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7) ABSTRACT

Methods and apparatus to determine the presence of and
track functional chronotropic incompetence (hereinafter
“CI”) in an in-home setting under conditions of daily living.
The functional CI of the patient may be determined with one
or more of a profile of measured patient heart rates, a
measured maximum patient heart rate, or a peak of the heart
rate profile. The functional CI of the patient may be deter-
mined with the measured heart rate profile, in which the
measured heart rate profile may correspond to heart rates
substantially less than the maxinum heart rate of the patient,
such that the heart rate can be safely measured when the
patient is remote from a health care provider. The functional
CI of the patient may be determined based a peak of the
remotely measured heart rate profile, for example a peak
corresponding to the mode of the heart rate distribution
profile.
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200- Method of monitoring a patient
205- Adhere measurement device to patient to measure heart rate, activity, body posture,
respiration rate and bioimpedance
210- Measure, store and process patient data with adherent device
212- Determine patient drug treatment
215- Transmit patient data from adherent device to gateway
220- Receive patient data with gateway
225. Measure, store and process patient data with gateway
230- Transmit patient data from gateway to remote server
235- Measure, store and process patient data with remote server
240- Identify CI with profile of remote heart rates
241- determine profile of remote heart rates
242- determine peak of profile of remote heart rates
243- determine portion of profile above peak
244- determine portion of profile below peak
245- compare portion above peak to portion below peak
246- identify CI when portion above peak is less than portion below
250- Identify CI with resting remote HR
251- determine occurrence of heart rates corresponding to profile
252- determine peak of the remote heart rates

254- determine remote resting HR bascd on peak of remote HR

255~ determine age corrected maximum HR

256- determine HRR based on age corrected maximum HR and remote resting HR

257- identify CI when HRR below threshold
260- Identify CI with maximum HR
261- determine threshold activity amount based on patient data from a plurality of other
patients '

262- determine patient activity above threshold

263- determine heart rates corresponding to patient activity above threshold

264- determine correlation of [IR above threshold with one or more of activity, body
posture, respiration rate and bioimpedance

265- determine patient drug treatment and compliance

266- determine CI based on patient drug treatment and correlation of HR above threshold
with the one or more of one or more of activity, body posture, respiration rate and bioimpedance
270- Transmil notification to one or more of physician or patient based on identification of CI

Figure 2
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METHOD AND APPARATUS FOR REMOTE
DETECTION AND MONITORING OF
FUNCTIONAL CHRONOTROPIC
INCOMPETENCE

CROSS-REFERENCES TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 14/310,105 filed on Jun. 20, 2014 and
titled “Method And Apparatus For Remote Detection And
Monitoring Of Functional Chronotropic Incompetence”,
which is a continuation of U.S. patent application Ser. No.
12/910,076 filed Oct. 22, 2010 and titled “Method and
Apparatus for Remote Detection and Monitoring of Func-
tional Chronotropic Incompetence”, which claims the ben-
efit under 35 USC 119(e) of U.S. Provisional Application
No. 61/253,866, filed on Oct. 22, 2009 and titled “Method
and Apparatus for Remote Detection and Monitoring of
Functional Chronotropic Incompetence”, the entire disclo-
sures of which are hereby incorporated by reference herein
for all purposes.

BACKGROUND OF THE INVENTION

[0002] Patients are often treated for diseases and/or con-
ditions associated with a compromised status of the patient,
for example a compromised physiologic status. In some
instances, a patient may report symptoms that require diag-
nosis to determine the underlying cause. For example, a
patient may report fainting or dizziness that requires diag-
nosis, in which long term monitoring of the patient can
provide useful information as to the physiologic status of the
patient. In some instances a patient may have suffered a heart
attack and require care and/or monitoring after release from
the hospital.

[0003] Chronotropic incompetence (hereinafter “CI”) can
be a debilitating condition associated with high mortality
and morbidity. Chronotropic incompetence can be defined as
the inability for a patient to elevate heart rate to 85% of the
age-predicted maximum heart rate (hereinafter “APMHR”™)
level during exercise in a clinical environment. The deter-
mination of the ability of the patient to raise HR can be done
by subjecting a patient to exercise in a clinic to elevate the
patient HR, for example with a treadmill in a clinic.

[0004] Work in relation to embodiments of the present
invention suggests that known methods and apparatus for
determining CI may be less than ideal. At least some of the
known methods and apparatus test the patient in a clinical
setting and may not determine the presence of CI when the
patient is located remote from the clinic, for example located
at home. Although successful in determining the presence of
CI in a clinical setting, current methods that rely on a
controlled environment such as a treadmill in a clinic may
not be well suited to determine CI when the patient is located
remote from the clinic. For example, in at least some
instances the patient may be somewhat frail and not well
suited to exercise on his or her own. Also, current methods
of determining the maximum HR of the patient assume that
the patient is able to exercise the level of his or her capacity
when the maximum HR is measured, and in at least some
instances such an assumption may not be appropriate, such
as for patients with respiratory and cardiac diseases, as well
as patients with physical disability.
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[0005] Another approach to determining cardiac function
related to CI in a patient can be to determine the heart rate
reserve (hereinafter “HRR”) of the patient, in which the
HRR is determined with the resting HR of the patient.
However, in at least some instances it can be difficult to
determine the resting HR of the patient in the clinic. In at
least some instances, measurements of a patient in a clinic
can be nervous and the heart rate can be elevated, for
example with white coat syndrome, and the patient may
receive an incorrect diagnosis in at least some instances.
Further, at least some of the present methods of measuring
HR remotely may not provide appropriate data to determine
the resting HR when the patient is located remote from the
clinic.

[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
methods and devices.

BRIEF SUMMARY OF THE INVENTION

[0007] Embodiments of the present invention provide
methods and apparatus to determine the presence of and
track functional ClI in an in-home setting under conditions of
daily living. The remote monitoring of the patient can
determine the presence of functional CI and identify func-
tional CI so as to allow appropriate intervention and treat-
ment. The functional CI of the patient can be determined
safely and in many ways with the patient located outside the
clinic. For example, the functional CI of the patient may be
determined with one or more of a profile of measured patient
heart rates, a measured maximum patient heart rate, or a
peak of the heart rate profile, such as the peak of a heart rate
distribution profile. The functional CI of the patient may be
determined with the measured heart rate profile, in which the
measured heart rate profile may correspond to heart rates
substantially less than the maximum heart rate of the patient,
such that the heart rate can be safely measured when the
patient is remote from a health care provider. Alternatively
or in combination, the functional CI of the patient may be
determined based on a peak of the remotely measured heart
rate profile. Further, the functional CI may be determined
based on statistical measurements of the heart rate profile
such as a location, for example central tendency, and vari-
ability, for example dispersion, of the measured heart rate.
For example, the relative amounts of the profile of heart
rates above the peak and heart rates below the peak can be
compared to determine the functional CI. The peak of the
heart rate profile of the remote heart rate data may be used
to determine the heart rate reserve and functional CI of the
patient.

[0008] The measured distribution of heart rates of the
remotely measured patient heart rate data can be combined
with one or more of the measured activity data, measured
respiration data, the measured orientation and the measured
impedance data so as to determine the functional CI of the
patient. The measured activity data of the patient can be
combined with the heart rate data to determine a measured
maximum heart rate of the patient when the patient exer-
cises. For example, the peak activity of the patient can be
determined and compared to a threshold value, and the
maximum heart rate of the patient may correspond to the
activity of the patient above the threshold. Alternatively or
in combination, the maximum heart rate of the patient may
comprise an estimated maximum heart rate of the patient,
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and the presence of functional CI determined based on the
estimated maximum heart rate and the age predicted maxi-
mum heart rate, such that the functional CI may be deter-
mined without requiring elevation of the heart rate of the
patient.

[0009] The measured patient data can come from one or
more of many sources of data such as an adherent device, or
an implantable device, or combinations thereof. An implant-
able device can be used to measure heart rate data. Alter-
natively or in combination an adherent device can be used to
measure heart rate data. Additional data can be measured,
for example accelerometer data from an adherent device.
[0010] Inafirst aspect, embodiments provide an apparatus
to monitor a patient. A processor system comprises at least
one processor having a tangible medium with instructions of
a computer program embodied thereon, the processor sys-
tem configured to receive heart rate data of the patient and
determine a profile of the heart rates and wherein the
processor is configured to identify chronotropic incompe-
tence of the patient based on the profile of the heart rates.
[0011] Inmany embodiments, the computer program com-
prises instructions to identify the functional CI with one or
more measurement of location of the heart rate data, mea-
sures of dispersion and variability of the heart rate data,
skewness and kurtosis of the heart rate data, or comparison
of portions around a mode of a single modal mounded
distribution.

[0012] Inmany embodiments, the computer program com-
prises instructions to determine a peak of the profile and a
first portion of the profile and a second portion of the profile,
the first portion corresponding to a first amount of occur-
rences of first heart rates less than the peak and the second
portion corresponding to a second amount of occurrences of
second heart rates greater than the peak and wherein the
chronotropic incompetence is identified based on the second
amount smaller than the first amount.

[0013] In another aspect, embodiments provide an appa-
ratus to monitor a remote patient, the apparatus comprises a
processor system comprising at least one processor having a
tangible medium with instructions of a computer program
embodied thereon. The processor system is configured to
receive heart rate data of the remote patient and determine
a distribution of the heart rates, and the processor is con-
figured to identify a chronotropic incompetence of the
patient based on the distribution of heart rates.

[0014] Inmany embodiments, the computer program com-
prises instructions to receive respiration data of the patient
and activity data of the patient and instructions to combine
the heart rate data with the respiration data and activity data
to identify the chronotropic incompetence.

[0015] Inmany embodiments, the computer program com-
prises instructions to determine a peak of the distribution
and a first portion of the distribution and a second portion of
the distribution, the first portion corresponding to a first
amount of occurrences of first heart rates less than the peak
and the second portion of the distribution corresponding to
a second amount of occurrences of second heart rates greater
than the peak. The chronotropic incompetence is identified
based on the second amount smaller than the first amount.
[0016] In another aspect, embodiments provide a method
of monitoring a patient. A processor system is provided
which comprises at least one processor having a tangible
medium with instructions of a computer program embodied
thereon, the processor system configured to receive heart
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rate data of the patient and determine a profile of the heart
rates. The chronotropic incompetence of the patient is iden-
tified based on the profile of the heart rates.

[0017] In another aspect, embodiments provide an appa-
ratus to monitor a remote patient. A processor system
comprises at least one processor having a tangible medium
with instructions of a computer program embodied thereon,
the processor system configured to receive data of the
remote patient comprising heart rate data of the patient and
activity data of the patient. The processor system comprises
instructions to determine activity of the patient to a threshold
activity amount, and the processor system comprises
instructions to identify a chronotropic incompetence of the
patient based on the heart rate data corresponding to activity
of the patient above the threshold.

[0018] In many embodiments, the processor system com-
prises instructions to determine a maximum heart rate of the
heart rate data corresponding to the activity of the patient
above the threshold.

[0019] In many embodiments, the processor system com-
prises instructions to determine a correlation of the maxi-
mum heart rate with one or more of the patient activity,
patient body posture, patient breath rate or patient respira-
tion rate and wherein the processor system is configured to
identify CI based on the correlation.

[0020] In many embodiments, the data of the patient
comprises drug data of the patient and wherein the processor
system comprises instructions to identify CI based on the
drug data and the correlation.

[0021] In many embodiments, the patient data comprises
data from an adherent device measured remotely and
wherein the processor system comprises instructions to
determine the threshold amount from a plurality of remote
patients and corresponds to a percentile of patient activity of
the plurality of remote patients.

