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(57) ABSTRACT

An arrangement may include a first system provided by a
mobile device for processing ECG data representative of a
beating heart. The mobile device may be adapted to execute a
process for using at least one pattern to detect a notable
finding in the ECG data and for sending the notable finding to
a second system. The second system may be adapted to
execute a process for analyzing the notable finding, for deter-
mining at least one new pattern to send to the mobile device,
and for sending the at least one new pattern to the mobile
device. The at least one new pattern may also include a rule
thatincludes a set of conditions and an action to perform if the
set of conditions is met.
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USE OF PATTERNS IN PROCESSING ON
MOBILE MONITORING DEVICE AND
COMPUTER SYSTEM

RELATED APPLICATIONS

[0001] This application is a continuation and claims the
benefit under 35 U.S.C. §120 of pending U.S. patent applica-
tion Ser. No. 13/525,503, titled Use of Patterns in Processing
on Mobile Monitoring Device and Computer System filed by
the inventor of the present application on Jun. 18,2012 which,
in turn, is a continuation and claims the benefit under 35
U.S.C. §120 of U.S. patent application Ser. No. 11/136,338,
titled Use of Patterns in Processing on Mobile Monitoring
Device and Computer System, filed May 24, 2005 by the
inventor of the present application, which has subsequently
issued as U.S. Pat. No. 8,204,580 on Jun. 19, 2012, and
which, in turn, claims the benefit under 35 U.S.C. §119(e) of
U.S. Provisional Patent Application Ser. No. 60/574,268,
titled Wireless ECG Mobile Device That Communicates With
A Base Station, filed by the inventor of the present application
on May 25, 2004, the entire contents of each of which are
incorporated herein by reference.

FIELD OF THE INVENTION

[0002] The present invention relates to systems and meth-
ods for monitoring physiological characteristics of ambula-
tory patients.

BACKGROUND

[0003] InHolter monitoring, a patient module acquires and
records ECG data but does not analyze the data. After record-
ing is complete, data is transferred from the patient module to
a base station that analyzes the data. The base station identi-
fies clinically notable findings for review by clinical special-
ists. In “event monitoring” data selection is performed in the
patient module, either as the result of ECG analysis or due to
a patient-initiated trigger. Selected ECG results are transmit-
ted or downloaded to a system at a central facility.

[0004] U.S. Pat. No. 6,694,177 B2 by Eggers et al. entitled
Control Of Data Transmission Between A Remote Monitor-
ing Unit And A Central Unit describes bidirectional commu-
nications between a remote monitoring unit and a central unit.
The remote monitoring unit obtains a monitored data set from
the patient, analyzes the monitored data set to obtain a derived
data set and determines from the derived data set that com-
munication with the central unit is required. The central unit
analyzes the initially transmitted data set and instructs the
remote monitoring unit to transmit an additional data set
related to the monitored data set and a time when to transmit
the additional transmitted data set.

[0005] This background information is provided to reveal
information believed by the applicant to be of possible rel-
evance to the present invention. No admission is necessarily
intended, nor should be construed, that any of the preceding
information constitutes prior art against the present invention.

SUMMARY OF THE INVENTION

[0006] With the above in mind, embodiments of the present
invention are related to a system that may include circuitry to
receive information from a mobile device including ECG data
representative of a beating heart, circuitry to analyze the ECG
data using at least one pattern to detect a notable finding in the
ECG data, circuitry to determine at least one pattern to send to
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the mobile device based on the analysis of the ECG data, and
circuitry to send the at least one determined pattern to the
mobile device.

[0007] The following are within the scope of the claim. The
determined pattern may include the parameters of a math-
ematical model. The determined pattern may include a tem-
plate derived from historical ECG data. The circuitry to ana-
lyze the ECG data may include circuitry to compare the
analyzed ECG data to templates from categories of cardiac
events in order to classify the ECG data. The determined
pattern may include sending software. The pattern may be a
cardiac rhythm pattern. The cardiac rhythm pattern may be a
“bigeminy” rhythm that may be defined as having alternating
normal “N” and ventricular “V” beats, the pattern including a
rhythm template that may represent the bigeminy pattern as
eight (8) beats of (NVNV NV N V) and wherein incoming
beats may be compared to the bigeminy template to determine
if a bigeminy condition exists in signals of the incoming
beats. The pattern may be selected based on information from
the mobile device, including user characteristics or physi-
ological data samples collected for the user from the mobile
device, or data derived by the mobile device from the physi-
ological data samples, including heart beat patterns and heart
rhythm patterns. The pattern may be selected based on user
characteristics, including patient clinical and demographic
information, and may be sent to initialize the mobile device.
The pattern may be new or updated software for execution by
the mobile device. The pattern may be a rule that has a set of
conditions and an action to perform if the set of conditions is
met. The rule may be a classification rule. The rule may be a
processing rule. The set of rules may be generated for a
specific condition or patient.

