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ABSTRACT

This document provides methods and materials related to the
non-invasive measurement of analytes in blood.
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NON-INVASIVE MONITORING OF
PHYSIOLOGICAL CONDITIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 13/810,064, filed Mar. 29, 2013, which is a
National Stage application under 35 U.S.C. §371 of Interna-
tional Application No. PCT/US2011/043883, having an
International Filing Date of Jul. 13, 2011, which claims the
benefit of priority to U.S. Provisional Application Ser. No.
61/364,317, filed on Jul. 14, 2010. The disclosures of the prior
applications are considered part of (and are incorporated by
reference in) the disclosure of this application.

TECHNICAL FIELD

[0002] This document relates to methods and materials
involved in non-invasively measuring analyte levels in blood
and non-invasively detecting abnormal physiological condi-
tions.

BACKGROUND

[0003] Measurement of electrolytes (e.g., sodium, potas-
sium, calcium, and magnesium) and analytes (e.g., glucose)
and assessment of blood levels of medications can be impor-
tant in clinical medicine. This importance spans a large pano-
ply of disease states including arrhythmias, heart failure,
renal failure, and medication titration or adjustment. Assess-
ment of these values involves access to blood—either by
phlebotomy or other skin puncture.

SUMMARY

[0004] This document relates to methods and materials
involved in non-invasively measuring analyte levels in blood
and non-invasively detecting abnormal physiological condi-
tions. The presence of marked electrolyte abnormalities (e.g.,
hyperkalemia, hypokalemia, hypercalcemia, hypocalcemia,
magnesium level abnormalities, and glucose levels) and
physiological abnormalities (e.g., hypothermia and hypothy-
roidism) can result in readily apparent and marked derange-
ments on the surface electrocardiogram (ECG) of the patient.
Thesereadily apparent and marked derangements can include
peaked T wave, progressive QRS widening, the development
of a sinusoidal QRS complex, and ultimately arrhythmias.

[0005] These ECG changes can reflect the physiologic
response of electrical tissues to metabolic derangements and
blood level changes. It, however, is useful to assess drug,
electrolyte, and analyte levels while they are within the nor-
mal range, or only mildly abnormal. These much smaller
variations, which can be clinically important, do not generally
lead to changes readily identifiable on the surface ECG. As
described herein, the application of signal averaging, which
can enhance the signal to noise ratio of physiologic signals, in
conjunction with algorithmic processing to account for body
position changes, respiration, and ectopic complexes can pro-
vide sufficient sensitivity to allow assessment of changes in
physiologic levels of analytes based on the physiologic
response of tissues to those changes. In addition, the use of
“band-aid” style ECG patches capable of prolonged record-
ing of electrical signals, respiration, and (via accelerometers)
body position can allow for long-term tracking of electrolytes
such as potassium. As described herein, signal averaging
techniques can be used to detect subtle changes in a surface
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BCG that are indicative of changes (e.g., physiologic
changes) in a blood analytes. Such subtle changes can be
undetectable in the absence of a signal averaging technique.
The addition of algorithmic processing can lead to determi-
nation of analyte levels.

[0006] Detecting changes (e.g., physiologic changes) in a
blood analytes using the methods and materials provided
herein can allow clinicians and other medical personnel to
identify patients potentially needing medical intervention
(e.g., drug intervention, surgery, or combinations thereof) ata
point earlier than would have otherwise been determined or
can facilitate outpatient management of conditions such as
heart failure, fluid overload, and arrhythmias that might oth-
erwise require hospitalization for frequent blood tests and
monitoring.

[0007] The methods and materials provided herein can be
used to detect analyte changes within a mammal that are
smaller than those changes that are visible to the naked eye
via an electrical recording. In some cases, the methods and
materials provided herein can include performing a baseline
“calibrating” blood test. In some cases, the methods and
materials provided herein can include algorithmic processing
of ECG to compensate for body position, respiration, prema-
ture complexes, etc., and can include linear modeling (e.g.,
multiple linear equations) of ECG segments to account for
multiple changes that may occur simultaneously. In some
cases, the methods and materials provided herein can include
the use of probability modeling (e.g., hidden Markov and
maximum likelihood regression) to take into account both
ECG changes and clinical variables to produce a final elec-
trolyte value. In some cases, the methods and materials pro-
vided herein can include the use of a matrix of ECG changes
to account for multiple changes (e.g., the use of the linear
equations of FIG. 2 to take into account multiple electrical
effects of various electrolytes, and the use of Maximum like-
lihood linear regression and/or hidden Markov modeling to
be applied to the equations generated to diagnose a condition
such as a change in potassium levels). In some case, the
models described herein can incorporate clinical data such
that multiple inputs (e.g., algorithmically adjusted signal
averaged ECG, specific ECG changes, and clinical data) can
be used to statistically and accurately predict which electro-
lyte(s) is/are changing and by how much.

[0008] In some cases, based on one or more baseline mea-
surements or no blood tests, the methods and materials pro-
vided herein can be used to obtain serial electrolyte values
over time non-invasively and without the need for additional
phlebotomy or with infrequent “calibrating” blood tests. In
some cases, the methods and materials provided herein (e.g.,
a system provided herein) can include the ability to generate
alerts to the patient or caregiver when critically abnormal
electrolyte values are detected.

[0009] In general, one aspect of this document features a
method for assessing the level of an analyte within a human.
The method comprises, or consists essentially of, obtaining
electrocardiogram results from the human and comparing the
results to a signal template to obtain an indication of the level
of the analyte in the human, wherein the signal template or the
electrocardiogram results were generated using a signal aver-
aging technique. The signal template and the electrocardio-
gram results can be generated using a signal averaging tech-
nique. The signal template can represent a level of analyte that
is within the normal human physiologic range of levels for the
analyte. The signal template can represent a level of analyte
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that is outside the normal human physiologic range of levels
for the analyte. The electrocardiogram results, when com-
pared to the signal template, can indicate that the level of the
analyte in the human is within the normal human physiologic
range of levels for the analyte. The electrocardiogram results,
when compared to the signal template, can indicate that the
level of the analyte in the human is outside the normal human
physiologic range of levels for the analyte.