[0022] In another aspect, embodiments provide a method
of monitoring a remote patient. A processor system is
provided that comprises at least one processor having a
tangible medium with instructions of a computer program
embodied thereon, and the processor system is configured to
receive data of the remote patient comprising heart rate data
of the patient and activity data of the patient. The processor
system comprises instructions to determine activity of the
patient to a threshold activity amount. A chronotropic
incompetence of the patient is identified based on the heart
rate data corresponding to activity of the patient above the
threshold.

[0023] In another aspect, embodiments provide an appa-
ratus to monitor a remote patient. A processor system
comprises at least one processor having a tangible medium
with instructions of a computer program embodied thereon,
and the processor system comprises instructions to receive
heart rate data of the remote patient and to determine a peak
of heart rates of the remote patient. The processor system
comprises instructions to identify a chronotropic incompe-
tence of the patient based on the peak.

[0024] In many embodiments, the heart rates comprise a
profile of heart rates, and the peak comprises a peak of the
profile.

[0025] In many embodiments, the heart rates comprise a
distribution of heart rates, and the peak comprises a mode of
the distribution.

[0026] In many embodiments, the processor system com-
prises instructions to determine a heart rate reserve based on
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a difference of a maximum age predicted maximum heart
rate and the peak, and the processor system is configured to
determine the CI based on the heart rate reserve determined
with the peak.

[0027] In another aspect, embodiments provide a method
of monitoring a remote patient. A processor system is
provided that comprises at least one processor having a
tangible medium with instructions of a computer program
embodied thereon, and the processor system comprises
instructions to receive heart rate data of the remote patient
and to determine a peak of heart rates of the remote patient.
A chronotropic incompetence of the patient is identified
based on the peak.

[0028] In another aspect, embodiments provide an appa-
ratus to monitor a patient having a skin. An adherent device
to measure patient data comprises wireless communication
circuitry and measurement circuitry, the measurement cit-
cuitry is coupled to at least two electrodes, a respiration
sensor and an activity sensor. The adherent device compris-
ing a support with an adhesive to adhere the at least two
electrodes to the skin and support the wireless communica-
tion circuitry, the processor circuitry and the measurement
circuitry with the skin. A server is located remote from the
patient to receive the patient data. A gateway is coupled to
each of the adherent device and the server with wireless
communication to transmit the patient data. One or more of
the adherent device, the server or the gateway comprises at
least one processor having a tangible memory medium with
instructions of a computer program embodied thereon to
determine a chronotropic incompetence of the patient based
on the patient data measured with the at least two electrodes,
the respiration sensor and the activity sensor.

[0029] In many embodiments, the at least one processor
comprises instructions to determine a distribution of heart
rates of the patient and wherein the at least one processor is
configured to determine the chronotropic incompetence
based on the distribution heart rates.

[0030] In many embodiments, the distribution of heart
rates of the patient corresponds to a plurality of heart levels
and an occurrence of each level.

[0031] Inmany embodiments, the computer program com-
prises instructions to determine a peak of the distribution
and a first portion of the distribution and a second portion of
the distribution, the first portion corresponding to a first
amount of occurrences of first heart rates less than the peak
and the second portion of the distribution corresponding to
a second amount of occurrences of second heart rates greater
than the peak and wherein the chronotropic incompetence is
determined based on the second amount smaller than the
first amount.

[0032] In many embodiments, the at least one processor
comprises instructions to fit the distribution to a Gaussian
distribution and determine a skew of the distribution and
wherein the chronotropic incompetence is determined based
on the skew.

[0033] In many embodimernts, the at least one processor
comprises instructions to determine a distribution of heart
rates of the patient, the distribution corresponding heart rates
less than a maximum heart rate of the patient and wherein
the at least one processor is configured to determine the
chronotropic incompetence based on the distribution heart
rate intervals corresponding to less than the maximum heart
rate of the patient.
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[0034] In many embodiments, the at least one processor
comprises instructions to determine a distribution of heart
rates of the patient, the distribution corresponding to heart
rates less than a maximum heart rate of the patient and
wherein the at least one processor comprises instructions to
determine the maximum heart rate of the patient based on
the distribution heart rate intervals corresponding to less
than the maximum heart rate of the patient.

[0035] In many embodiments, the at least one processor
comprises instructions to determine the chronotropic incom-
petence of the patient based on the maximum heart rate of
the patient.

[0036] In many embodiments, the at least one processor
comprises instructions to determine the maximum heart rate
of the patient based on the distribution of heart rates corre-
sponding to less than the maximum heart rate of the patient.
[0037] In another aspect, embodiments provide a method
of monitoring a patient. Heart rate data of the patient is
measured. A processor system is provided which comprises
at least one processor having a tangible medium with
instructions of a computer program embodied thereon. The
processor system receives heart rate data of the patient and
determines a distribution of the heart rates, and the processor
determines a chronotropic incompetence of the patient based
on the distribution of heart rates.

[0038] In many embodiments, the heart rate data comprise
data measured from a patch adhered to the patient for at least
about one week, and the heart rate data is transmitted with
wireless communication.

[0039] In another aspect, embodiments provide an appa-
ratus to monitor a patient. The apparatus comprises an
adherent device means for measuring patient data, and a
processor means for determining a chronotropic incompe-
tence of the patient. The adherent device means may com-
prise the adherent device as described herein and the pro-
cessor means for determining the chronotropic
incompetence of the patient may comprise the computer
readable instructions embedded on one or more processor as
described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0040] FIG. 1A shows a patient and a monitoring system
comprising an adherent device, according to embodiments
of the present invention;

[0041] FIG. 1B shows a bottom view of the adherent
device as in FIG. 1A comprising an adherent patch;

[0042] FIG. 1C shows a top view of the adherent patch, as
in FIG. 1B;
[0043] FIG. 1D shows a printed circuit board and elec-

tronic components over the adherent patch, as in FIG. 1C;
[0044] FIG. 1D1 shows an equivalent circuit that can be
used to determine optimal frequencies for determining
patient hydration, according to embodiments of the present
invention;

[0045] FIG. 1D2 shows adherent devices as in FIGS.
1A-1D positioned on a patient to determine orientation of
the adherent patch on the patient, according to embodiments
of the present invention;

[0046] FIG. 1D3 shows vectors from a 3D accelerometer
to determine orientation of the measurement axis of the
patch adhered on the patient, according to embodiments of
the present invention;

[0047] FIG. 1E shows batteries positioned over the printed
circuit board and electronic components as in FIG. 1D;
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[0048] FIG. 1F shows a top view of an electronics housing
and a breathable cover over the batteties, electronic com-
ponents and printed circuit board as in FIG. 1E;

[0049] FIG. 1G shows a side view of the adherent device
as in FIGS. 1A to 1F,;

[0050] FIG. 1H shown a bottom isomettic view of the
adherent device as in FIGS. 1A to 1G;

[0051] FIGS. 11 and 1] show a side cross-sectional view
and an exploded view, respectively, of the adherent device as
in FIGS. 1A to 1H;

[0052] FIGS. 111 and 1J1 show a side cross-sectional view
and an exploded view, respectively, of embodiments of the
adherent device with a temperature sensor affixed to the gel
cover,

[0053] FIG. 1K shows at least one electrode configured to
electrically couple to a skin of the patient through a breath-
able tape, according to embodiments of the present inven-
tion;

[0054] FIG. 2 shows a method of monitoring a person, in
accordance with embodiments of the present invention;
[0055] FIGS. 3A1 to 3A5 show heart rate, activity index,
body posture, impedance, and respiration rate measured
from an adherent device adhered to the skin of the patient;
[0056] FIG. 3B shows measured patient heart rate profile
data in accordance with embodiments of the present inven-
tion;

[0057] FIG. 3C shows average maximum activity of
patients based on age for ages from about 20 to about 90,
[0058] FIG. 3D1 shows correlation of heart rate with
activity for patients without functional CI; and

[0059] FIG. 3D2 shows correlation of heart rate with
activity for patients with functional CI.

DETAILED DESCRIPTION OF THE
INVENTION

[0060] Embodiments comprise an adherent wireless com-
munication apparatus and methods to measure patient data
and determine the presence of functional chronotropic
incompetence (CI). The patient measurement device may
comprise one or more of an adherent device or an implant-
able device, and processor system can determine CI with
heart rate and activity data collected from the patient under
conditions of daily living, for example when the patient is
home.

[0061] As wused herein, chronotropic incompetence
encompasses a failure of the heart rate to elevate sufficiently
when the patient is active. For example, although CI may
comprise a failure of the heart rate to elevate to a percentage
amount of 85% of the age predicted maximum heart rate
during exercise, this amount can change based on pharma-
cological modification of heart rate response. Therefore, the
determination of the CI of the patient can change based on
treatment of the patient with pharmacologic compositions,
and the determination of the CI of the patient can be based
on patient treatment with medication in additional to mea-
sure physiological patient data as described herein.

[0062] As used herein functional CI encompasses a CI
condition where the patient’s heart rate fails to accommo-
date the patient’s activities of daily living, resulting in
debilitation under sub-maximum activity levels and heart
rates.

[0063] The adherent device and processor system are
capable of monitoring and tracking patient activity and heart
rate (hereinafter “HR”) so as to assess CI in a natural living
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environment outside the clinic, such as at home. The adher-
ent device can also measure and compute respiratory rate
and patient activity, such that correspondence among CI,
respiration and activity can be determined. For example one
Or more processors may comprise instructions of a computer
program so as to correlate the impact of CI to changes in
other physiological parameters and patient symptoms. This
combination of patient data can improve determination of
the CI and correlate the CI to patient symptoms. For
example the level of debilitation that CI is causing can be
correlated to patient symptoms.

[0064] The adherent device and processor system can
measure patient heart rate data and determine a maximum
heart rate of the patient that can be used to monitor the
patient. For example, the maximum heart rate of the patient
may be determined without a cardiac stress test, and with
patient heart rate data that is less than the actual maximum
heart rate of the patient, such that the maximum heart rate
can be determined safely when the patient is remote from a
clinic. For example, an estimated maximum heart rate of the
patient can be determined based on a patient a histogram
distribution of the heart rate. Alternatively or in combina-
tion, the measured heart rate data can be adjusted based on
one or more of patient activity and patient respiration.
[0065] The determined maximum heart rate of the patient
can be combined in many ways with patient data to monitor
the patient and trigger alerts when the patient is at risk, for
example. The adherent device and processor system can
determine the age predicted maximum heart rate, the age
predicted heart rate reserve, the percent heart rate reserve.
For example the adherent device and processor system can
be configured to determine the age predicted maximum heart
rate (APMHR) based on the patient age (hereinafter “AGE”)
with the formula:

APHRR=APMHR-resting HR

[0066] The APMHR canbe combined with the determined
maximum heart rate of the patient to determine the CI of the
patient. For example, the ratio of the maximum heart rate to
the APMHR and corresponding percentage can be deter-
mined. When the maximum HR of the patient corresponds
to less than about 85% of the APMHR, the patient be
identified as having CI.

[0067] The adherent device and processor system can
determine the age predicted heart rate reserve (hereinafter
“APHRR”) with the formula

APHRR=APMHR-resting HR.

[0068] The adherent device and processor system can
determine the percent heart rate reserve (hereinafter “%
HRR”) with the formula

% HRR=[(maximum HR)-(Resting HR)]*100/
APHRR.

[0069] The adherent device and processor system can
determine histograms for each of the HR, the RR interval
and the activity, and determine the correlation between these
measurement data and derive indices from each of these
measurement data.