[0008] According to an additional aspect of the invention,
an arrangement may include a mobile device for processing
ECG data representative of a beating heart using at least one
pattern to detect a notable finding in the ECG data, sending
the ECG data corresponding to the notable finding to a second
system, and the second system executing a process for ana-
lyzing the ECG data corresponding to the notable finding and
determining at least one new pattern to send to the mobile
device based on the analysis of the ECG data. The arrange-
ment also may include a process to send the at least one
determined pattern to the mobile device.

[0009] According to anadditional aspect of the invention, a
method may include receiving information from a mobile
device including ECG data representative of a beating heart,
analyzing the ECG data using at least one pattern to detect a
notable finding in the ECG data, determining at least one
pattern to send to the mobile device based on analyzing the
ECG data, and sending the at least one determined pattern to
the mobile device.

[0010] A pattern may be a specification of characteristics,
i.e., a form or model that may be used by the mobile device
and the second computer system to compare to incoming
ECG data. For example, and without limitation, a pattern may
include new or updated software for execution by the mobile
device. Patterns may be represented as events in time. A
pattern may be any specification of characteristics or a set of
parameters. A pattern may be a rule that has a setof conditions
and an action that may be performed if the set of conditions is
met. Patterns may be used to affect subsequent processing by
the mobile device. Thus, the second computer system may
modify operation of the mobile device by changing new or
revised patterns.
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[0011] The details of one or more embodiments of the
invention are set forth in the accompanying drawings and the
description below. Other features, objects, and advantages of
the invention will be apparent from the description and draw-
ings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 is a block diagram of a system for patient
monitoring and analysis.

[0013] FIG. 2 is a block diagram of a mobile device.
[0014] FIG. 3 is a flow chart detailing aspects of coopera-
tive processing on a mobile device.

[0015] FIG. 4 is flow chart detailing aspects of cooperative
processing on a second system.

[0016] FIG. 5 is a block diagram of computing functions
performed by the second computer system.

DETAILED DESCRIPTION OF THE INVENTION

[0017] The present invention will now be described more
fully hereinafter with reference to the accompanying draw-
ings, in which preferred embodiments of the invention are
shown. This invention may, however, be embodied in many
different forms and should not be construed as limited to the
embodiments set forth herein. Rather, these embodiments are
provided so that this disclosure will be thorough and com-
plete, and will fully convey the scope of the invention to those
skilled in the art. Those of ordinary skill in the art realize that
the following descriptions of the embodiments of the present
invention are illustrative and are not intended to be limiting in
any way. Other embodiments of the present invention will
readily suggest themselves to such skilled persons having the
benefit of this disclosure. Like numbers refer to like elements
throughout.

[0018] Although the following detailed description con-
tains many specifics for the purposes of illustration, anyone of
ordinary skill in the art will appreciate that many variations
and alterations to the following details are within the scope of
the invention. Accordingly, the following embodiments of the
invention are set forth without any loss of generality to, and
without imposing limitations upon, the claimed invention.
[0019] In this detailed description of the present invention,
a person skilled in the art should note that directional terms,
such as “above,” “below,” “upper,” “lower,” and other like
terms are used for the convenience of the reader in reference
to the drawings. Also, a person skilled in the art should notice
this description may contain other terminology to convey
position, orientation, and direction without departing from
the principles of the present invention.

[0020] Furthermore, in this detailed description, a person
skilled in the art should note that quantitative qualifying terms
such as “generally.” “substantially,” “mostly,” and other terms
are used, in general, to mean that the referred to object,
characteristic, or quality constitutes a majority of the subject
of the reference. The meaning of any of these terms is depen-
dent upon the context within which it is used, and the meaning
may be expressly modified.