[0010] In another aspect, this document features a method
for assessing a change in the level of an analyte within a
human as compared to a previously determined level of the
analyte. The method comprises, or consists essentially of, (a)
obtaining electrocardiogram results from the human, (b)
comparing the results to a signal template to obtain an indi-
cation of the level of the analyte in the human, and (¢) com-
paring the level of the analyte in the human to the previously
determined level of the analyte to determine the change,
wherein the change is a change that is not detectable based on
visual inspection of an ECG tracing. The change can be less
then 25 percent of the normal physiologic range of the ana-
lyte. The change can be less then 20 percent of the normal
physiologic range of the analyte. The change can be less then
15 percent of the normal physiologic range of the analyte. The
change can be less then 10 percent of the normal physiologic
range of the analyte. The change can be less then 5 percent of
the normal physiologic range of the analyte.

[0011] In another aspect, this document features a method
for assessing a change in the level of an analyte within a
human as compared to a previously determined level of the
analyte. The method comprises, or consists essentially of, (a)
obtaining an electrical recording result from an organ within
the human, (b) comparing the result to a signal template to
obtain an indication of the level of the analyte in the human,
and (¢) comparing the level of the analyte in the human to the
previously determined level of the analyte to determine the
change, wherein the change is a change that is not detectable
based on visual inspection of an electrical recording of the
organ. The organ can be a heart. The electrical recording
result can be an ECG tracing.

[0012] Unless otherwise defined, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention pertains. Although methods and materials similar
or equivalent to those described herein can be used in the
practice or testing of the present invention, suitable methods
and materials are described below. All publications, patent
applications, patents, and other references mentioned herein
are incorporated by reference in their entirety. In case of
conflict, the present specification, including definitions, will
control. In addition, the materials, methods, and examples are
illustrative only and not intended to be limiting.

[0013] Other features and advantages of the invention will
be apparent from the following detailed description, and from
the claims.

DESCRIPTION OF DRAWINGS

[0014] FIG. 1 depicts a schematic representation of a sys-
tem for the non-invasive monitoring of physiological condi-
tions, in accordance with some embodiments.

[0015] FIG. 2 depicts representative ECG data and exem-
plary equations for determining analyte levels from ECG
data, in accordance with some embodiments.
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[0016] FIG. 3 depicts a process (e.g., an algorithmic pro-
cess) for determining analyte levels from ECG data, in accor-
dance with some embodiments.

[0017] Like reference symbols in the various drawings
indicate like elements.

DETAILED DESCRIPTION

[0018] Referring to FIG. 1, in some embodiments, a system
100 for the non-invasive detection of physiological condi-
tions includes one or more sensors 120 in communication
with a computational device 140. The sensors 120 can be
worn on the skin of an individual (e.g., a human) and can
non-invasively measure physiological signals (e.g., ECG sig-
nals) associated with the individual. While most embodi-
ments described herein relate to the use of passive recording
of cardiac electrical signals to assess analytes, it is to be
understood that an active system that delivers or injects
microAmp to milliamp level currents can be used in addition
to or in place of passive recordings to assess, for example,
skeletal muscle response (e.g., twitch). Data indicative of the
measured signals can be communicated from the sensors 120
to the computational device 140, which can interpret the data
and, based at least in part on the data, determine one or more
physiological conditions. The transmission of data from sen-
sors 120 to computational device 140 can be performed wire-
lessly, and system 140 can be a remote server based system.
For example, the system 100 can determine the level of one or
more analytes in the individual’s blood, physiological
changes in blood analyte levels, physiologically abnormal
levels of blood analytes, physiological abnormalities such as
hypothermia, and the like. In some cases, sensors 120 can be
ECG patches that permit continuous surface electrocardio-
graphic monitoring. Sensors 120 can be physically embodied
in one patch like device or can have a multiplicity of surface
electrodes, or be implanted electrodes that communicate
wireless with a receiver. Sensors 120 can each include an
accelerometer allowing sensor 120 to determine the body
position of the wearer, noise elimination algorithms (e.g., to
reduce or eliminate the noise associated with skeletal muscle
signals, respiration, mechanical motion, and the like), and
algorithms for QRS peak detection. In some cases, system
100 can utilize data obtained by sensors 120 to identify
changes in an individual’s ECG that are not readily apparent
to the naked eye. For example, system 100 can identify micro-
volt changes in wave amplitudes, millisecond changes in
wave durations, and the like. Signal averaging of the ECG,
with algorithmic binning related to heart rate, body position,
respiration, and ectopy (premature complexes) can permit
this high sensitivity to minute changes by correcting for these
variables. These changes can be further used to, for example,
identify changes in blood analyte levels (e.g., within and
outside physiologically normal ranges) or identify physi-
ological abnormalities. In one example, sample data from
sensors 120 can be compared to previously obtained tem-
plates to obtain one or more differences. These differences
can be used to determine changes in the level of one or more
analytes and identify physiological conditions such as hypo-
thermia.

[0019] For example, as depicted in FIGS. 4-6 of the
McHenry Martin and Furnas reference (“Identifying Drug-
Induced Changes in Electrocardiogram Results of Elderly
Individuals,” The Consultant Pharmacist, 1997), the pres-
ence of marked electrolyte abnormalities in the blood (e.g,,
hyperkalemia, hypokalemia, hypercalcemia, hypocalcemia,
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high or low magnesium levels, high or low blood glucose
levels, and the like), hypothermia, hypothyroidism (e.g. U
waves being present on ECG), and the like can be associated
with identifiable derangements in a surface ECG. These
derangements can include peaked T waves, progressive QRS
widening, the development of sinusoidal QRS complexes,
arrhythmias, and the like. FIGS. 4-6 of the McHenry Martin
and Furnas reference depict some physiologic states that are
associated with ECG changes that are visible to the naked eye.
For example, FIG. 4 depicts ECG tracings associated with
hyperkalemia. In another example, FIG. 5 depicts ECG trac-
ings associated with hypokalemia. FIG. 6 of the McHenry
Martin and Furnas reference depicts ECG tracings associated
with hypercalcemia and hypocalcemia.