[0070] In the many embodiments, the adherent device can
communicate wirelessly so as to transmit the multi-sensor
data to a server located remote from the patient. The
adherent device can communicate to the server with a
wireless communication gateway. The wireless communi-
cation gateway can receive data from the adherent device
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with wireless communication, for example Bluetooth™, and
the gateway can transmit the data to the server with wireless
communication, for example a cellular communication pro-
tocol.

[0071] The remote server may comprise a computer pro-
gram having instructions embodied in a tangible memory
medium so as to instruct the processor to combine the
collected data from the device as well as demographic and
medication information resident on the server, in order to
determine the presence of patient CI. The instructions of the
program can also calculate the CI parameters and raise an
alert if a adverse condition is detected. Alternatively or in
combination, the gateway near the patient may comprise a
processor having a tangible memory medium, and the gate-
way may comprise instructions of a computer program
embodied on the tangible medium, so as to instruct the
gateway processor to combine the collected data from the
adherent device as well as the demographic and the medi-
cation information.

[0072] In many embodiments, the adherent device may
comprise a processor and perform real-time diagnostic
assessment of CI and alert the patient and/or care provider
via audio and/or visual cues based on standard CI classifi-
cation cut-off levels. This is possible with an adherent device
that can store the theoretical age predicted maximum heart
rate (hereinafter “APMHR”) and then track patient activity
and heart rate so as to assess CI in real time. Alternatively
or in combination, the adherent device can retrieve patient
data related to the APMHR from the server, for example the
patient’s age when the patient has used the adherent device
before and the patient data is stored on a database of the
server. This retrieval of the APMHR data can improve the
accuracy of the device as used and prevent errors, as the
patient age, for example, can be stored in the data base such
that the physician or patient from entering the age manually
and may also avoid data entry errors.

[0073] Alternatively or in combination, the adherent
device may store the CI assessment data for future offline
data download, or transmit the data in real-time directly or
indirectly (through an intermediary device that is paired to
the adherent device) to a data storage entity.

[0074] The systems, methods and apparatus as described
herein may comprise instructions of a processor system so as
to determine functional CI based on an analysis of the
envelop of HR histogram profile and the profile of HR
change with activity so as to assess cardio-acceleration and
cardio-blunting.

[0075] There may be additional embodiments and imple-
mentations for this method and apparatus based on the
teachings described herein that will be apparent to a person
of ordinary skill in the art.

[0076] FIG. 1A shows a patient P and a monitoring system
10. Patient P comprises a midline M, a first side S1, for
example a right side, and a second side S2, for example a left
side. Monitoring system 10 comprises an adherent device
100. Adherent device 100 can be adhered to a patient P at
many locations, for example thorax T of patient P. In many
embodiments, the adherent device may adhere to one side of
the patient, from which side data can be collected. Work in
relation with embodiments of the present invention suggests
that location on a side of the patient can provide comfort for
the patient while the device is adhered to the patient. The
monitoring system 10 and adherent device 100 may com-
prise components as described in U.S. Pub. No. US-2009-
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0076345-A1, entitled “Adherent Device with Multiple
Physiological Sensors”, the full disclosure of which is
incorporated herein by reference and suitable for combina-
tion in accordance with some embodiments of the present
invention as described herein.

[0077] Monitoring system 10 includes components to
transmit data to a remote center 106. Remote center 106 can
be located in a different building from the patient, for
example in the same town as the patient, and can be located
as far from the patient as a separate continent from the
patient, for example the patient located on a first continent
and the remote center located on a second continent. Adher-
ent device 100 can communicate wirelessly to an interme-
diate device 102, for example with a single wireless hop
from the adherent device on the patient to the intermediate
device. Intermediate device 102 can communicate with
remote center 106 in many ways, for example with an
Internet connection and/or with a cellular connection. 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 intermediate device 102, and at least one
processor 106P at remote center 106, each of which proces-
sors can be in electronic communication with the other
processors. At least one processor 102P comprises a tangible
medium 102T, and at least one processor 106P comprises a
tangible medium 106T. Remote processor 106P may com-
prise a backend server located at the remote center. Remote
center 106 can be in communication with a health care
provider 108A with a communication system 107A, such as
the Internet, an intranet, phone lines, wireless and/or satellite
phone. Health care provider 108A, for example a family
member, can be in communication with patient P with a
commuication, for example with a two way communica-
tion system, as indicated by arrow 109A, for example by cell
phone, email, or landline. Remote center 106 can be in
communication with a health care professional, for example
aphysician 108B, with a communication system 107B, such
as the Internet, an intranet, phone lines, wireless and/or
satellite phone. Physician 108B can be in communication
with patient P with a communication, for example with a two
way communication system, as indicated by arrow 109B, for
example by cell phone, email, landline. Remote center 106
can be in communication with an emergency responder
108C, for example a 911 operator and/or paramedic, with a
communication system 107C, such as the Internet, an
intranet, phone lines, wireless and/or satellite phone. Emer-
gency responder 108C can travel 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 signals from the adherent device.

[0078] In many embodiments, the adherent device may
continuously monitor physiological parameters, communi-
cate wirelessly with a remote center, and provide alerts when
necessary. The system may comprise an adherent patch,
which attaches to the patient’s thorax and contains sensing
electrodes, battery, memory, logic, and wireless communi-
cation capabilities. In some embodiments, the patch can
communicate with the remote center, via the intermediate
device in the patient’s home. In some embodiments, remote
center 106 receives the patient data and applies a patient
evaluation algorithm, for example the prediction algorithm
to predict patient physiological or mental deterioration. In
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some embodiments, the algorithm may comprise an algo-
rithm 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 physician to allow
for therapeutic intervention, for example to prevent further
physiological or mental deterioration.

[0079] The adherent device may be affixed and/or adhered
to the body in many ways. For example, with at least one of
the following an adhesive tape, a constant-force spring,
suspenders around shoulders, a screw-in microneedle elec-
trode, a pre-shaped electronics module to shape fabric to a
thorax, a pinch onto roll of skin, or transcutaneous anchor-
ing. Patch and/or device replacement may occur with a
keyed patch (e.g. two-part patch), an outline or anatomical
mark, a low-adhesive guide (place guidelremove old patch-
Iplace new patchlremove guide), or a keyed attachment for
chatter reduction. The patch and/or device may comprise an
adhesiveless embodiment (e.g. chest strap), and/or a low-
irritation adhesive 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.

[0080] In many embodiments, the adherent device may
comprise a reusable electronics module with replaceable
patches, and each of the replaceable patches may include a
battery. The module may collect cumulative data for
approximately 90 days and/or the entire adherent component
(electronics+patch) may be disposable. In a completely
disposable embodiment, a “baton” mechanism may be used
for data transfer and retention, for example baton transfer
may include baseline information. In some embodiments,
the device may have a rechargeable module, and may use
dual battery and/or electronics modules, wherein one mod-
ule 101A 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 intermediate
device 102 may comprise the charging module, data transfer,
storage and/or transmission, such that one of the electronics
modules can be placed in the intermediate device for charg-
ing and/or data transfer while the other electronics module
is worn by the patient.

[0081] System 10 can perform the following functions:
initiation, programming, measuring, storing, analyzing,
communicating, predicting, and displaying. The adherent
device may contain a subset of the following physiological
sensors: bioimpedance, respiration, respiration rate variabil-
ity, 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, pos-
ture, 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, bioimpedance noise, skin temperature/heat flux, BP,
muscle noise, posture.

[0082] The adherent device can wirelessly communicate
with remote center 106. The communication may occur
directly (via a cellular or Wi-Fi network), or indirectly
through intermediate device 102. Intermediate device 102
may consist of multiple devices, which can communicate
wired or wirelessly to relay data to remote center 106.
[0083] In many embodiments, instructions are transmitted
from remote site 106 to a processor supported with the
adherent patch on the patient, and the processor supported
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with the patient can receive updated instructions for the
patient treatment and/or monitoring, for example while worn
by the patient.

[0084] FIG. 1B shows a bottom view of adherent device
100 as in FIG. 1A comprising an adherent patch 110.
Adherent patch 110 comprises a first side, or a lower side
110A, that is oriented toward the skin of the patient when
placed on the patient. In many embodiments, adherent patch
110 comprises a tape 110T which is a material, preferably
breathable, with an adhesive 116A. Patient side 110A com-
prises adhesive 116A to adhere the patch 110 and adherent
device 100 to patient P. Electrodes 112A, 112B, 112C and
112D are affixed to adherent patch 110. In many embodi-
ments, at least four electrodes are attached to the patch, for
example six electrodes. In some embodiments the patch
comprises two electrodes, for example two electrodes to
measure the electrocardiogram (ECG) of the patient. Gel
114A, gel 114B, gel 114C and gel 114D can each be
positioned over electrodes 1124, 112B, 112C and 112D,
respectively, to provide electrical conductivity between the
electrodes and the skin of the patient. In many embodiments,
the electrodes can be affixed to the patch 110, for example
with known methods and structures such as rivets, adhesive,
stitches, etc. In many embodiments, patch 110 comprises a
breathable material to permit air and/or vapor to flow to and
from the surface of the skin.

[0085] FIG. 1C shows a top view of the adherent patch
100, as in FIG. 1B. Adherent patch 100 comprises a second
side, or upper side 110B. In many embodiments, electrodes
112A, 1128, 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 breathable cover. to the patch such that the
patch can support the electronics and other structures when
the patch is adhered to the patient. The PCB may comprise
completely flex PCB, rigid PCB, rigid PCB combined flex
PCB and/or rigid PCB boards connected by cable.

[0086] FIG. 1D shows a printed circuit boards and elec-
tronic components over adherent patch 110, as in FIGS. 1A
to 1C. In some embodiments, a printed circuit board (PCB),
for example flex printed circuit board 120, may be connected
to electrodes 112A, 112B, 112C and 112D with connectors
122A, 1228, 122C and 122D. Flex printed circuit board 120
can include traces 123A, 123B, 123C and 123D that extend
to connectors 122A, 122B, 122C and 122D, respectively, on
the flex PCB. Connectors 122A, 122B, 122C and 122D can
be positioned on flex printed circuit board 120 in alignment
with electrodes 112A, 112B, 112C and 112D so as to
electrically couple the flex PCB with the electrodes. In some
embodiments, connectors 122A, 122B, 122C and 122D may
comprise insulated wires and/or a film with conductive ink
that provide strain relief between the PCB and the elec-
trodes. For example, connectors 122A, 122B, 122C and
122D may comprise a flexible film, such as at least one of
known polyester film or known polyurethane file coated
with a conductive ink, for example a conductive silver ink.
Examples of structures to provide strain relief are also
described in U.S. patent application Ser. No. 12/209,288,
entitled “Adherent Device with Multiple Physiological Sen-
sors”, filed on Sep. 12, 2008. In some embodiments, addi-
tional PCB’s, for example rigid PCB’s 120A, 1208, 120C
and 120D, can be connected to flex printed circuit board 120.
Electronic components 130 can be connected to flex printed
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circuit board 120 and/or mounted thereon. In some embodi-
ments, electronic components 130 can be mounted on the
additional PCB’s.

[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
comprise known low power circuitry, for example comple-
mentary metal oxide semiconductor (CMOS) circuitry com-
ponents. Electronics components 130 comprise an activity
sensor and activity circuitry 134, impedance circuitry 136
and electrocardiogram circuitry, for example ECG circuitry
136. In some embodiments, electronics circuitry 130 may
comprise a microphone and microphone circuitry 142 to
detect an audio signal from within the patient, and the audio
signal may comprise a heart sound and/or a respiratory
sound, for example an S3 heart sound and a respiratory
sound with rales and/or crackles.