[0021] Referring to FIG. 1, a system arrangement 10 may
include physiological sensors 16 connected to a mobile
patient device 12 that may collect, process, and record find-
ings from physiological data that may be provided from the
sensors 16. The mobile patient device 12 may include a
mobile processing device 20 that may execute a process 40
that determines notable findings in real time and sends the
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notable findings over a communication link 28 to a second
computer system 24. For example, and without limitation, the
second computer system 24 may include computing
resources that allow it to reprocess the physiological data
corresponding to the notable findings with greater accuracy
than the mobile device 12. The second computer system 24
may produce a report and may send the results for clinical
review (not shown).

[0022] The second computer system 24 may analyze dif-
ferences between the results from the mobile device 12 and
the results from the reprocessing by the second computer
system 24, and may generate or retrieve new “patterns” (dis-
cussed below) to improve processing on the mobile device 12.
The new patterns may be sent over the communications link
28 to the mobile device 12. The second system 24 may work
cooperatively with the mobile device 12 to provide the high
quality and timely detection of notable findings.

[0023] The sensors 16 may be attached to the body of the
patient (or may be embedded in clothing next to the skin). The
sensors 16 may provide physiological signals to a front-end
18 of the mobile device that typically may include one or
more amplifiers, one or more filters, and one or more A/D
converters. The mobile device 12 typically may be worn or
carried on the body of the patient. The front end 18 may
amplify and filter the analog signals and convert the analog
signals to digital data for processing by a processing device
20 in the mobile device 12. The system arrangement 10 may
be implemented in several different configurations as dis-
cussed below.

[0024] Communications between the second computer sys-
tem 24 and mobile device 12 may be bi-directional. The
mobile device 12 may record, analyze and/or report on patient
data, such as electro-cardiograph (ECG), blood pressure, res-
piration, temperature, EEG (brain waves), electromyography,
etc. For example, and without limitation, the mobile device 12
may be configured to detect cardiac abnormalities in an ECG
signal.

[0025] The second computer system 24 may maintain a
large database 26 of physiologic patterns. The database 26
may store patterns, reference templates, and parameters for
use in beat and rhythm classification by the mobile device 12
or second computer system 24. The second computer system
24 may maintain historical reference data on the subject,
including for example, and without limitation, ECG strips,
templates and reference data for future processing.

[0026] Initialization software to enable the mobile device
12 to communicate with the second computer system 24 may
be downloaded to the mobile device 12. The second computer
system 24 may configure the mobile device 12, and may
provide software, parameters and reference data for use by
the mobile device 12. The installation may take into consid-
eration existing hardware and software configurations of the
mobile device 12. The initial download may be, for example,
and without limitation, a “Setup.exe” type application that
selects and manages download of other components in the
downloaded software. The second computer system may also
transmit software updates to the mobile device.

[0027] Referring to FIG. 2, the mobile patient device 12
may include three functional components, as shown: a front
end 18 that may condition and digitize signals sensed by the
mobile device from a patient; a processing device 20 and
associated support hardware to produce a computing device
that may process the signals based on software and algo-
rithms; and a communications path 28, such as a wireless link,
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that may allow the processor to communicate with the second
computer system. The components may be grouped into a
single device or may be configured as two or three separate
devices. A patient may wear electrode sensors (FIG. 1) that
may be attached to a lightweight patient cable assembly (not
numbered). The other end of the cable may be attached to a
compact card which may plug into a standard type slot, such
as a compact flash slot or PCMCIA slot, on a computer.
[0028] For example, and without limitation, the card may
include input processing circuits (front end 18) to amplify,
filter and digitize the input signals from the electrode sensors,
and also non-volatile flash memory 21 to store the ECG and
other data. The card may plug into a standard slot on the
processing device 20, for example, and without limitation, a
PDA or handheld PC, which may perform the processing and
communicate with the second computer system 24 over
established wireless networks. In another embodiment, (not
shown) the patient may wear a garment with built in sensors
and a built-in front end 18 (e.g., amplifiers, filters, and analog
to digital converters), for example, and without limitation,
integrated ECG sensors that may permit less intrusive moni-
toring than conventional stick-on electrodes. The garment-
based sensors may have a known and predictable electrode
configuration. Garments with ECG sensors may have an asso-
ciated identifier that may specify the ECG sensor and lead
configuration. The configuration identifier may be encoded
into the garment to allow it to be determined automatically by
the patient module or base station. The identifier may use an
encoding technology such as radio-frequency identification
(RFID) or an electrically accessed circuit incorporated into
the garment. Once the identifier is known, the mobile device
12 and the second system 24 may adapt the processing to the
sensor configuration corresponding to the identifier.

