating, based at least in part on the
impedance data and the at least one patient-specific value, a
patient event prediction output predictive of the impending
patient cardiac event.

38. The method of claim 37, further comprising receiving
patient descriptive data indicating at least one descriptive
characteristic of the patient; and wherein establishing the at
least one patient-specific value for the patient comprises
establishing the at least one patient-specific value for the
patient based at least in part on the patient descriptive data.

39. The method of claim 38, wherein receiving patient
descriptive data comprises receiving an indicator of an
amount of fat in the patient’s body.

40. The method of claim 38, wherein receiving patient
descriptive data comprises receiving a height and weight of
the patient.

41. The method of claim 38, wherein receiving patient
descriptive data comprises receiving a body mass index of the
patient.

42. The method of claim 37, wherein the patient event
prediction output is predictive of an impending acute decom-
pensated heart failure event.

43. The method of claim 42, wherein the acute decompen-
sated heart failure event is any event or combination of events
selected from the group consisting of 1) any heart failure-
related emergency room visit by the patient or hospitalization
of the patient requiring administration of intravenous diuret-
ics, inotrope, or ultrafiltration for fluid removal; 2) achange in
diuretic directed by a health care provider, wherein the
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change is one or more of a) a change in the prescribed diuretic
type, b) and increase in dose of an existing diuretic, or ¢) the
addition of an other diuretic; and 3) an acute decompensated
heart failure event for which the outcome is death of the
patient.

44. The method of claim 37, wherein receiving impedance
data measured from the patient comprises: affixing an adher-
ent device to the patient, the adherent device comprising
electrodes in electrical contact with the patient’s skin, and the
adherent device generating an impedance output indicating
an impedance between at least two of the electrodes; and
receiving the impedance output.

45. The method of claim 37, wherein establishing at least
one personalized value for the patient comprises processing
the measured impedance data to establish a baseline imped-
ance specific to the patient.

46. The method of claim 45, wherein the baseline imped-
ance is established using impedance data measured from the
patient during a period of low patient activity.

47. The method of claim 46, wherein the baseline imped-
ance is established using impedance data measured from the
patient while the patient is at rest.

48. The method of claim 45, wherein generating the patient
event prediction output comprises generating the event pre-
diction output based at least in part on a relationship of ongo-
ing measurements of the impedance to the baseline imped-
ance.

49. The method of claim 37, wherein establishing at least
one personalized value for the patient comprises processing
the measured impedance data to establish a baseline breath
parameter specific to the patient.

50. The method of claim 49, wherein the baseline breath
parameter is established using impedance data measured
from the patient during a period of low patient activity.

51. The method of claim 50, wherein the baseline breath
parameter is established using impedance data measured
from the patient while the patient is at rest

52. The method of claim 49, wherein the breath parameter
relates to the volume of air breathed by the patient.

53. The method of claim 49, wherein generating the patient
event prediction output comprises generating the event pre-
diction output based at least in part on a relationship of ongo-
ing measurements of the breath parameter to the baseline
breath parameter.

54. The method of claim 37, further comprising receiving
patient descriptive data indicating at least one characteristic
of the patient, and wherein establishing at least one person-
alized value for the patient comprises computing a predicted
impedance specific to the patient based on the patient descrip-
tive data.

55. The method of claim 54, wherein the predicted imped-
ance is computed from the patient’s height and weight or from
the patient’s body mass index.

56. The method of claim 54, wherein generating the patient
event prediction output comprises generating the event pre-
diction output based at least in part on a relationship of ongo-
ing measurements of the impedance to the predicted imped-
ance.

57. The method of claim 37, further comprising receiving
patient descriptive data indicating at least one characteristic
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of the patient, and wherein: establishing at least one person-
alized value for the patient comprises processing the imped-
ance data to establish a baseline impedance specific to the
patient, and also comprises computing a predicted impedance
specific to the patient based on the patient descriptive data;
the method further comprises making ongoing measurements
of the impedance; and generating the patient event prediction
output comprises generating the event prediction output
based at least in part on relationships of the ongoing measure-
ments of the impedance to the baseline impedance and of the
ongoing measurements of the impedance to the predicted
impedance.

58. The method of claim 37, wherein: establishing at least
one personalized value for the patient comprises processing
the impedance data to establish a baseline impedance specific
to the patient and a baseline breath parameter specific to the
patient; and the method further comprises making ongoing
measurements of the impedance and computing ongoing
measurements of the breath parameter; and generating the
patient event prediction output comprises generating the
event prediction output based at least in part on relationships
of the ongoing measurements of the impedance to the base-
line impedance and of the breath parameter to the baseline
breath parameter.

59. The method of claim 58, further comprising receiving
patient descriptive data indicating at least on characteristic of
the patient, and wherein: establishing at least one personal-
ized value for the patient further comprises computing a
predicted impedance specific to the patient based on the
patient descriptive data; and generating the patient event pre-
diction output comprises generating the event prediction out-
put based at least in part on a relationship of ongoing mea-
surements of the impedance to the predicted impedance.

60. The method of claim 59, wherein generating the patient
prediction output further comprises: computing an imped-
ance index indicative of a change in the impedance relative to
the baseline impedance over time; computing a breath index
indicative of a change in the breath parameter relative to the
baseline breath parameter over time; computing a predicted
impedance index indicative of a change in the impedance
relative to the predicted impedance over time; and comparing
the impedance index, the breath index, and the predicted
impedance index with respective preselected thresholds.

61. The method of claim 60, wherein computing the patient
prediction output further comprises computing an amount of
time for which at least one of the indices has exceeded its
respective threshold.

62. The method of claim 60, further comprising generating
the patient prediction output predicting a cardiac event when
the impedance index and the predicted impedance index have
both exceeded their respective thresholds for time period of
preselected duration, and the breath index has exceeded its
respective threshold at least once during the time period.

63.-86. (canceled)
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