[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
measure a temperature of the patient, for example a tem-
perature of the skin of the patient. A temperature sensor may
be used to determine the sleep and wake state of the patient.
The temperature of the patient can decrease as the patient
goes to sleep and increase when the patient wakes up.
[0089] Work in relation to embodiments of the present
invention suggests that skin temperature may effect imped-
ance and/or hydration measurements, and that skin tempera-
ture measurements may be used to correct impedance and/or
hydration measurements. In some embodiments, increase in
skin temperature or heat flux can be associated with
increased vasodilation near the skin surface, such that mea-
sured inpedance measurement decreased, even through the
hydration of the patient in deeper tissues under the skin
remains substantially unchanged. Thus, use of the tempera-
ture 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.

[0090] Electronics circuitry 130 may comprise a processor
146. Processor 146 comprises a tangible medium, for
example read only memory (ROM), electrically erasable
programmable read only memory (EEPROM) and/or ran-
dom access memory (RAM). Electronic circuitry 130 may
comprise real time clock and frequency generator circuitry
148. In some embodiments, processor 136 may comprise the
frequency generator and real time clock. The processor can
be configured to control a collection and transmission of
data from the impedance circuitry electrocardiogram cit-
cuitry and the accelerometer. In many embodiments, device
100 comprises a distributed processor system, for example
with multiple processors on device 100.

[0091] In many embodiments, electronics components
130 comprise wireless communications circuitry 132 to
communicate with remote center 106. Printed circuit board
120 may comprise an antenna to facilitate wireless commu-
nication. The antenna may be integral with printed circuit
board 120 or may be separately coupled thereto. The wire-
less communication circuitry can be coupled to the imped-
ance circuitry, the electrocardiogram circuitry and the accel-
erometer 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
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specific embodiments, wireless communication circuitry is
configured to transmit the hydration signal, the electrocar-
diogram signal and the inclination signal to the remote
center with a single wireless hop, for example from wireless
communication circuitry 132 to intermediate device 102.
The communication protocol comprises at least one of
Bluetooth, ZigBee, WiFi, WiMAX, IR, amplitude modula-
tion or frequency modulation. In many embodiments, the
communications protocol comprises a two way protocol
such that the remote center is capable of issuing commands
to control data collection.

[0092] Intermediate device 102 may comprise a data col-
lection system to collect and store data from the wireless
transmitter. The data collection system can be configured to
communicate periodically with the remote center. The data
collection system can transmit data in response to com-
mands from remote center 106 and/or in response to com-
mands from the adherent device.

[0093] 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 embodi-
ments of the present invention suggests that three dimen-
sional orientation of the patient and associated positions, for
example sitting, standing, lying down, can be very useful
when combined with data from other sensors, for example
ECG data and/or hydration data.

[0094] 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 in a four pole configuration,
such that electrodes 112A and 112D comprise outer elec-
trodes 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 gen-
erates 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 com-
prise sense electrodes. The voltage measured by the sense
electrodes 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. patent application
Ser. No. 12/209,288, entitled “Adherent Device with Mul-
tiple Physiological Sensors”, filed on Sep. 12, 2008.
[0095] FIG. 1D1 shows an equivalent circuit 152 that can
be used to determine optimal frequencies for measuring
patient hydration. Work in relation to embodiments of the
present invention indicates that the frequency of the current
and/or voltage at the force electrodes can be selected so as
to provide impedance signals related to the extracellular
and/or intracellular hydration of the patient tissue. Equiva-
lent 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 intracellular resistance 156 and capacitor 154
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related to capacitance of cell membranes. In many embodi-
ments, impedances can be measured and provide useful
information over a wide range of frequencies, for example
from about 0.5 kHz to about 200 KHz. Work in relation to
embodiments of the present invention suggests that extra-
cellular resistance 158 can be significantly related extracel-
lular fluid and to patient physiological or mental physiologi-
cal or mental deterioration, and that extracellular resistance
158 and extracellular fluid can be effectively measured with
frequencies in a range from about 0.5 kHz to about 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 frequen-
cies increase from about 10 kHz to about 20 kHz, capaci-
tance related to cell membranes decrease the impedance,
such that the intracellular fluid contributes to the impedance
and/or hydration measurements. Thus, many embodiments
of the present invention measure hydration with frequencies
from about 0.5 kHz to about 20 kHz to determine patient
hydration.

[0096] In many embodiments, impedance circuitry 136
can be configured to determine respiration of the patient. In
specific embodiments, the impedance circuitry can measure
the hydration at 25 Hz intervals, for example at 25 Hz
intervals using impedance measurements with a frequency
from about 0.5 kHz to about 20 kHz.

[0097] 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 imped-
ance circuitry as described above. In some embodiments,
ECG circuitry 138 can be connected to electrodes 112A and
112D so as to increase spacing of the electrodes. The inner
electrodes may be positioned near the outer electrodes to
increase the voltage of the ECG signal measured by ECG
circuitry 138. 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, for example with switches as described in U.S. App.
No. 60/972,527, the full disclosure of which has been
previously incorporated herein by reference.

[0098] FIG. 1D2 shows an adherent device, for example
adherent device 100, positioned on patient P to determine
orientation of the adherent patch. X-axis 112X of device 100
is inclined at an angle .alpha. to horizontal axis Px of patient
P. Z-axis 1127 of device 100 is inclined at angle .alpha. to
vertical axis Pz of patient P. Y-axis 112Y may be inclined at
asecond angle, for example .alpha., to anterior posterior axis
Py and vertical axis Pz. As the accelerometer of adherent
device 100 can be sensitive to gravity, inclination of the
patch relative to axis of the patient can be measured, for
example when the patient stands.

[0099] ECG circuitry 138 can be coupled to the electrodes
in many ways to define an electrocardiogram vector. For
example electrode 112A can be coupled to a positive ampli-
fier terminal of ECG circuitry 138 and electrode 112D can
be coupled to a negative amplifier terminal of ECG circuitry
138 to define an orientation of an electrocardiogram vector
along the electrode measurement axis. To define an electro-
cardiogram vector with an opposite orientation electrode
112D can be couple to the positive amplifier terminal of
ECG circuitry 138 and electrode 112A can be coupled to the
negative amplifier terminal of ECG circuitry 138. The ECG
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circuitry may be coupled to the inner electrodes so as to
define an ECG vector along a measurement axis of the inner
electrodes.

[0100] FIG. 1D3 shows vectors from a 3D accelerometer
to determine orientation of the measurement axis of the
patch adhered on the patient. The orientation can be deter-
mined for each patch adhered to the patient. A Z-axis vector
1127V can be measured along vertical axis 1127 with an
accelerometer signal from axis 1347 of accelerometer 134A.
An X-axis vector 112XV can be measured along horizontal
axis 112X with an accelerometer signal from axis 134X of
accelerometer 134A. Inclination angle .alpha. can be deter-
mined in response to X-axis vector 112XV and Z-axis vector
1127V, for example with vector addition of X-axis vector
112XV and Z-axis vector 112ZV. An inclination angle
.alpha. for the patch along the Y and 7 axes can be similarly
obtained an accelerometer signal from axis 134Y of accel-
erometer 134A and vector 1127V.

[0101] FIG. 1E shows batteries 150 positioned over the
flex printed circuit board and electronic components as in
FIG. 1D. Batteries 150 may comprise rechargeable batteries
that can be removed and/or recharged. In some embodi-
ments, batteries 150 can be removed from the adherent patch
and recharged and/or replaced.

[0102] FIG. 1F shows a top view of a cover 162 over the
batteries, electronic components and flex printed circuit
board as in FIGS. 1A to 1E. In many embodiments, an
electronics housing 160 may be disposed under cover 162 to
protect the electronic components, and in some embodi-
ments electronics housing 160 may comprise an encapsulant
over the electronic components and PCB. In some embodi-
ments, cover 162 can be adhered to adherent patch 110 with
an adhesive 164 on an underside of cover 162. In many
embodiments, electronics housing 160 may comprise a
water proof material, for example a sealant adhesive such as
epoxy or silicone coated over the electronics components
and/or PCB. In some embodiments, electronics housing 160
may comprise metal and/or plastic. Metal or plastic may be
potted with a material such as epoxy or silicone.

[0103] Cover 162 may comprise many known biocompat-
ible cover, casing and/or housing materials, such as elasto-
mers, for example silicone. The elastomer may be fenes-
trated to improve breathability. In some embodiments, cover
162 may comprise many known breathable materials, for
example polyester, polyamide, nylon and/or elastane (Span-
dex™). The breathable fabric may be coated to make it
water resistant, waterproof, and/or to aid in wicking mois-
ture away from the patch.

[0104] FIG. 1G shows a side view of adherent device 100
as in FIGS. 1A to 1F. Adherent device 100 comprises a
maximum dimension, for example a length 170 from about
4 to 10 inches (from about 100 mm to about 250 mm), for
example from about 6 to 8 inches (from about 150 mm to
about 200 mm). In some embodiments, length 170 may be
no more than about 6 inches (no more than about 150 mm).
Adherent device 100 comprises a thickness 172. Thickness
172 may comprise a maximum thickness along a profile of
the device. Thickness 172 can be from about 0.2 inches to
about 0.6 inches (from about 5 mm to about 15 mm), from
about 0.2 inches to about 0.4 inches (from about 5 mm to
about 10 mm), for example about 0.3 inches (about 7.5 mm).
[0105] FIG. 1H shown a bottom isometric view of adher-
ent device 100 as in FIGS. 1A to 1G. Adherent device 100
comprises a width 174, for example a maximum width along
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a width profile of adherent device 100. Width 174 can be
from about 2 to about 4 inches (from about 50 mm to 100
mm), for example about 3 inches (about 75 mm).

[0106] FIGS. 11 and 1] show a side cross-sectional view
and an exploded view, respectively, of adherent device 100
as in FIGS. 1A to 1H. Device 100 comprises several layers.
Gel 114A, or gel layer, is positioned on electrode 112A to
provide electrical conductivity between the electrode and the
skin. Electrode 112A may comprise an electrode layer.
Adherent patch 110 may comprise a layer of breathable tape
1107, for example a known breathable tape, such as tricot-
knit polyester fabric. An adhesive 116 A, for example a layer
of acrylate pressure sensitive adhesive, can be disposed on
underside 110A of adherent patch 110.

[0107] FIGS. 111 and 1]1 show a side cross-sectional view
and an exploded view, respectively, of embodiments of the
adherent device with a temperature sensor affixed to the gel
cover. In these embodiments, gel cover 180 extends over a
wider area than in the embodiments shown in FIGS. 11 and
1J. Temperature sensor 177 is disposed over a peripheral
portion of gel cover 180. 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. Temperature sensor 177 may be coupled
to temperature sensor circuitry 144 through a flex connec-
tion comprising at least one of wires, shielded wires, non-
shielded wires, a flex circuit, or a flex PCB. This coupling of
the temperature sensor allows the temperature near the skin
to be measured though the breathable tape and the gel cover.
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 temperature
sensor, for example to measure heat flux through to the gel
cover, and the heat flux sensor coupled to heat flux circuitry
similar to the temperature sensor.