[0029] Also for example, and without limitation, the front-
end 18 may communicate with a mobile phone and/or com-
puter that may be powered by a long-life battery or fuel cell.
The mobile phone/computer may have a standard mobile
operating system on it that may allow the patient to run
standard applications. The mobile phone/computer may be
initialized for the patient mobile device function by down-
loading an application that may configure the mobile phone
and/or computer so that either or both devices may commu-
nicate with the front end and communicate over the wireless
mesh or Internet.

[0030] Front End

[0031] The front end 18 may interface to the physiologic
sensors and may make available a stream of digital data. The
sensors to which the front end 18 connects may include con-
ventional sensors such as ECG electrodes, or advanced tech-
nology such as a garment that incorporates sensors into the
fabric, as discussed above. For garment-based sensors, the
front end may also be incorporated into the garment. The front
end may be separate from the mobile computer, or the front
end 18 may communicate with the mobile computer by wire
or by a wireless connection such as Bluetooth. The front end
may receive power from the mobile processor over a wire.
The front end, when connected wirelessly, may save power
and transmission costs by storing signals and then regularly
transmitting the stored signals during a brief transmission
interval. The front end may include memory to store digitized
signals.

[0032] Mobile Processing Device

[0033] The mobile processing device 20 may analyze the
signals and may communicate with the second computer
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system through the wireless link. The mobile processing
device may be coupled to the front end 18. The mobile device
12 may include memory 21, including non-volatile memory
such as flash memory, that may store the programs that run in
the device and the digitized signals. The mobile processing
device 20 and second computer system 24 may use a secure
communication protocol or may encrypt data exchanged
between the mobile computer and second computer system
24. The mobile processing device 20 and second computer
system 24 may use efficient data streaming protocols to mini-
mize network traffic, instead of protocols such as TCP/IP. The
mobile processing device 20 may be a PDA or a wireless
phone. The mobile processing device 20 may be or may
include a specialized processor that may optimize signal-
processing capabilities of the mobile device 12, such as a
digital signal processor unit. The mobile processing device 20
may provide a user interface through which the user can
interact with the mobile device, e.g., the mobile computer
may be accessible using a browser. The user may review
settings and may modify operation of the mobile device.
[0034] Communication Path

[0035] The communications path 28, such as a wireless
link, may provide bi-directional connectivity that may allow
the mobile device 12 to function as a networked computer.
The wireless link 28 may use the Internet to communicate
with the second computer system 24 or a wireless mesh to
communicate to the second computer system 24. The wireless
link may be integrated as part of a mobile phone or PDA.
[0036] The mobile device may record, analyze, and report
on spatial parameters such as the patient’s motion, physical
orientation, and location as determined by global positioning
systems in the device (notshown, but GPS may be common in
a cell phone, for example). The mobile device may use the
spatial parameters to determine whether a change in physi-
ological data may be attributed to a change in physical orien-
tation of the patient. The mobile device may use the signals
from motion and physical orientation to detect that a patient
has fallen down. The mobile device may be configured to
report that event to the mobile device facility immediately.
Prior to reporting, the mobile device may give the patient time
to prevent the report, and may prompt the patient with a cue
(e.g. sound, vibration) that, if responded to, may cancel the
report.

[0037] Themobile device 12 may allow the patient to mark
an occurrence of a symptom, including onset/offset, or to
document activity. The mobile device may allow the patient to
add a voice note to each mark, or to produce a mark by adding
avoice note. The mobile device may be used by the patient to
manually trigger a request for help. When reporting a poten-
tial emergency, the mobile device may communicate directly
with a facility or system other than the second computer
system.