[0020] While exaggerated abnormalities in a surface ECG
(such as those depicted in the McHenry Martin and Furnas
reference or other references such as Wrenn et al., Ann.
Emerg. Med., 20:1229-1232 (1991); Aslam et al., Nephrol.
Dial. Transplant., 17:1639-1642 (2002); Surawicz, 4m. J.
Cardiol., 12:656-662 (1963), Surawicz, Postgrad. Med.,
55(6):123-9 (1974); VanderArk et al., Cardiovasc. Clin.,
5(3):269-94 (1973); and Surawicz, Am. Heart J., 73(6):814-
34 (1967)) associated with marked electrolyte or drug abnor-
malities are identifiable on the surface electrocardiogram
using the naked eye, the methods and materials provided
herein can be used to identify subtle changes in a surface ECG
that are not identifiable on the surface electrocardiogram
using the naked eye. Such subtle changes may emerge from
physiologic changes in a blood analyte levels (e.g., potassium
levels fluctuating within the normal range of about 3.5 to 5.2
mmol/L). While changes in the surface ECG may occur due to
the physiologic response of electrically active tissues to these
changes in analytes, they may be too subtle to be detected by
an individual examining the ECG tracing, and other factors
(such as body positions, changes in association with complex
prematurity, heart rate, etc.) may mask them. In some cases,
the magnitude of change in the ECG due to a change in a
physiological condition is small enough when compared to
background ECG noise, which can be in the range of 8-10
microVolts (e.g., from skeletal muscles, and the like), that an
individual examining the ECG tracing may not be able to
distinguish the subtle changes from a normal ECG tracing
obtained prior to the change in analyte level. Thus, techniques
to enhance the signal to noise ratio and to correct for the other
factors (body position, etc.) can be used to retrieve medically
useful information from these signals.

[0021] In some embodiments, system 100 can detect sub-
clinical and/or clinical changes in a surface ECG that may not
be distinguishable with the naked eye by applying signal
averaging techniques to the surface ECG data. For example,
while a patient is in the same position for a period of time
(e.g., greater than one minute, five minutes, ten minutes, and
the like), ECG data can be recorded, and the individual car-
diac cycles averaged together by system 100 to yield a tracing
of a single cardiac cycle that represents an average of the
cardiac cycles recorded during the period of time. In one
example, a linear, shift-invariant digital filter can be imple-
mented in the time domain as a difference equation or con-
volution sum. Signal averaging techniques that can be applied
include, without limitation, those described elsewhere (see,
e.g., Cain et al., JACC, 27:238-49 (1996)). In another
example, spectral analysis can beused (e.g., by implementing
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fast Fourier Transforms). In still other examples, averaging
can be performed by spatial techniques or temporal tech-
niques.

[0022] In some embodiments, system 100 can be config-
ured to acquire reliable, usable surface ECG readings in spite
of various phenomenon such as changes in heart rate or
changes in position. System 100 can be configured to account
for the need for a reliable fiducial point in the tracing to permit
averaging, changes in association with ectopy/prematurity,
and the like. An example of this is discussed in greater detail
below in connection with FIGS. 2 and 3. In some embodi-
ments, sensors 120 include an ECG band-aid “patch” that can
perform one or more averaging techniques. Averaging tech-
niques, such as those performed by an ECG band-aid patch
canreduce noise to less than 1 microvolt. As such, system 100
can identify microvolt changes in, for example, T-wave
amplitude, QRS amplitude, and the like. Furthermore, system
100 can identify changes in, for example, T-wave duration,
QRS duration, other ECG morphometric changes, and the
like. In one example, averaging techniques can produce a
tracing of a cardiac cycle that is an average of multiple cardiac
cycles sampled over a period of time. By this process, noise
(which is random) is averaged out, leaving the desired signal
for analysis. System 100 can compare the averaged cardiac
cycle to one or more template cycles (associated with known
analyte levels either due to a baseline calibrating blood test or
with the use of standard templates) to identify differences
between the current signal averaged tracing and the baseline
tracing, and thus calculate the change in analyte level.

[0023] While system 100 can identify large differences in
wave amplitude (e.g., greater than 10 microvolts) and in wave
durations (e.g., greater than 50 milliseconds), techniques
such as averaging and spectral analysis can allow system 100
to identify small differences in wave amplitude (e.g., less than
10 microvolts) and in wave durations (e.g., less than 50 mil-
liseconds). In some embodiments, system 100 can incorpo-
rate the identified differences into algorithms that can account
for absolute changes in cardiac waveforms (e.g., a 10 micro-
volt decrease in T-wave amplitude, a 50 millisecond increase
in QRS complex duration, and the like) and relative changes
(e.g., a 20% increase in QRS complex amplitude, a 10%
decrease in T-wave duration, and the like). The algorithms
included in system 100 can be used to determine, for example,
blood analyte levels (by determine the change from a baseline
tracing with associated known analyte level or by matching
the present tracing to a standardized template), changes in
physiologic electrolytes, changes in medication levels in the
blood, and/or physiologic abnormalities that affect the activ-
ity of electrically active tissue.