[0108] The adherent device comprises electrodes 112A1,
112B1, 112C1 and 112D1 configured to couple to tissue
through apertures in the breathable tape 110T. Electrodes
112A1, 112B1, 112C1 and 112D1 can be fabricated in many
ways. For example, electrodes 112A1, 112B1, 112C1 and
112D1 can be printed on a flexible connector 112F, such as
silver ink on polyurethane. Breathable tape 110T comprise
apertures 180A1, 180B1, 180C1 and 180D1. Electrodes
112A1, 112B1, 112C1 and 112D1 are exposed to the gel
through apertures 180A1, 180B1, 180C1 and 180D1 of
breathable tape 110T. Gel 114A, gel 114B, gel 114C and gel
114D can be positioned over electrodes 112A1, 112B1,
112C1 and 112D1 and the respective portions of breathable
tape 110T proximate apertures 180A1, 180B1, 180C1 and
180D1, so as to couple electrodes 112A1, 112B1, 112C1 and
112D1 to the skin of the patient. The flexible connector 112F
comprising the electrodes can extend from under the gel
cover to the printed circuit board to connect to the printed
circuit boards and/or components supported thereon. For
example, flexible connector 112F may comprise flexible
connector 122A to provide strain relief, as described above.
[0109] In many embodiments, gel 114A, or gel layer,
comprises a hydrogel that is positioned on electrode 112A to
provide electrical conductivity between the electrode and the
skin. In many embodiments, gel 114A comprises a hydrogel
that provides a conductive interface between skin and elec-
trode, so as to reduce impedance between electrode/skin
interface. In many embodiments, gel may comprise water,
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glycerol, and electrolytes, pharmacological agents, such as
beta blockers, ace inhibiters, diuretics, steroid for inflam-
mation, antibiotic, antifungal agent. In specific embodiments
the gel may comprise cortisone steroid. The gel layer may
comprise many shapes, for example, square, circular,
oblong, star shaped, many any polygon shapes. In specific
embodiments, the gel layer may comprise at least one of a
square or circular geometry with a dimension in a range
from about 0.005" to about 0.100", for example within a
range from about 0.015"-0.070", in some embodiments
within a range from about 0.015"-0.040", and in specific
embodiments within a range from about 0.020"-0.040". In
many embodiments, the gel layer of each electrode com-
prises an exposed surface area to contact the skin within a
range from about 100 mm 2 to about 1500 mm 2, for
example a range from about 250 mm 2 to about 750 mm 2,
and in specific embodiments within a range from about 350
mm 2 to about 650 mm 2. Work in relation with embodi-
ments of the present invention suggests that such dimensions
and/or exposed surface areas can provide enough gel area
for robust skin interface without excessive skin coverage. In
many embodiments, the gel may comprise an adhesion to
skin, as may be tested with a 1800 degree peel test on
stainless steel, of at least about 3 oz/in, for example an
adhesion within a range from about 5-10 oz/in. In many
embodiments, a spacing between gels is at least about 5 mm,
for example at least about 10 mm. Work in relation to
embodiments of the present invention suggests that this
spacing may inhibit the gels from running together so as to
avoid crosstalk between the electrodes. In many embodi-
ments, the gels comprise a water content within a range from
about 20% to about 30%, a volume resistivity within a range
from about 500 to 2000 ohm-cm, and a pH within a range
from about 3 to about 5.

[0110] In many embodiments, the electrodes, for example
electrodes 112A to 112D, may comprise an electrode layer.
A 0.001"-0.005" polyester strip with silver ink for traces can
extend to silver/silver chloride electrode pads. In many
embodiments, the electrodes can provide electrical conduc-
tion through hydrogel to skin, and in some embodiments
may be coupled directly to the skin. Although at least 4
electrodes are shown, some embodiments comprise at least
two electrodes, for example 2 electrodes. In some embodi-
ments, the electrodes may comprise at least one of carbon-
filled ABS plastic, silver, nickel, or electrically conductive
acrylic tape. In specific embodiments, the electrodes may
comprise at least one of carbon-filled ABS plastic, Ag/AgCl.
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", for
example from about 0.010 to about 0.040". In many a
surface area of the electrode toward the skin of the patient
is within a range from about 25 mm 2 to about 1500 mm 2,
for example from about 75 mm 2 to about 150 mm 2. In
many embodiments, the electrode comprises a tape that may
cover the gel near the skin of the patient. 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
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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.

[0111] In many embodiments, adherent patch 110 may
comprise a layer of breathable tape 110T, for example a
known breathable tape, such as tricot-knit polyester fabric.
In many embodiments, breathable tape 110T comprises a
backing material, or backing 111, with an adhesive. In many
embodiments, the patch adheres to the skin of the patient’s
body, and comprises a breathable material to allow moisture
vapor and air to circulate to and from the skin of the patient
through the tape. 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, backing can sufficiently regulate gel
moisture in absence of gel cover. In many embodiments,
adhesive patch may comprise from 1 to 2 pieces, for
example 1 piece. In many embodiments, adherent patch 110
comprises pharmacological agents, such as at least one of
beta blockers, ace inhibiters, diuretics, steroid for inflam-
mation, antibiotic, or antifungal agent. In specific embodi-
ments, patch 110 comprises 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 polygon with rounded corners. In specific embodiments, a
geometric shape of patch 110 comprises at least one of an
oblong, an oval or round. In many embodiments, the geo-
metric shape of the patch comprises a radius on each corner
that is no less than about one half a width and/or diameter
of tape. Work in relation to embodiments of the present
invention suggests that rounding the corner can improve
adherence of the patch to the skin for an extended period of
time because sharp corners, for example right angle corners,
can be easy to peel. In specific embodiments, a thickness of
adherent patch 110 is within a range from about 0.001" to
about 0.020", for example within a range from about 0.005"
to about 0.010". Work in relation to embodiments of the
present invention indicates that these ranges of patch thick-
ness can improve adhesion of the device to the skin of the
patient for extended periods as a thicker adhesive patch, for
example tape, may peel more readily. In many embodiments,
length 170 of the patch is within a range from about 2" to
about 10", width 174 of the patch is within a range from
about 1" to about 5". In specific embodiments, length 170 is
within a range from about 4" to about 8" and width 174 is
within a range from about 2" to about 4". In many embodi-
ments, an adhesion to the skin, as measured with a 180
degree peel test on stainless steel, can be within a range from
about 10 to about 100 oz/in width, for example within a
range from about 30 to about 70 oz/in width. Work in
relation to embodiments of the present invention suggests
that adhesion within these ranges may improve the mea-
surement capabilities of the patch because if the adhesion is
too low, patch will not adhere to the skin of the patient for
a sufficient period of time and if the adhesion is too high, the
patch may cause skin irritation upon removal. In many
embodiments adherent patch 110 comprises a moisture
vapor transmission rate (MVTR, g/m” 2/24 hrs) per Ameri-
can Standard for Testing and Materials E-96 (ASTM E-96)
is at least about 400, for example at least about 1000. Work
in relation to embodiments of the present invention suggest
that MVTR values as specified above can provide improved
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comfort, for example such that in many embodiments skin
does not itch. In some embodiments, the breathable tape
110T of adherent patch 110 may comprise a porosity (sec./
100 cc/in®) within a wide range of values, for example
within a range from about 0 to about 200. The porosity of
breathable tape 110T may be within a range from about 0 to
about 5. The above amounts of porosity can minimize
itching of the patient’s skin when the patch is positioned on
the skin of the patient. In many embodiments, the MVTR
values above may correspond to a MVTR through both the
gel cover and the breathable tape. The above MVTR values
may also correspond to an MVTR through the breathable
tape, the gel cover and the breathable cover. The MVTR can
be selected to minimize patient discomfort, for example
itching of the patient’s skin.

[0112] In some embodiments, the breathable tape may
contain and elute a pharmaceutical agent, such as an anti-
biotic, anti-inflammatory or antifungal agent, when the
adherent device is placed on the patient.

[0113] Inmany embodiments, tape 110T of adherent patch
110 may comprise backing material, or backing 111, such as
a fabric configured to provide properties of patch 110 as
described above. In many embodiments backing 111 pro-
vides structure to breathable tape 110T, and many functional
properties of breathable tape 110T as described above. In
many embodiments, backing 111 comprises at least one of
polyester, polyurethane, rayon, nylon, breathable plastic
film; woven, nonwoven, spun lace, knit, film, or foam. In
specific embodiments, backing 111 may comprise polyester
tricot knit fabric. In many embodiments, backing 111 com-
prises a thickness within a range from about 0.0005" to
about 0.020", for example within a range from about 0.005"
to about 0.010",

[0114] In many embodiments, an adhesive 116A, for
example breathable tape adhesive comprising a layer of
acrylate pressure sensitive adhesive, can be disposed on
underside 110A of patch 110. In many embodiments, adhe-
sive 116A adheres adherent patch 110 comprising backing
111 to the skin of the patient, so as not to interfere with the
functionality of breathable tape, for example water vapor
transmission as described above. In many embodiments,
adhesive 116A comprises at least one of acrylate, silicone,
synthetic rubber, synthetic resin, hydrocolloid adhesive,
pressure sensitive adhesive (PSA), or acrylate pressure sen-
sitive adhesive. In many embodiments, adhesive 116 A com-
prises a thickness from about 0.0005" to about 0.005", in
specific embodiments no more than about 0.003". Work in
relation to embodiments of the present invention suggests
that these thicknesses can allow the tape to breathe and/or
transmit moisture, so as to provide patient comfort.

[0115] 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. A PCB layer, for
example flex printed circuit board 120, or flex PCB layer,
can be positioned over gel cover 180 with electronic com-
ponents 130 connected and/or mounted to flex printed circuit
board 120, for example mounted on flex PCB so as to
comprise an electronics layer disposed on the flex PCB
layer. In many embodiments, the adherent device may
comprise a segmented inner component, for example the
PCB may be segmented to provide at least some flexibility.
In many embodiments, the electronics layer may be encap-
sulated in electronics housing 160 which may comprise a
waterproof material, for example silicone or epoxy. In many
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embodiments, the electrodes are connected to the PCB with
a flex connection, for example trace 123A of flex printed
circuit board 120, so as to provide strain relive between the
electrodes 112A, 112B, 112C and 112D and the PCB.
[0116] Gel cover 180 can inhibit flow of gel 114A and
liquid. In many embodiments, gel cover 180 can inhibit gel
114A from seeping through breathable tape 110T to maintain
gel integrity over time. Gel cover 180 can also keep external
moisture from penetrating into gel 114A. For example gel
cover 180 can keep liquid water from penetrating though the
gel cover into gel 114A, while allowing moisture vapor from
the gel, for example moisture vapor from the skin, to
transmit through the gel cover. The gel cover may comprise
a porosity at least 200 sec./100 cc/in.sup.2, and this porosity
can ensure that there is a certain amount of protection from
external moisture for the hydrogel.

[0117] 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. In many embodiments,
the gel cover may avoid release of excessive moisture form
the gel, for example toward the electronics and/or PCB
modules. Gel cover 180 may comprise at least one of a
polyurethane, polyethylene, polyolefin, rayon, PVC, sili-
cone, non-woven material, foam, or a film. In many embodi-
ments gel cover 180 may comprise an adhesive, for example
a acrylate pressure sensitive adhesive, to adhere the gel
cover to adherent patch 110. In specific embodiments gel
cover 180 may comprise a polyurethane film with acrylate
pressure sensitive adhesive. In many embodiments, a geo-
metric shape of gel cover 180 comprises at least one of
oblong, oval, butterfly, dogbone, dumbbell, round, square,
rectangular with rounded comers, or polygonal with
rounded corners. In specific embodiments, a geometric
shape of gel cover 180 comprises at least one of oblong,
oval, or round. In many embodiments, a thickness of gel
cover is within a range from about 0.0005" to about 0.020",
for example within a range from about 0.0005 to about
0.010". In many embodiments, gel cover 180 can extend
outward from about 0-20 mm from an edge of gels, for
example from about 5-15 mm outward from an edge of the
gels.