[0038] Patterns

[0039] A pattern, as used herein for purposes of definition,
may be a specification of characteristics, i.e., a form or model
that may be used by the mobile device 12 and the second
computer system 24 to compare to incoming ECG data. In
some cases, a pattern may include new or updated software
for execution by the mobile device 12. An exemplary pattern
involving a model and specification of characteristics may be
the pattern of a single heart beat, e.g., a “heart beat pattern.”
[0040] The heart beat pattern may be represented by QRS
samples of the signal, where each sample may be represented
according to amplitude (relative to a reference level) and time
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of occurrence of a point in the pattern (relative to some point
in the beat). For example, and without limitation, if the time of
the Q peak is considered time zero, then the time for R is the
time from Q to R. These relative measures may allow the heart
beat pattern to be compared to newly detected beats, and to
detect clinically significant episodes or events.

[0041] Theheart beat pattern and other parameters, such as
the beat width, may make up a “beat template,” which may be
derived from a number of similar beats. A beat template may
be produced for each beat category (e.g.. normal, ventricular,
etc.). Newly detected beats may be compared to the beat
templates from each beat category in order to classify the
beats. For example, and without limitation, conparing a beat
to a beat template may be a type of pattern matching.

[0042] Another type of pattern matching may be used for
cardiac thythm detection. The rhythm called bigeminy may
be defined as having alternating normal “N” and ventricular
“V”beats (NVNV .. .). A rhythm template may represent
bigeminy as eight (8) beats: (NV NV NV N V). Incoming
beats may be compared to the bigeminy template to see if a
bigeminy condition exists in the incoming beats.

[0043] Patterns may be represented as events in time, such
as the QRS waveform or the pattern of beats described above.
However, a pattern may not have to be described according to
time. A pattern may be any specification of characteristics or
a set of parameters. For example, an RR interval may be
classified according to the “pattern” of its length. To perform
pattern matching and classification of a signal, pattern match-
ing criteria may be defined. Thus, in the above rhythm
example, a beat may be classified as being either N (normal),
V (ventricular), or possibly something else like fusion (in
which case it would not match the given bigeminy rhythm).

[0044] Another type of pattern may be characterized as a
rule. A rule may have a set of conditions and an action that is
to be performed if the set of conditions is met. For example, a
beat classification rule may be as follows: “if a beat is wide,
classify it as ventricular.” In this embodiment, the condition is
“wide beat,” and the action is to “classify beat as ventricular.”
This is an example of a classification rule. Other types of rules
may include processing rules such as, for example, and with-
out limitation, a rule to determine when to escalate a cardiac
finding on the mobile device 12 and immediately notify the
second system 24. A set of rules may be generated, e.g., by the
second system for a specific condition or patient. At least a
subset of those rules may be downloaded to the mobile device
12 for a specific condition or patient. The rules may affect
subsequent processing by the mobile device 12.

[0045] Referring to FIG. 3, a cooperative processing pro-
cess 40 that occurs on the mobile device 20 is shown. The
mobile device (FIG. 1) may acquire 42 physiological data
from the front-end 18. The process 40 may perform a detailed
analysis 44 of the data to detect an episode of some physi-
ological event. If an episode was detected, the process 40 may
determine 46 if the episode may be considered as a notable
finding. For example, and without limitation, notable findings
may include an episode which has been classified as a clini-
cally important finding (such as atrial fibrillation); an episode
that contains too much noise for the mobile device to success-
fully analyze; or a pattern that does not fit any of the templates
in the mobile device. If the episode is not a notable finding, the
process 40 may begin again. If the episode is considered a
notable finding, the process 40 may send 48 the physiological
data corresponding to the notable finding to the second sys-
tem 24. The physiological data may be sent 48 either imme-
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diately after the notable finding was determined, or multiple
notable findings may be stored and sent periodically.

[0046] Forexample, and without limitation, if the device 20
is to detect heart arrhythmias, then the physiological data may
be ECG, and the detailed analysis 44 may be a cardiac
arrhythmia detector. Notable findings for cardiac arrhythmias
may include ventricular flutter, ventricular fibrillation, and/or
atrial fibrillation. If a detected arrhythmia is determined to be
a notable finding because it has been classified as, for
example, atrial fibrillation, then the ECG corresponding to
the episode of atrial fibrillation (i.e. 2 minutes of ECG) may
be sent 48 to the second system 24. For example, and without
limitation, if the episode of atrial fibrillation is 25 beats long,
then a segment of ECG two minutes long that may include the
25 beats may be sent 48 along with an indication of the onset
and offset of atrial fibrillation within the selected ECG.
[0047] Thedatacorresponding to the notable finding sent in
48 may be data generated by different parts of the process 40.
The example describes sending the ECG, which may be the
raw physiological data input to the process 40. The input data
may be sent so that the second system 24 may reprocess the
same data with its better resources (e.g., more processing
power and/or storage capacity). The process 40 also may send
intermediate or final results of its analysis of the data, so that
the second system 24 may improve the processing of the
process 40, as follows.