[0024] Referring in more detail to the illustrative process
500 shown in FIG. 3, process 500 for detecting physiological
conditions of a subject can be performed by system 100. For
example, system 100 can non-invasively measure and/or
determine changes in analyte levels of the subject (e.g., levels
of calcium, potassium, magnesium, glucose, and the like),
determine levels and monitor the effects of pharmaceuticals
(e.g., digoxin, Class I-C anti-arrhythmia drugs, sotalol,
dofetilide, amiodarone, beta blockers, calcium channel
blockers, tricyclic antidepressants, lithium, and the like), and
detect physiological abnormalities (e.g., acute myocardial
infarction, subarachnoid bleed, fluid accumulation around the
heart, and the like). In some embodiments, system 100 can
monitor for compliance with avoidance of drugs such as
cocaine, amphetamines, marijuana, and the like.
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[0025] 1In operation 505, system 100 can acquire ECG sig-
nals from a subject that can be used later to create one or more
baseline templates. The ECG signals can be acquired from the
subject while in different body positions (e.g., supine, prone,
on side, sitting up, or standing) and with varying heart rates.
For example, the subject could remain sedentary with a sub-
stantially resting heart rate and spend a period of time (e.g.,
more than 1 minute, 5 minutes, and the like) in each of several
body positions. The subject could then perform some exercise
to elevate his heart rate and repeat the body positions. With
use of a patch electrode system, no specific action may be
required on the subjects part as the patch can determine body
position using accelerometers or other MEMs devices, and
acquire and bin data for each given position while the subject
happens to be in that position for later analysis.

[0026] In operation 510, a blood sample can be taken from
the subject at substantially the same time as the ECG signals
were acquired during operation 505, thus yielding a correla-
tion between the blood sample and the ECG signals. In opera-
tion 515, results of one or more baseline blood tests per-
formed on the sample taken in operation 510 can be entered
into system 100. For example, the blood level of potassium, as
determined by a blood test, can be entered into system 100.
While potassium is discussed in this example, it is recognized
that any number of results representing physiologic electro-
lytes (e.g., calcium, magnesium, glucose, and the like), phar-
macologic agents (e.g., digoxin, Class I-C anti-arrhythmia
drugs, sotalol, dofetilide, amiodarone, beta blockers, calcium
channel blockers, tricyclic antidepressants, lithium, and the
like), other drugs (e.g., cocaine, amphetamines, marijuana,
and the like) can be entered into system 100. While in this
example, a “calibration” blood sample is used, it is recog-
nized that it is possible that use of pre-formed templates can
eliminate the need for calibration blood. In some cases, for
some analytes, more than one sample of blood to calibrate the
system at two or more calibration levels can be used to
increase accuracy.

[0027] In operation 520, system 100 can categorize, or
“bin,” each of the individual cardiac cycles obtained during
operation 505 based on predetermined criteria such as heart
rate range, body position, and the like. In some embodiments,
individual cardiac cycles can be examined for abnormalities,
the presence of which can cause system 100 to discard the
abnormal cardiac cycle. For example, cardiac cycles includ-
ing complexes exceeding a predefined prematurity index can
be excluded to eliminate potential changes in the surface ECG
due to ectopy. In some cases, respiration can be measured
using impedance measurements or other known methods and
used to further refine the signal (e.g., binning all end expira-
tion or end inspiration signals). In operation 525, the contents
of each bin can be used to create an ECG template (e.g., a
cardiac cycle that is an average of all the cardiac cycles
contained in the bin) that is indicative of a body position and
range of heart rates for the potassium level determined from
the blood sample in operation 505. Optionally, operations 505
through 525 can be repeated at different times to acquire data
for different blood analytes and or different blood analyte
levels.

[0028] At desired intervals (e.g., hourly, daily, twice daily,
every 20 minutes, and the like), system 100 can execute
operation 530 causing system 100 to obtain surface ECG
measurements for a period of time (e.g., greater than one
minute, greater than five minutes, five to ten minutes, ten
minutes, and the like). In operation 535, system 100 can bin
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the individual cardiac cycles from the ECG measurement
based on body position and heart rate. In operation 540, the
resulting bins can be averaged creating one or more averaged
cardiac cycles, one for each of the bins from operation 535.
The resulting averaged cardiac cycles can be compared in
operation 545 to corresponding templates to determine dif-
ferences between the averaged and template cardiac cycles.
For example, an averaged cardiac cycle created from cardiac
cycles obtained when the subject was supine with a heart rate
between 60 and 70 beats per minute can be compared to a
template created during operation 525 for the supine position
with a heart rate between 60 and 70 beats per minute. In
operation 550, the resulting differences, such as differences in
wave amplitude, duration, and morphologies, can be included
in one or more algorithms to determine physiological condi-
tions such as blood analyte levels, physiological abnormali-
ties, and the like. For example, the differences can be included
in a calculation to determine the concentration of potassium
in the subject’s blood. In this way, the physiologic effects of
one or more electrolytes, which are known, can be recorded
on the ECG and used to calculate the blood value present to
result in the ECG obtained.

[0029] In some embodiments, such as described herein in
connection with process 500, templates can be created for
different heart rate ranges to correct for changes in cardiac
cycles based on heart rate. In other embodiments, adjust-
ments can be made to the differences found between an aver-
aged cardiac cycle and a template cycle based on differences
in the heart rate of the subject during sampling as opposed to
during the template formation. In yet other embodiments,
specific algorithms for determining analyte levels, and the
like, can include adjustment factors that take into account
different heart rates. Similarly, adjustments can be made
based on the body position of the subject.

[0030] Insome embodiments, system 100 can be used in a
variety of situations including patients with renal dysfunc-
tion, patients who are undergoing medication changes,
patients on diuretic therapy, patients with heart failure, and
the like. In some cases, this may facilitate hospital dismissal
with regular assessment of blood analytes without the need
for active phlebotomy. In other cases, patients can be moni-
tored while at home, without the need for collecting blood
samples. In some embodiments, algorithms used to determine
physiological conditions (such as levels of blood analytes)
can correct for changes resulting from medications taken by
the subject so as not to skew the results.