[0118] In many embodiments, the breathable tape of
adherent patch 110 comprises a first mesh with a first
porosity and gel cover 180 comprises a breathable tape with
a second porosity, in which the second porosity is less than
the first porosity to inhibit flow of the gel through the
breathable tape.

[0119] In many embodiments, device 100 includes a
printed circuitry, for example a printed circuitry board
(PCB) module that includes at least one PCB with electron-
ics component mounted thereon on and the battery, as
described above. In many embodiments, the PCB module
comprises two rigid PCB modules with associated compo-
nents 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. In specific embodiments, the PCB module com-
prises 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
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corners. In specific embodiments the geometric shape of the
flex PCB module comprises at least one of dogbone or
dumbbell. The PCB module may comprise a PCB layer with
flex PCB 120 can be positioned over gel cover 180 and
electronic components 130 connected and/or mounted to
flex PCB 120 so as to comprise an electronics layer disposed
on the flex PCB. In many embodiments, the adherent device
may comprise a segmented inner component, for example
the PCB, for limited flexibility. The printed circuit may
comprise polyester film with silver traces printed thereon.
[0120] Inmany embodiments, the electronics layer may be
encapsulated in electronics housing 160. Electronics hous-
ing 160 may comprise an encapsulant, such as a dip coating,
which may comprise a waterproof material, for example
silicone and/or epoxy. In many embodiments, the PCB
encapsulant protects the PCB and/or electronic components
from moisture and/or mechanical forces. The encapsulant
may comprise silicone, epoxy, other adhesives and/or seal-
ants. In some embodiments, the electronics housing may
comprising metal and/or plastic housing and potted with
aforementioned sealants and/or adhesives.

[0121] In many embodiments, the electrodes are con-
nected to the PCB with a flex connection, for example trace
123A of flex PCB 120, so as to provide strain relive between
the electrodes 112A, 112B, 112C and 112D and the PCB. 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 electrode/
hydrogel/skin contact. In some embodiments, the electrodes
can be connected to the PCB and/or electronics module with
a flex PCB 120, such that the electrodes and adherent patch
can move independently from the PCB module. 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.

[0122] In specific embodiments, cover 162 comprises at
least one of polyester, 5-25% elastane/spandex, polyamide
fabric; silicone, a polyester knit, a polyester knit without
elastane, or a thermoplastic elastomer. In many embodi-
ments cover 162 comprises at least 400% elongation. In
specific embodiments, cover 162 comprises at least one of a
polyester knit with 10-20% spandex or a woven polyamide
with 10-20% spandex. In many embodiments, cover 162
comprises a water repellent coating and/or layer on outside,
for example a hydrophobic coating, and a hydrophilic coat-
ing on inside to wick moisture from body. In many embodi-
ments the water repellent coating on the outside comprises
a stain resistant coating. Work in relation to embodiments of
the present invention suggests that these coatings can be
important to keep excessive moisture from the gels near the
electrodes and to remove moisture from body so as to
provide patient comfort.

[0123] In many embodiments, cover 162 can encase the
flex PCB and/or electronics and can be adhered to at least
one of the electronics, the flex PCB or adherent patch 110,
so as to protect at least the electronics components and the
PCB. Cover 162 can attach to adherent patch 110 with
adhesive 116B. Cover 162 can comprise many known bio-
compatible cover materials, for example silicone. Cover 162
can comprise an outer polymer cover to provide smooth
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contour without limiting flexibility. In many embodiments,
cover 162 may comprise a breathable fabric. Cover 162 may
comprise many known breathable fabrics, for example
breathable fabrics as described above. In some embodi-
ments, the breathable cover may comprise a breathable
water resistant cover. In some embodiments, the breathable
fabric may comprise polyester, nylon, polyamide, and/or
elastane (Spandex™) to allow the breathable fabric to
stretch with body movement. In some embodiments, the
breathable tape may contain and elute a pharmaceutical
agent, such as an antibiotic, anti-inflammatory or antifungal
agent, when the adherent device is placed on the patient.

[0124] The breathable cover 162 and adherent patch 110
comprise breathable tape can be configured to couple con-
tinuously for at least one week the at least one electrode to
the skin so as to measure breathing of the patient. The
breathable 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. The breathable cover may also comprise a water
resistant material. 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, 122B, 122C and 122D
between PCB 130 and electrodes 112A, 112B, 112C and
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
comprising 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.

[0125] 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
length 170 and width 174 with the skin of the patient, and
stretching along length 170 can increase spacing between
electrodes. Stretching of the cover and adherent patch 110,
for example in two dimensions, can extend the time the
patch is adhered to the skin as the patch can move with the
skin such that the patch remains adhered to 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 printed circuit board 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 length 170 and width 174.

[0126] The stretching of the adherent device 100 along
length 170 and width 174 can be characterized with a
composite modulus of elasticity determined by stretching of
cover 162, adherent patch 110 comprising breathable tape
110T and gel cover 180. For the composite modulus of the
composite fabric cover-breathable tape-gel cover structure
that surrounds the electronics, the composite modulus may
comprise no more than about 1 MPa, for example no more
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than about 0.3 MPa at strain of no more than about 5%.
These values apply to any transverse direction against the
skin.

[0127] The stretching of the adherent device 100 along
length 170 and width 174, may also be described with a
composite stretching elongation of cover 162, adherent
patch 110 comprising breathable tape breathable tape 110T
and gel cover 180. The composite stretching elongation may
comprise a percentage of at least about 10% when 3 kg load
is a applied, for example at least about 100% when the 3 kg
load applied. These percentages apply to any transverse
direction against the skin.

[0128] The printed circuit board 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 stretch around this central
region. The central portion can be sized such that the
adherence of the printed circuit board to the breathable tape
does not have a substantial effect of the modulus 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.sup.2, for example with dimensions of approximately
10 mm by 10 mm (about 0.5" by 0.5"). Such a central region
may comprise no more than about 10% of the area of patch
110, such that patch 110 can stretch with the skin of the
patient along length 170 and width 174 when the patch is
adhered to the patient.

[0129] The cover material may comprise a material with a
low recovery, which can minimize retraction of the breath-
able tape from the pulling by the cover. Suitable cover
materials with a low recovery include at least one of
polyester or nylon, for example polyester or nylon with a
loose knit. The recovery of the cover material may be within
a range from about 0% recovery to about 25% recovery.
Recovery can refer to the percentage of retraction the cover
material that occurs after the material has been stretched
from a first length to a second length. For example, with
25% recovery, a cover that is stretched from a 4 inch length
to a 5 inch length will retract by 25% to a final length of 4.75
inches.

[0130] Electronics components 130 can be affixed to
printed circuit board 120, for example with solder, and the
electronics housing can be affixed over the PCB and elec-
tronics components, for example with dip coating, such that
electronics components 130, printed circuit board 120 and
electronics housing 160 are coupled together. Electronics
components 130, printed circuit board 120, and electronics
housing 160 are 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 compo-
nents 130, printed circuit board 120, and electronics housing
160 do not stretch substantially, if at all. This decoupling of
electronics housing 160, printed circuit board 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, for
example two or more weeks.

[0131] An air 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
breathable tape 110T to remain supple and move, for
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example bend, with the skin of the patient with minimal
flexing and/or bending of printed circuit board 120 and
electronic components 130, as indicated by arrows 186.
Printed circuit board 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.

[0132] The breathable tape of adherent patch 110 may
comprise a first mesh with a first porosity and gel cover 180
may comprise a breathable tape with a second porosity, in
which the second porosity is less than the first porosity to
minimize, and even inhibit, flow of the gel through the
breathable tape. The gel cover may comprise a polyurethane
film with the second porosity.

[0133] Cover 162 may comprise many shapes. In many
embodiments, a geometry of cover 162 comprises at least
one of oblong, oval, butterfly, dogbone, dumbbell, round,
square, rectangular with rounded cornets, or polygonal with
rounded corners. In specific embodiments, the geometric of
cover 162 comprises at least one of an oblong, an oval or a
round shape.

[0134] Cover 162 may comprise many thicknesses and/or
weights. In many embodiments, cover 162 comprises a
fabric weight: within a range from about 100 to about 200
g/m’2, for example a fabric weight within a range from
about 130 to about 170 g/m"2.

[0135] In many embodiments, cover 162 can attach the
PCB module to adherent patch 110 with cover 162, so as to
avoid interaction of adherent patch 110C with the PCB
having the electronics mounted therein. Cover 162 can be
attached to breathable tape 110T and/or electronics housing
160 comprising over the encapsulated PCB. In many
embodiments, adhesive 116B attaches cover 162 to adherent
patch 110. In many embodiments, cover 162 attaches to
adherent patch 110 with adhesive 116B, and cover 162 is
adhered to the PCB module with an adhesive 161 on the
upper surface of the electronics housing. Thus, the PCB
module can be suspended above the adherent patch via
connection to cover 162, for example with a gap 169
between the PCB module and adherent patch. In many
embodiments, gap 169 permits air and/or water vapor to
flow between the adherent patch and cover, for example
through adherent patch 110 and cover 162, so as to provide
patient comfort.

[0136] In many embodiments, adhesive 116B is config-
ured such that adherent patch 110 and cover 162 can be
breathable from the skin to above cover 162 and so as to
allow moisture vapor and air to travel from the skin to
outside cover 162. In many embodiments, adhesive 116B is
applied in a pattern on adherent patch 110 such that the patch
and cover can be flexible so as to avoid detachment with
body movement. Adhesive 116B can be applied to upper
side 110B of patch 110 and comprise many shapes, for
example a continuous ring, dots, dashes around the perim-
eter of adherent patch 110 and cover 162. Adhesive 116B
may comprise at least one of acrylate, silicone, synthetic
rubber, synthetic resin, pressure sensitive adhesive (PSA), or
acrylate pressure sensitive adhesive. Adhesive 16B may
comprise a thickness within a range from about 0.0005" to
about 0.005", for example within a range from about 0.001-
0.005". In many embodiments, adhesive 116B comprises a
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width near the edge of patch 110 and/or cover 162 within a
range from about 2 to about 15 mny, for example from about
3 to about 7 near the periphery. In many embodiments with
such widths and/or thickness near the edge of the patch
and/or cover, the tissue adhesion may be at least about 30
o7/in, for example at least about 40 07/in, such that the cover
remains attached to the adhesive patch when the patient
moves.

[0137] In many embodiments, the cover is adhered to
adherent patch 110 comprising breathable tape 110T at least
about 1 mm away from an outer edge of adherent patch 110.
This positioning protects the adherent patch comprising
breathable tape 110T from peeling away from the skin and
minimizes edge peeling, for example because the edge of the
patch can be thinner. In some embodiments, the edge of the
cover may be adhered at the edge of the adherent patch, such
that the cover can be slightly thicker at the edge of the patch
which may, in some instances, facilitate peeling of the
breathable tape from the skin of the patient.

[0138] Gap 169 extend 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, for example within a
range from about 0.5 mm to about 2 mm.

[0139] In many embodiments, the adherent device com-
prises a patch component and at least one electronics mod-
ule. The patch component may comprise adherent patch 110
comprising the breathable tape with adhesive coating 116A,
at least one electrode, for example electrode 114A and gel
114. 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 printed
circuit board 120, electronic components 130, electronics
housing 160 and cover 162, such that the flex printed circuit
board, electronic components, electronics housing and cover
are reusable and/or removable for recharging and data
transfer, for example as described above. In many embodi-
ments, adhesive 116B is coated on upper side 110A of
adherent patch 110B, such that the electronics module can be
adhered to and/or separated from the adhesive component.
In specific embodiments, the electronic module can be
adhered to the patch component with a releasable connec-
tion, for example with Velcro™, a known hook and loop
connection, and/or snap directly to the electrodes. Two
electronics modules can be provided, such that one elec-
tronics module can be worn by the patient while the other is
charged, as described above. Monitoring with multiple
adherent patches for an extended period is described in U.S.
Pat. App. No. 60/972,537, the full disclosure of which has
been previously incorporated herein by reference. Many
patch components can be provided for monitoring over the
extended period. For example, about 12 patches can be used
to monitor the patient for at least 90 days with at least one
electronics module, for example with two reusable electron-
ics modules.