[0048] The detailed analysis 44 may detects episode of
events using patterns, which could be, for example, and with-
out limitation, beat templates, rhythm templates, and/or rules,
as described above. These patterns may be stored on the
processing device 20 in the pattern database 58. New patterns
may be received 52 on the mobile device 20 from the second
system 24. The new patterns may be stored 54 in the pattern
database 58 to be used by the detailed analysis 44.

[0049] Referring to FIG. 4, cooperative processing 60 that
may occur on the second system 24 is shown. For example,
and without limitation, the process 60 may receive data 62
from the mobile device 20, such as the raw physiological data
that may be input to the mobile device 20. In addition, the data
may include intermediate or final results of analysis on the
mobile device 12. The data may be reprocessed 64 using more
extensive resources than are available on the mobile device
12, such as for example and without limitation, a variety of
algorithms 66, more powerful processors (not shown), and/or
a larger set of databases 68. The reprocessed data may be
compared 70 to the data received from the mobile device 12.
If there are no significant differences, then the mobile device
12 may not be updated.

[0050] If significant differences are found, then the repro-
cessed results on the second computer system may be
assumed more accurate, and those results may be used to
generate 72 new patterns for the mobile device 12. The new
patterns may be used to improve processing on the mobile
device, such as for example, and without limitation, to make
processing more accurate and/or more efficient; and/or to
reduce communication time with the second computer sys-
tem. The new patterns may be sent 74 to the mobile device 20,
and may be stored in the databases 68 along with any relevant
data, such as the raw physiological data that may be received
from the mobile device 12.

[0051] As an example of the type of processing that may
occur on the second system 24, assume again that the system
10 is a cardiac arrhythmia detector. The data received 62 from
the mobile device may be ECG dataas well as an indication of
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the onset and offset of the particular arrhythmia. Suppose the
mobile device sends two minutes of ECG data with an indi-
cation of 25 beats of atrial fibrillation, and the reprocessing 64
also detects atrial fibrillation, but for a period of 10 beats. The
comparison 70 may show a significant difference, and a new
pattern may be generated 72 and sent 74 to the mobile device
20.

[0052] The databases 68 may store data for the specific
patient wearing the portable device, and data that may have
been compiled from many patients. For example, and without
limitation, the databases may contain physiological data,
derived data, rules, procedures, programs, and/or templates.

[0053] If the second system 24 detects a notable finding
from the data sent by the mobile device 12, the system 24 may
perform several actions (not shown) in addition to generating
new patterns, including notifying clinical personnel and/or
the patient of determined clinically notable findings. Some
notifications may be low priority, and may be carried out in
the form of daily updates to clinical personnel for review. If
the second system 24 detects a more serious finding, the
second system 24 may make the notification immediately,
and may contact a physician or emergency services directly
instead of the clinical review personnel.

[0054] Theprocess 60 may include sending a new pattern to
modify the mobile device’s processing. Based on the analysis
of the data, the second computer system 24 may direct the
mobile device 12 to send additional data or to modify the
operation of the mobile device 12 by changing what the
mobile device 12 looks for, or to improve the processing by
providing more appropriate reference data, processing rules,
or new or revised patterns of other kinds.

[0055] Thus, processing workload may be split between the
mobile device 12 and the second computer system 24. The
balance may be adjusted to suit available mobile technology.
For example, and without limitation, the mobile processor 20
may be a pre-processor for the second computer system 24.
The mobile device 12 may receive operating parameters and
reference data for algorithms executed on the mobile device
12, as well as executable code from the second computer
system 24. The mobile device 12 may operate in standalone
mode when access to the second computer system 24 is not
available. During that time, the mobile device 12 may save
notable findings and information in non-volatile memory. In
typical operation, the mobile device 12 periodically rather
that constantly may communicate data to the second com-
puter system 24. More specifically, the mobile device may
send periodic updates of information to the second computer
system 24. Immediate contact with the second computer sys-
tem 24 may occur only if there is a potentially serious event,
or an event that needs the additional processing resources of
the second computer system 24, rather than a notable finding.