[0031] In some embodiments, the surface ECG obtained
from a body-worn patch can be signal averaged to provide a
very high signal to noise ratio, thus providing accuracy down
to the microvolt level. This can permit the detection of minute
changesin the electrocardiogram obtained froma subject. For
example, system 100 can be used to detect minute ECG
changes that are the result of changes in blood analyte levels
that are within the physiologic range to detect abnormalities
and trends before blood levels become dangerous and the
ECG changes become overtly visible. Detecting these minute
changes can be used to identify changes within the physi-
ologic range of values for electrolytes such as potassium,
magnesium, calcium, glucose, and the like. In some embodi-
ments, the levels of antiarrhythmic drugs including amio-
darone, propafenone, flecainide, and the like can be evalu-
ated. For example, ambulatory “bloodless blood tests” can be
performed by system 100 since changes in the ECG that are
too small to be seen by the naked eye could be detected with
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signal averaging techniques. This can permit determination
of blood levels of analytes based on their physiologic effects
on the ECG. In some circumstances, the use of remote moni-
toring ECG band-aids, such as those described herein, could
provide ambulatory values of various analytes. Determina-
tion of blood analyte levels can be performed at different
times, thus showing potential trends. In a similar manner,
system 100 can be used to identify clinical conditions, such as
subarachnoid hemorrhage, stroke, cardiac ischemia, and the
like.

[0032] Insome embodiments, stepwise, temporal changes
in ECG tracings (or signal averaged ECGs) can be used to
identify a disease or a change in condition. For example,
system 100 can be used to identify a sequence of changes that
oceur in a stepwise fashion versus known or set templates
(e.g., first or serial blood test measurement(s) with set ECG
template). For example, system 100 can be used to establish a
set of ECG templates for a subject for a known status (e.g.,
one or more analyte levels based on blood tests, a known
amount of medication/agent given in a controlled setting, and
the like), over a given range (e.g. glucose levels at various
amounts), and over a given period of time (e.g., at the time of
a single bolus of agent followed over a course of time with
corresponding ECG changes at given time points). In analyz-
ing ECG changes, the timing of insulin administration, con-
suming a meal, and the like can influence the significance of
the ECG changes. A change detected in the subject’s ECG can
have more weight if it occurs at one time relative to another
time. For example, a change in a diabetic’s ECG two hours
after receiving insulin and/or consuming a meal can be more
important than a change detected 5 minutes after the insulin/
meal.

[0033] In some embodiments, system 100 can be used to
monitor compliance to medication dosages and intervals in
patients and to customize dosages for a patient. For example,
the identification of a known ECG change can indicate that a
medication was taken correctly. Furthermore, system 100 can
alert a monitoring service that a medication has just been
taken (e.g., based on the identification of a known change in
the ECG that is indicative of the medication having been
taken). In addition, dosages can be personalized to an indi-
vidual based on identified ECG changes. Thus, dosages can
be adjusted until a preferred change in the patient’s ECG is
identified. This is particularly desirable with a number of
medications (e.g., flecainide, sotalol, and others) for which
absence of ECG changes indicate subtherapeutic dosing, and
excessive ECG changes indicate potential toxicity. In some
embodiments, system 100 can be used to alert an individual
that a medication (e.g., insulin) should or should not be taken,
that a meal should be consumed, that some action should be
performed to treat a condition, and the like. In some embodi-
ments, system 100 can be used to determine an individual’s
capacity to metabolize a drug based on ECG changes identi-
fied over time after the drug has been taken. In some embodi-
ments, other parameters (e.g., heart rate, blood pressure, and
the like) can be used by system 100 when performing the
functions described herein. Furthermore, the functions
described herein can be performed by system 100 utilizing
other forms of ECG monitoring. For example, system 100 can
utilize skin based surface monitors, implantable monitors
(e.g. pacemakers, defibrillators, and the like, including all
recording electrodes and pathways that these device incorpo-
rate), subcutaneous monitors, and the like. In some embodi-
ments, system 100 can assess analytes in patients with
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implanted cardiac devices based on threshold assessment to a
high level of precision (e.g., millivolt levels or microvolt
levels). Tt is known that changes in electrolytes change cap-
ture thresholds in pacing systems. This change in capture
thresholds can be used to calculate analytes levels (e.g.,
physiological electrolytes, medications, and the like). In
some cases, additional processing can be used to better iden-
tify the intervals required for analysis. For example, the volt-
age derivative over time (dV/dt) can be used to identify the T
wave peak as a surrogate for QT duration to assess analyte and
drug changes, or any number of transforms can be used (Fou-
rier, Hilbert, etc.) to make these determinations.

[0034] Referring to FIG. 2, algorithms used by system 100
to determine physiologic conditions of a subject (e.g., analyte
levels, physiologic abnormalities, and the like) can incorpo-
rate values determined by analyzing the ECG data of the
subject, comparing ECG data to predetermined ECG tem-
plates, and the like. For example, an algorithm provided
herein can take into account absolute values, numerical
changes in values relative to a template, percentage changes
in values relative to a template, and ratios of said values
associated with, for example, the amplitude of P waves, PR
intervals, PR segment elevation or depression, QRS dura-
tions, ST segment elevation and shape, T-wave amplitudes,
U-wave amplitudes, and the like. An exemplary equation used
to determine the change in an electrolyte level is:

AE =F ( xPRAHE 51 XPgnrH 3 (XPR pporionHE 41X ORS
duration+ . . . (with terms for each ECG seg-
ment)

where each factor F can apply a relative weight to a specific
ECG change for the given electrolyte of interest, PR, is the
change in PR segment length, P,,, is the amplitude of the P
wave, PR, .., ..., 19 the increase in amplitude of the PR seg-
ment, and QRS duration is the length of the QRS complex.
Additional terms can be added to account for values of,
changes in, and ratios of other ECG segments. In one example
of potassium analysis (as is described in greater detail below),
the largest initial factors F would be those associated with the
T wave whereas ECG elements that do not contribute to
potassium analysis would have an F coefficient value of 0. By
this means, the mathematics of matrix algebra can be applied
to analyze multiple analyte changes simultaneously, and tem-
poral changes made can allow for system “learning.”