[0140] In many embodiments, the adherent device com-
prises a patch component and at least one electronics mod-
ule. The patch component may comprise adherent patch 110
comprising the breathable tape with adhesive coating 116A,
at least one electrode, for example electrode 114A and gel
114. 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 printed
circuit board 120, electronic components 130, electronics
housing 160 and cover 162, such that the flex printed circuit
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board, electronic components, electronics housing and cover
are reusable and/or removable for recharging and data
transfer, for example as described above. In many embodi-
ments, adhesive 116B is coated on upper side 110A of
adherent patch 110B, such that the electronics module can be
adhered to and/or separated from the adhesive component.
In specific embodiments, the electronic module can be
adhered to the patch component with a releasable connec-
tion, for example with Velcro™, a known hook and loop
connection, and/or snap directly to the electrodes. Two
electronics modules can be provided, such that one elec-
tronics module can be worn by the patient while the other is
charged, as described above. Monitoring with multiple
adherent patches for an extended period is described in U.S.
Pat. App. No. 60/972,537, the full disclosure of which has
been previously incorporated herein by reference. Many
patch components can be provided for monitoring over the
extended period. For example, about 12 patches can be used
to monitor the patient for at least 90 days with at least one
electronics module, for example with two reusable electron-
ics modules.

[0141] At least one electrode 112A can extend through at
least one aperture 180A in the breathable tape 110 and gel
cover 180.

[0142] In some embodiments, the adhesive patch may
comprise a medicated patch that releases a medicament,
such as antibiotic, beta-blocker, ACE inhibitor, diuretic, or
steroid to reduce skin irritation. The adhesive patch may
comprise a thin, flexible, breathable patch with a polymer
grid for stiffening. This grid may be anisotropic, may use
electronic components to act as a stiffener, may use elec-
tronics-enhanced adhesive elution, and may use an alternat-
ing elution of adhesive and steroid.

[0143] FIG. 1K shows at least one electrode 190 config-
ured to electrically couple to a skin of the patient through a
breathable tape 192. In many embodiments, at least one
electrode 190 and breathable tape 192 comprise electrodes
and materials similar to those described above. Electrode
190 and breathable tape 192 can be incorporated into
adherent devices as described above, so as to provide
electrical coupling between the skin an electrode through the
breathable tape, for example with the gel.

[0144]

[0145] A step 205 adheres a measurement device to patient
to measure heart rate, activity, body posture, respiration rate
and bioimpedance. The adherent device may comprise an
adherent device as described above. The device may com-
prise ECG circuitry to measure the HR, an accelerometer to
measure patient activity and orientation, impedance circuitry
to measure breathing and patient hydration. Additional or
alternative sensors can be used. For example, breathing may
be determined with a sensor that provides a signal in
response to expansion of the chest and expansion of the skin
of the patient.

[0146] A step 210 measures, stores and processes patient
data with adherent device. The adherent device may measure
HR, patient activity and orientation, breathing and hydra-
tion, and these data can be stored on the adherent device, for
example stored on the processor at least prior to communi-
cation with the gateway. The processor may determine a
heart rate of the patient based on the ECG and may deter-
mine hydration and breathing based on an impedance signal
from the impedance circuitry, for example.

FIG. 2 shows a method 200 of monitoring a person.
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[0147] A step 212 determines patient drug treatment. The
drug treatment can be determined based on a prescription
from a physician, for example.

[0148] A step 215 transmits patient data from adherent
device to the gateway, as described above. A step 220
receives the patient data with the gateway.

[0149] A step 225 measures, stores and processes patient
data with gateway. The gateway can store data of the
adherent device and process the data. For example, the
gateway can perform one or more of the steps of sub-steps
so as to identify the CI. Also, the gateway may comprise at
least one sensor to measure additional patient data, and may
also combine data with data from additional measurement
devices.

[0150] A step 230 transmits patient data from the gateway
to the remote server.

[0151] A step 235 stores and processed patient data with
remote server. The remoter server can store data of the
adherent device and process the data. For example, the
remote server can perform one or more of the steps of
sub-steps so as to identify the CIL.

[0152] A step 240 identifies functional CI with profile of
remote heart rates. This functional CI can be identified in
many ways, for example with one or more measurement of
location of the heart rate data, measures of dispersion and
variability of the heart rate data, skewness and kurtosis of
the heart rate data, or comparison of portions around a mode
of a single modal mounded distribution.

[0153] A sub-step 241-determines a profile of remote heart
rates. A sub-step 242 determines a peak of the profile of
remote heart rates. For example, the profile may comprise a
histogram or Gaussian probability function and the peak
may comprise the mode of the distribution or probability
function. A sub-step 243 determines a portion of profile
above peak. A sub-step 244 determines a portion of profile
below peak. A sub-step 245 compares a portion above peak
to a portion below peak. A sub-step 246 identifies functional
CI when the portion above peak is less than portion below.
For example, the portion above may correspond to the
occurrence of heart rates above the peak hear rate and the
portion below the peak may correspond to the occurrence of
heart rates below the peak.

[0154] Based on the teachings described herein one can
determine relevant parameters from the heart rate distribu-
tion profile so as to identify the functional CL

[0155] A step 250 identifies functional CI with resting
remote HR. A sub-step 251-determines the occurrence of
heart rates corresponding to profile. A sub-step 252 deter-
mines a peak of the remote heart rates. A sub-step 254
determine the remote resting HR based on the peak of the
remote HR. A sub-step 255 determines age corrected maxi-
mum HR. A sub-step 256 determines the HRR based on age
corrected maximum HR and remote resting HR. A sub-step
257 identifies functional CI when the HRR is below the
threshold.

[0156] A step 260 identifies functional CI with maximum
HR. A sub-step 261 determines the threshold activity
amount based on patient data from a plurality of other
patients, for example from a patient population measured
with substantially similar adherent devices when the patients
are at home. A sub-step 262 determines the patient activity
above threshold. A sub-step 263 determines heart rates of the
patient corresponding to patient activity above threshold.
For example, the heart rate of the patient may comprise a
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maximum HR of the patient and the maximum HR of the
patient can be compared to the threshold. A sub-step 264
determines a correlation of HR above threshold with one or
more of activity, body posture, respiration rate and
bioimpedance. A sub-step 265 determines patient drug treat-
ment and compliance. A sub-step 266 determines functional
CT based on patient drug treatment and correlation of HR
above threshold with the one or more of activity, body
posture, respiration rate or bioimpedance. A step 270 trans-
mits notification to one or more of physician or patient based
on identification of CI.

[0157] The 85% cut-off for functional CI classification can
be modified to other cut-offs to account for pharmacological
modification of heart rate response such as beta-blockers and
other chronotropic/lusitropic medication.

[0158] The processor system, as described above, may
comprise instructions of a computer program embedded
thereon so as to perform many of the steps of the method
200. For example. many of the steps of the method 200 can
be performed with processor system comprising the proces-
sor of the adherent device, the processor of the gateway and
the processor of the remote server. The method 200 can be
performed with one or more of the processor of the adherent
device, the processor of the gateway and the processor of the
remote server. Further the steps of the method 200 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 200.

[0159] It should be appreciated that the specific steps
illustrated in FIG. 2 provide a particular method of moni-
toring a patient and responding to a signal event, in accor-
dance 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 perform the steps
outlined above in a different order. Moreover, the individual
steps illustrated in FIG. 2 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. Furthermore, addi-
tional steps may be added or removed depending on the
particular applications. One of ordinary skill in the art would
recognize many variations, modifications, and alternatives.

[0160] The patient data as described above can be com-
bined to determine the functional CI of the patient. For
example, the data can be combined with one or more
correlations of heart rate to one or more of the activity index
(hereinafter “AI”), body posture (hereinafter “BP”), imped-
ance of the patient (hereinafter “BioZ” or respiration rate
(hereinafter “RR”). The Al may comprise an index based on
the measurements from the three axes of the accelerometer
as described above. The BP may comprise an angle of the
patient based on orientation from accelerometer as described
above. The BioZ may comprise impedance averaged over
patient breathing cycles to correct for patient breathing or
corrected for patient breathing with a portion of the breath-
ing pattern. For example, the heart rate can be correlated
with these data with the equation:

HR=a* Al+b*BP+c*BioZ+d*RR,
where a, b, ¢ and d are respective correlation coeflicients.

The above equation is merely an example of a correlation
equation as many additional equations can be used such as
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equations with cross terms, for example of Al with BP, and
with squared terms, for example with coefficients of (BP)*
(BP).

[0161] The patient data may also be combined with multi-
dimensional look up tables, for example with look up tables
comprising levels or tiers for each measured data parameter
such as Al For example, Al may comprise a level, or tier,
based on counts of an accelerometer or other index.
[0162] 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
commercially available from Medtronic, the CareLink™
server commercially available from Medtronic, the Lati-
tude™ patient management system commercially available
from Boston Scientific, the Merlin™ system commercially
available from St. Jude and the MCOT™ commercially
available from CardioNet.

[0163] Experimental Clinical Studies

[0164] An experimental clinical study can be conducted
on an empirical number of patients to determine empirically
parameters of the above described adherent device and
processor system so as to determine functional CI 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.

[0165] FIGS. 3A1 to 3A5 show heart rate, activity index,
body posture, impedance, and respiration rate measured
from an adherent device adhered to the skin of the patient.
Although the device can be adhered for at least about one
week as described above, the data of FIG. 3A show at least
about 24 hours of measured data to show an example of data
stitable for combination. Each of FIGS. 3A1 to 3AS5 have a
corresponding time base, for example from a data time
stamp of the processor of the adherent device.

[0166] FIG. 3A1 shows the heart rate of the patient in
beats per minute from 00:00 hours to 24:00 hours. The heart
rate may be determined with one or more of the processor of
the adherent device, the processor of the gateway or the
processor of the remote server. The HR shows an elevation
at about 11:00.

[0167] FIG. 3A2 shows patient activity amounts. The
patient activity amounts may comprise an index and many
measures of patient activity. For example, the activity index
may comprise counts and/or an arbitrary scale, and the
values can range from about 0 to about 300. The data show
a peak at about 11:00.

[0168] FIG. 3A3 shows patient body posture angle. The
patient body posture is shown to be upright, at around 80
degrees from about 07:00 to about 18:00. These data indi-
cate that the patient is awake and upright from about 07:00
to about 18:00.

[0169] FIG. 3A4 shows patient impedance. The patient
impedance is shown to vary from about 60 to about 80
Ohms. For example with local peaks around 11:00 and 14:00
corresponding to about 74 and 78 Ohms, respectively.
[0170] FIG. 3AS5 shows patient breathing rate, also
referred to as patient respiration rate. The respiration rate of
the patient varies from about 10 breaths per minute to about
30 breaths per minute.

[0171] Based on the teachings described herein, the
instruction of the processor system can identify functional
CI from the HR data and data of one or more of the other
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sensors. The method and instructions of the processor sys-
tem can identify functional CI of the patient based on HR
and one or more sensors from about 10:00 to 11:00. For
example, the patient activity comprises a peak around 11 am
corresponding to an activity amount above the threshold
determined with similar adherent devices from a population
of patients or relative to the patient’s own activity mean over
a given 24 hour period. For example, the threshold may
correspond to an activity amount of 100, such that the
patient heart rates corresponding to the activity index above
the threshold of 100 correspond to maximum HR of the
patient. The processor system comprises patient data includ-
ing the age of the patient such that the age corrected
maximum HR can be determined and the functional CI of
the patient can be identified based on the age corrected
maximum HR and the maximum HR of the patient. The
increase in activity was not paralleled by a comparable
increase in HR so as to comprise a diagnostic marker to
identify CI with the remote patient measurements as
described herein.

[0172] The processor system and methods described
herein can identify functional CI of the patient based on the
profile of the HR data, for example based on histogram as
described herein.

[0173] FIG. 3B shows patient data measured remotely
with an adherent device as described above. The patient data
shows a distribution comprising a histogram for a first
patient without functional CI and a second patient with
functional CI. The patient heart rate data may comprise data
measured during the day when the patient is active. The data
may comprise a modal heart rate distribution. The data show
a histogram for each patient. The heart rate of each patient
is determined over time. The occurrence of heart rate in 5
beat per minute intervals is shown from 50 beats per minute
to 140 beats per minute. The patient with no functional CI
shows a peak at about 90 beats per minute, and the patient
with functional CI shows a peak at about 105 beats per
minute.

[0174] The functional CI can be identified with the profile
of remote heart rates. This functional CI can be identified in
many ways, for example with one or more measurement of
location of the heart rate data, measures of dispersion and
variability of the heart rate data, skewness and kurtosis of
the heart rate data, or comparison of portions around a mode
of a single modal mounded distribution.

[0175] The histogram distribution of each patient com-
prises a first side corresponding to a first amount of occur-
rences of heart rates below the peak and a second side
corresponding to a second amount of occurrences of heart
rates above the peak. The distribution of the first patient
without functional CI has a first amount of occurrences
below the peak at 90 bpm and a second amount of occur-
rence above the peak at 90 bpm, and the first amount is
substantially equal to the second amount. The distribution of
the second patient with functional CI has a first amount of
occurrences below the peak at 105 bpm and a second amount
of occurrence above the peak at 105 bpm, and the first
amount is substantially greater than the second amount.

[0176] Alternatively or in combination, the histogram
distribution of each patient can be fit to a Gaussian distri-
bution and a skew of the distribution for each patient
determined. For example, the first patient without functional
CI comprises substantially no skew of the histogram distri-
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bution, and the second patient with functional CI comprises
significant skew of the histogram distribution.

[0177] The peak of the HR data of FIG. 3B corresponds to
the resting HR of the patient, such that the HRR of the
patient can be calculated. The HRR can be combined with
the profile from the histogram to identify the patient CI.
[0178] FIG. 3C shows average maximum activity of
patients based on age for ages from about 20 to about 90.
These average maximum activity levels from a population of
patients can be used to determine threshold criteria and
correlate activity with additional measurement parameters,
such has heart rate and change in heart rate.

[0179] Clinical Studies for Remote Monitoring and Diag-
nosis of Chronotropic Incompetence in HF Patients.
[0180] A study can be conducted to diagnose functional CI
during activities of daily living, through remote monitoring,
so as to provide important information for effectively man-
aging HF and understanding the role of functional CI in
contributing to HF symptoms. The study may comprise HF
patients having an ejection fraction (hereinafter “EF”) of
40% or less.

[0181] Study Design: The study may comprise a prospec-
tive monitoring study of patients with chronic HF using an
external multi-sensor monitor, for example an adherent
monitor as described above. The study may comprise data
from multiple centers and enroll approximately 200 enrolled
patients with NYHA Class [II/IV, EF.Itoreq.40%. The wire-
less monitoring device can be applied to the patient’s chest
and replaced weekly during a 90-day monitoring period.
Heart rate (HR), respiratory rate, activity level and body
impedance data from the device were transmitted at regular
interval via phone and used for offline analysis.

[0182] The data can be analyzed to determine results and
compare the determined functional CI to similar study
populations. The following can be determined for the popu-
lation: gender, age, body mass index, EF, percentage of
patient with beta-blockers. For each patient, the modal HR
during daily activity was calculated and used to perform
functional CI determination. The percentage of patients with
functional CT can be determined when defined as an inability
to reach 85% of age-predicted maximum HR. When
adjusted for beta-blocker use, the percentage of patient
having functional CI can be determined.

[0183] Applicants note that a study design as described
above has been conducted on a population of approximately
300 patients.

[0184] FIG. 3D1 shows correlation of heart rate data with
activity data for patients without functional CI from the
study. The fit parameters are HR (bpm)=0.0985%(Activity)+
75.4 (R2=0.151)

[0185] FIG. 3D2 shows correlation of heart rate data with
activity data for patients with functional CI from the study.
The fit parameters are HR (bpm)=0.0126*( Activity)+82.651
(R2=0.0026)

[0186] The correlations shown in FIGS. 3D1 and 3D2 are
examples of linear correlations of heart rate with activity
that can be determined. The correlation coeflicient of the
patients without functional CI shows a steeper slope for a
linear fit between HR and activity when compared to
patients with functional CI. The less steep curve of the
patients with CI shows a blunting of heart rate response to
activities of daily living, when adjusted for age. This blunt-
ing of HR elevation can be combined with additional patient
measurement data, as described above.
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[0187] Applicants note that the presence of functional CI
in the study was determined based on measured activity
above a percentage of the mean age adjusted maximum heart
rate as shown above with reference to FIG. 3C. This
measured activity above the threshold amount can be used to
determine the presence of functional CI. Based on this
crossing of measured patient activity above the threshold
and the corresponding HR can be used to identify the patient
as having functional CI or not having functional CI. Of
approximately 300 patients, about 29% of the patients were
determined to have functional CI and approximately 12%
were determined to have no functional CI. For the remaining
59% of the patients, the functional CI was indeterminate
based on activity and heart rate due to the sedentary status
of the patient. However, Applicants note that additional
patient measurement data can be used to identify the func-
tional CI in accordance with additional steps of method 300
described above, such that the presence (or absence) of
functional CI can be positively determined for a majority of
patients. For example the profile of the HR distribution and
the heart rate reserve of the patient as measured at home can
be used to determine the presence of functional CI.

[0188] Additional correlations and correspondence among
patient data can be made with additional variables as
described above so as to identify functional CI in a patient
population. The correlations may comprise a plurality of
variables correlated with the HR profile, as described above.
Look up tables can also be determined to compare functional
CI with measurement data such as activity, orientation,
activity, respiration rate and body temperature.

[0189] 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.

What is claimed:

1. An apparatus to monitor a patient, the apparatus com-

prising,

a processor system comprising at least one processor
having a tangible medium with instructions of a com-
puter program embodied thereon, the processor system
configured to:

receive heart rate data of the patient, the heart rate data
comprising a plurality of measurements of the
patient’s heart rate taken over a period of time by an
adherent and/or implantable device associated with
the patient;

receive activity data of the patient, the activity data
comprising a plurality of measurements of the
patient’s activity level taken over the same period of
time as the heart rate data;

calculate a correlation between the heart rate data and
the activity data; and

identify chronotropic incompetence based, at least in
part, on the calculated correlation between the heart
rate data and the activity data.

2. The apparatus of claim 1, wherein the correlation
between the heart rate data and the activity data is calculated
as a linear correlation that represents a best fit of the heart
rate data and the activity data.
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3. The apparatus of claim 2, wherein the linear correlation
is described, in part, by a slope value that describes how
heart rate of the patient increases in response to an increase
in activity level.

4. The apparatus of claim 3, wherein chronotropic incom-
petence is identified if the slope value is less than a threshold
value.

5. The apparatus of claim 3, wherein chronotropic incom-
petence is identified if the slope value decreases from a
baseline slope value.

6. The apparatus of claim 1, wherein the processor system
is further configured to:

receive respiration data of the patient, the respiration data

comprising a plurality of measurements of the patient’s
breath rate taken over the same period of time as the
heart rate data; and

calculate a correlation between the respiration data and

the heart rate data, wherein identification of chrono-
tropic incompetence is further based on the correlation
between the respiration data and the heart rate data.

7. The apparatus of claim 1, wherein the processor system
is further configured to generate an alert if the patient’s
activity level does not exceed a minimum activity threshold,
wherein the alert prompts the patient to increase activity
level.

8. The apparatus of claim 1, wherein the processor system
is further configured to:

construct a histogram of the measurements of the patient’s

heart rate; and

identify chronotropic incompetence of the patient based,

in addition, on the shape of the histogram.
9. The apparatus of claim 8, wherein the computer pro-
gram comprises instructions to determine a peak of the
histogram and a first portion of the histogram and a second
portion of the histogram, the first portion corresponding to
a first amount of occurrences of first heart rates lower than
the heart rate corresponding to the peak of the histogram and
the second portion corresponding to a second amount of
occurrences of second heart rates greater than the heart rate
corresponding to the peak of the histogram, and wherein the
chronotropic incompetence is identified based on a compari-
son of the second amount of occurrences to the first amount
of occurrences.
10. The apparatus of claim 9, wherein chronotropic
incompetence is identified when the first amount of occur-
rences is substantially greater than the second amount of
occurrences.
11. A method of monitoring a patient to detect chrono-
tropic incompetence, the method comprising:
receiving heart rate data of the patient, the heart rate data
comprising a plurality of measurements of the patient’s
heart rate taken over a period of time by an adherent
and/or implantable device associated with the patient;

receiving activity data of the patient, the activity data
comprising a plurality of measurements of the patient’s
activity level taken over the same period of time as the
heart rate data;

calculating a correlation between the heart rate data and

the activity data; and

identifying chronotropic incompetence based, at least in

part, on the correlation between the heart rate data and
the activity data.

12. The method of claim 11, wherein the correlation
between the heart rate data and the activity data is calculated
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as a linear correlation that represents a best fit of the heart
rate data and the activity data.

13. The method of claim 12, wherein the linear correlation
is described, in part, by a slope value that describes how
heart rate of the patient increases in response to an increase
in activity level.

14. The method of claim 13, wherein chronotropic incom-
petence is identified if the slope value is less than a threshold
value.

15. The method of claim 13, wherein chronotropic incom-
petence is identified if the slope value decreases from a
baseline slope value.

16. The method of claim 10, further including:

receiving respiration data of the patient, the respiration

data comprising a plurality of measurements of the
patient’s breath rate taken over the same period of time
as the heart rate data; and

calculating a correlation between the respiration data and

the heart rate data, wherein identification of chrono-
tropic incompetence is further based on the correlation
between the respiration data and the heart rate data.
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17. The method of claim 11, further including:

constructing a histogram of the measurements of the

patient’s heart rate; and

identifying chronotropic incompetence based, in addition,

on the shape of the histogram.

18. The method of claim 17, wherein identifying chrono-
tropic incompetence includes determining a peak of the
histogram and a first portion of the histogram and a second
portion of the histogram, the first portion corresponding to
a first amount of occurrences of first heart rates lower than
the heart rate corresponding to the peak of the histogram and
the second portion corresponding to a second amount of
occurrences of second heart rates greater than the heart rate
corresponding to the peak of the histogram, wherein chro-
notropic incompetence is identified based on a comparison
of the second amount of occurrences to the first amount of
occurrernces.

19. The method of claim 18, wherein chronotropic incom-
petence is identified when the first amount of occurrences is
substantially greater than the second amount of occurrences.
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