[0035] In some embodiments, system 100 includes an
analysis of specific states, with the sequence of progression
from one state to another providing additional algorithmic
weight. For example, in hyperkalemia, specific states in
sequential order may develop as potassium levels progres-
sively increase. Thus, there may initially be peaking of the T
wave. A next step may be widening of the QRS complex. A
subsequent change may include relative diminution or non-
recognition of P waves and ultimately of a sinusoidal pattern.
Later states could include morphologic changes (such as
notching) beyond those described above, or the development
of arrhythmias. System 100 can recognize this progression of
states and apply additional algorithmic weight to equations
associated with potassium levels and changes.

[0036] Insome embodiments, system 100 can assess mul-
tiple electrolyte changes simultaneously, with corrections/
adjustments as needed for potential overlapping effects on
some segments of the ECG based on other electrolyte
changes. In some embodiments, when a specific change is
identified by system 100 (e.g., increased T wave amplitude),
an algorithmic scan of all potential causes of T wave peaking
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can be performed to exclude other causes. For example, if T
waves peak, ST segments can be analyzed to exclude
ischemia as the cause, while PR and QRS intervals can be
assessed to determine which changes are likely due to potas-
sium changes. Maximum likelihood linear regression and/or
hidden Markov modeling can be applied to the equations
generated to diagnose the condition (e.g., changes in potas-
sium levels), and the equation itself would define the change
in potassium from a known baseline value. In some embodi-
ments, this modeling would not be restricted to ECG data, but
can also incorporate clinical information. For example, in a
patient with diabetes on insulin, changes in the QT interval
would preferentially be attributed to glucose changes, and in
apatient on flecainide, changes in the QRS duration would be
preferentially attributed to drug effect. Additionally, other
information extracted from the ECG (e.g., heart rate variabil-
ity [HRV], analysis of cycle length in the time and frequency
domains, and the like) can be integrated in the predictive
models. For example, hypoglycemia can cause both Q-Tc
(corrected QT interval) prolongation and HRV changes con-
sistent with increased autonomic tone.

[0037] The methods and material provided herein can be
used to measure or detect passive recording of physiologic
signals for analysis. As described herein, in some cases, an
ECG patch can be configured to deliver a small electrical
stimulus and to capture skeletal muscle responses. For
example, an analysis of the magnitude of mechanical twitch,
and of conduction time from the stimulating electrode to a
nearby recording electrode can provide additional informa-
tion as to the physiological status of electrically active tissue
(in this case skeletal muscle), and can be used alone or algo-
rithmically in combination with other measurements
recorded as described herein to determine analyte levels. In
some cases, maximal handgrip strength can be assessed to
follow changes in calcium and or potassium, and skeletal
muscle stimulation can be used in combination with acceler-
ometer measurements to detect jerky movements, quivering
of muscles, etc.).

Examples of Specific Analytes and Serial ECG Changes

[0038] Referringagain to FIGS. 4-6 ofthe McHenry Martin
and Furnas reference, physiological changes in a subject
(e.g., changes in analyte levels outside of physiologic range,
physiological abnormalities, and the like) can cause changes
in the subject’s ECG tracing that can be clearly visible to the
naked eye. However, fluctuations in the subject’s ECG, such
as those described below, may first occur in magnitudes small
enough such that they are not clearly discernible as definitive
changes to the naked eye, but can be identified by system 100
when signal averaging techniques are applied. Thus, system
100 can identify physiological conditions before their effects
are readily apparent on the subject’s ECG tracing. For many
of the physiological conditions and analytes described below
(e.g., potassium, calcium, pharmaceuticals, and the like), the
effects on the averaged ECG measurements can reach several
millivolts or more, however, early detection can be made by
system 100 while the effects are still on the order of 1-5
microvolts. Similarly, changes in the segment interval mea-
surements can range from 50-100 msec (e.g., in the case of
marked electrolyte changes), however, early detection is pos-
sible using system 100 while these changes are on the order 5
msec. Changes in cycle length with drug administration could
be up to the 100 msec range.
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[0039] Normal reference ranges for various analytes (e.g.,
potassium, glucose, calcium, and magnesium) are described
elsewhere (University of Kentucky’ Clinical Lab

[0040] Reference Range Guide dated Mar. 14, 2006 (see,
e.g., internet cite: “www” dot “hosp” dot “uky” dot “edu”
slash “ClinLab” slash “report” dot “pdf”). For calcium, the
normal reference range can be between 8.8 and 10.0 mg/dL.
For glucose (fasting), the normal reference range can be
between 80 and 99 mg/dL. For magnesium, the normal ref-
erence range can be between 1.8 and 2.4 mg/dL. For potas-
sium, the normal reference range can be between 3.6 and 4.9
mmol/L.

Potassium

[0041] ECG changes are most likely attributed to fluctua-
tions in potassium levels in patients with renal dysfunction, or
who are on medications that are known to affect potassium
levels, such as diuretics, ACE inhibitors, and angiotensin
receptor blockers. In some embodiments, system 100 can
take into account these factors when using probability mod-
eling, such as described previously, and can give additional
weight to potassium level fluctuations as the source of ECG
changes.

[0042] For example, elevations in serum potassium levels
can result in increased T-wave amplitude, increased PR inter-
val duration, increased QRS duration, and diminished P-wave
amplitude. In cases of extreme changes in serum potassium
levels (such as shown in FIGS. 4-6 of the McHenry Martin
and Furnas reference), bradycardia, sinus arrest, ventricular
tachycardia, and ventricular fibrillation may occur. In another
example, decreasing levels of serum potassium can result in
diminished T-wave amplitude, ST segment depression,
increased Q-T interval, development of U waves and an
increase in U wave amplitude. In cases of extreme hypokale-
mia, ventricular tachyarrhythmias may ensue.

Magnesium

[0043] Increases in serum magnesium levels can result in
electrocardiographic changes such as, increased PR segment
duration, increased QRS duration, increased T wave, and
increased cycle length. Decreases in magnesium levels can
have opposite effects (e.g., decreased PR segment duration,
decreased QRS duration, decreased T wave, decreased cycle
length, and the like).

Calcium

[0044] Increasing calcium levels can resultin shortening of
the Q-Tc interval, while decreasing calcium levels can result
in Q-Tc interval prolongation.

Glucose

[0045] Glucose measurements can be critically important
due to their role in managing diabetes mellitus. This can
require frequent access to blood to titrate glucose lowering
therapies in accordance with meals and physical activity.
Thus, the ability to non-invasively measure ambulatory glu-
cose levels can have a major impact on the management of
this important condition.

[0046] There have been numerous studies assessing the
affects of glucose blood levels with regards to arrhythmogen-
esis and with cardiac cellular physiology. Many human and
animal studies which have been performed using either insu-
lin clamps or other modes of controlling glucose levels have
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had difficulty differentiating the role of glucose itself on the
surface ECG versus concomitant changes that occur in potas-
sium and adrenaline associated with changes in glucose (most
notably, extreme levels of hypo or hyperglycemia.) However,
this complexity may not be an issue in that clinically, changes
in glucose can cause consistent changes in these other vari-
ables leading to ECG changes. Thus, system 100, which can
be capable of assessing multiple electrolyte changes simulta-
neously, can extrapolate glucose level changes from one or
more averaged electrocardiograms.

[0047] Exemplary changes that can be useful for screening
for increasing levels of glucose from baseline can include
Q-Tc interval shortening, increasing T wave amplitude,
decreasing QRS amplitude: T-wave amplitude ratio, changing
T-wave shape, and shortening R-R interval (e.g., a shortening
over time indicates a steady rise in glucose concentration).
Exemplary changes that can be useful for screening for
decreasing levels of glucose from baseline can include Q-Tc
interval prolongation, diminution of the T wave, depression
of the ST segment depression, and shortening R-R interval
(e.g., the rate of change can be rapid and the magnitude of
change can be large, in contrast to the shortening over time as
seen in increasing glucose concentrations).

[0048] In some cases, this technique can be used as an
alarm of high and/or low blood sugar to warn diabetics to take
action when they become insensitive to detecting changes in
their own physiology.

Digoxin

[0049] As digoxin levels increase, electrocardiographic
changes can be identified, such as decreasing heart rates
(increase in cycle length), increasing PR interval, shortening
of the Q-T interval, and depression of the ST segment depres-
sion with a specific curved upwards curvature/morphology.

Acute Myocardial Infarction.

[0050] Acute myocardial infarction can be indicated by
electrocardiographic changes such as giant pointed T waves,
ST segment elevation (curved upwards), and the development
of Q waves.

Subarachnoid Bleed

[0051] In elderly patients who are frail, screening for sub-
arachnoid bleed can be clinically useful. The following ECG
changes can suggest screening in an otherwise independent
living person to see whether there have been neurologic
changes to suggest subarachnoid hemorrhage. Thus, a sensor
120 (e.g., a band-aid patch) wom on an independent living
person and monitored by the system 100 can raise an alert to
suggest that an individual may need help. Exemplary ECG
changes associated with subarachnoid hemorrhage can
include an increase in P-wave and T-wave amplitude, short-
ening ofthe PR interval, prolongation of the Q-T interval, and
the development of tall U waves.

Class I-C Antiarrhythmic Drugs

[0052] There are stereotypical changes that are predicted
with introduction of medication such as flecainide and pro-
pafenone. For example, the QRS duration can increase. An
increase in the QRS duration of less than 10% may suggest
sub-therapeutic drug levels. An increase above 20% (e.g.,
above 25%) can increase the risk of toxicity. In other
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examples, the PR interval can prolong and the cycle length
can prolong (heart rate slows).

[0053] In patients who have a genetic variation in the
metabolism of propafenone, there may be a more significant
heart rate slowing relative to the other physiologic changes
due to accumulation of metabolites with increased beta
blocker effect. Thus, in increase in cycle length in excess of
other parameter changes may identify slow metablizers.
Other exemplary ECG changes seen with increasing levels of
propafenone may include the development of first degree,
second degree, or third degree AV block or the development
of bundle branch block. In patients receiving propafenone
and flecainide, the abrupt development of bundle branch
block could suggest drug toxicity. Additionally, at normal
heart rates (under 100 beats per minute), the development of
aright bundle branch block pattern with a downward sloping
segment could indicate the presence of a late Brugada syn-
drome. This is a very rare genetic disease that can be
unmasked by drug administration. Average PR interval pro-
longation and QRS duration can be closely correlated with
dosage increases and concomitant levels in plasma concen-
trations of drugs. Therefore, these specific ECG changes can
be detected by the system 100 and can be used for monitoring
for administration and compliance, and excluding toxicity.

Sotalol and Dofetilide

[0054] Administration of sotalol or dofetilide can result in
increasing Q-Tc interval prolongation. With administration
of sotalol, a Q-Tc interval increase of less than 10% can
indicate that the dosage may be subtherapeutic; where as an
increase in 20% or more may be associated with toxicity. In
another example, if the Q-T interval is greater than 500 msec,
orin the setting of a bundle branch block if the Q-Tc is greater
than 550 msec or the IT interval is greater than 440 msec, then
toxicity is possible and decreasing the drug dose may be
indicated. With dofetilide, a resting Q-Tc interval of greater
than 440 msec can be a contraindication (greater than 500
msec bundle branch block if present). Following the first
dose, if the Q-Tc increase is greater than 15%, or is greater
than 500 msec (550 msec in the setting of bundle branch
block), the dose can be decreased. If during follow up the
Q-Tc interval exceeds 500 msec (550 msec in the setting ofa
bundle branch block) the medication nay be discontinued.
Due to the availability of prolonged ambulatory monitoring
by the system 100, the risk of drug toxicity may be signifi-
cantly decreased by detecting Q-Tc interval prolongation
over time. Since Q-Tc interval can be affected by drug clear-
ance which may be a function of renal function, patients who
undergo situations such as dehydration or fluctuations in
renal function can have their risk of toxicity diminished by
prolonged ambulatory monitoring.

Amiodarone

[0055] Administration of amiodarone can result in similar
electrophysiologic changes in the Q-T interval (prolonga-
tion), as well as cycle length and PR interval lengthening.

Beta Blockers and Calcium Channel Blockers

[0056] These drugs can cause prolongation of R-R inter-
vals, prolongation of the PR segment, and heart block.

[0057] As described herein, system 100 can be used to
manage medication (e.g., compliance, dosage, metabolism,
toxicity, personalization over time and over course of disease/
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therapy, and the like). Additional medications that can be
monitored include tricyclic antidepressants and lithium. In
some embodiments, toxins (e.g., produced by the body, from
foreign organisms, and the like) can be detected at low levels
by system 100, prior to becoming serious conditions. In some
embodiments, system 100 can be used to monitor and follow
conditions such as pericardial effusion and pericarditis (fluid
around the heart). For example, ECG changes due to fluid
accumulation around the heart can include a smaller ECG, a
smaller QRS complex, beat-to-beat alternations in QRS
amplitude, and the like. In some embodiments, system 100
can be used to assess EMG and/or mechanical motion of
muscle in response to a stimulus to measure analyte levels.
The threshold to elicit muscle contraction could also deter-
mine changes in analytes (e.g., calcium, potassium, and the
like).

[0058] In some embodiments, system 100 can be used to
monitor compliance with avoidance of narcotics (e.g., patch
monitoring of illegal drugs). For example, the presence of
cocaine, amphetamines, and/or marijuana can be identified
by the presence of tachyacardias on the ECG. System 100 can
be used to monitor a patient during the administration of QT
prolonging drugs (e.g., albuterol, alfuzosin, amantadine,
amiodarone, amitriptyline, amphetamines, astemizole, ataza-
navir, atomoxetine, chloroquine, clomipramine, dolasetron,
metaproterenol, moxifloxacin, phentermine, and the like).
[0059] A number of embodiments of the invention have
been described. Nevertheless, it will be understood that vari-
ous modifications may be made without departing from the
spirit and scope of the invention. Accordingly, other embodi-
ments are within the scope of the following claims.

1.-15. (canceled)

16. A method for assessing the level of an analyte within a
human, the method comprising:

(a) generating, using a signal averaging technique, electro-

cardiogram results from said human; and

(b) comparing said results to a signal template to obtain an

indication of the level of said analyte in said human,
wherein said analyte is potassium, magnesium, calcium, or
glucose.

17. The method of claim 16, further comprising generating,
using the signal averaging technique, said signal template.

18. The method of claim 16, wherein said signal template
represents a level of analyte that is within the normal human
physiologic range of levels for said analyte.

19. The method of claim 16, wherein said signal template
represents a level of analyte that is outside the normal human
physiologic range of levels for said analyte.

20. The method of claim 16, wherein said electrocardio-
gram results, when compared to said signal template, indicate
that the level of said analyte in said human is within said
normal human physiologic range of levels for said analyte.

21. The method of claim 16, wherein said electrocardio-
gram results, when compared to said signal template, indicate
that the level of said analyte in said human is outside said
normal human physiologic range of levels for said analyte.

22. The method of claim 16, wherein said analyte is potas-
sium.

23. The method of claim 16, wherein said analyte is mag-
nesium.

24. The method of claim 16, wherein said analyte is cal-
cium.

25. The method of claim 16, wherein said analyte is glu-
cose.
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26. A method for assessing a change in the level of an
analyte within a human as compared to a previously deter-
mined level of said analyte, wherein said method comprises:

(a) generating, using a signal averaging technique, electro-

cardiogram results from said human,

(b) comparing said results to a signal template to obtain an

indication of the level of said analyte in said human, and

(c) comparing the level of said analyte in said human to said

previously determined level of said analyte to determine
a change,

wherein said change is a change that isnot detectable based

on visual inspection of an ECG tracing, and

wherein said analyte is potassium, magnesium, calcium, or

glucose.

27. The method of claim 26, wherein said change is less
than 25 percent of the normal physiologic range of said ana-
Iyte.

28. The method of claim 26, wherein said change is less
than 20 percent of the normal physiologic range of said ana-
lyte.

29. The method of claim 26, wherein said change is less
than 15 percent of the normal physiologic range of said ana-
Iyte.

30. The method of claim 26, wherein said change is less
than 10 percent of the normal physiologic range of said ana-
lyte.

31. The method of claim 26, wherein said change is less
than 5 percent of the normal physiologic range of said ana-
Iyte.

32. The method of claim 26, wherein said analyte is potas-
sium.

33. The method of claim 26, wherein said analyte is mag-
nesium.

34. The method of claim 26, wherein said analyte is cal-
cium.

35. The method of claim 26, wherein said analyte is glu-
cose.

36. A method for assessing a change in the level of an
analyte within a human as compared to a previously deter-
mined level of said analyte, wherein said method comprises:

(a) generating, using a signal averaging technique, an elec-

trical recording result from an organ within said human,

(b) comparing said result to a signal template to obtain an

indication of the level of said analyte in said human, and
(c) comparing the level of said analyte in said human to said
previously determined level of said analyte to determine
a change,

wherein said change is a change that is not detectable based
on visual inspection of an electrical recording of said
organ, and

wherein said analyte is potassium, magnesium, calcium, or

glucose.

37. The method of claim 36, wherein said organ is a heart.

38. The method of claim 36, wherein said electrical record-
ing result is an ECG tracing.

39. The method of claim 36, wherein said analyte is potas-
sium.

40. The method of claim 36, wherein said analyte is mag-
nesium.

41. The method of claim 36, wherein said analyte is cal-
cium.

42. The method of claim 36, wherein said analyte is glu-
cose.
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