[0056] Under normal operating conditions, the second
computer system 24 may be in regular contact with the mobile
device 12. Even when the mobile device 12 does not detect
any findings that herald a possible problem, the mobile device
12 may send (or be asked to send) data. The data may be
analyzed by the second computer system 24, which may have
access to greater computational and/or database resources
than the mobile device 12. If the second computer system 24
finds errors, it may send the mobile device 12 additional
reference data and parameters to correct the processing, as
discussed above. The intervals between data transmission
may be controlled by the second computer system 24, and
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may take into account the clinical risk of the patient and/or the
complexity of the signals being processed by the mobile
device 12.

[0057] During cooperative processing, the selection of
findings to look for and the threshold for detecting clinically
notable findings may be governed and modified, as needed,
by the second computer system 24. The second computer
system 24 may conduct a detailed and thorough analysis that
may use, for example, and without limitation, state of the art
BCG analysis of the signals to determine whether the data
may include a notable finding. A final examination and clas-
sification of the data may be performed by the second com-
puter system 24. The second computer system 24 may deter-
mine a new pattern to send to the mobile device 12, based on
the analysis, and may send the new pattern to the mobile
device 12.

[0058] The mobile device 12 and second computer system
24 may work cooperatively and collaboratively as a hybrid of
distributed processing. Cooperative processing may attempt
to strike a balance between the processing requirements on
the mobile device 12 and the amount of data that is sent to the
second computer system 24 versus the need to perform high
quality analysis.

[0059] Cooperative processing in the context of ECG
analysis may be a hybrid between so called “Holter monitor-
ing” and “event monitoring.” In “Holter monitoring,” a
patient module may acquire the ECG data but may not ana-
lyze the data. After recording is complete, the data may be
analyzed at a base station. The base station may identify
clinically notable findings for review by clinical specialists.
In “event monitoring,” data selection may be performed inthe
patient module, either as the result of ECG analysis or due to
a patient-initiated trigger. The selected ECG results may be
transmitted or downloaded to a system at a central facility. In
contrast, in cooperative processing, both the mobile device 12
and the second computer system 24 may play a role in pro-
cessing acquired data and, as discussed either, may raise an
alert to the patient or send a notification to a central facility.

[0060]

[0061] The role of the mobile device 12 may be to advan-
tageously exhibit relatively good sensitivity to potential
events and not be too susceptible to false negatives; whereas
the role of the second computer system 24 may be to advan-
tageously improve the positive prediction capabilities of the
system 10 by rejecting false positives, without decreasing the
sensitivity of the system 10 by rejecting true positives.

[0062] Configurability

[0063] The system arrangement 10 may be configurable so
that medical personnel can determine what types of episodes
will be reported. The thresholds for reporting may be set low
for a new patient, such that almost any abnormality may be
reported. For patients with known abnormalities, the thresh-
olds may be set to report and send the ECG data only when the
abnormality is more severe than prior episodes of the same
abnormality.

[0064]

[0065] The second computer system 24 may send reference
population data and parameters to the mobile device 12 as the
cooperative processing executes in the mobile device 12 to
make decisions as it processes the incoming ECG data. The
reference data and parameters may be sent at the start of
monitoring or at any point during the monitoring.

Clinical Performance

Reference Data
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[0066] The reference data may include some or all of the
following information:

[0067] Parameters such as probabilities, rates, interval
durations and amplitudes;

[0068] Templates of individual beat morphologies, as dis-
cussed below and sequences of beat types (such as the big-
eminy pattern discussed above).

[0069] The reference data may be indexed according to
characteristics, such as age, gender, height or weight. The
second computer system may take into consideration the
patient’s characteristics when selecting the reference data.
The reference ECG data may also be indexed according to the
ECG lead configuration. If the patient’s lead configuration is
known, the second computer system may select or modify the
reference ECG data to be more appropriate to specific sensor
configuration. The reference data may be tailored to the spe-
cific patient and specific sensor configuration in order to
advantageously improve analysis by the patient mobile
device 12.

[0070] The reference population data may be used in pro-
cessing by the second computer system, as described below.
The data may include data related to patient-specific learning
based on past monitoring sessions. For example, if a patient
has had an intermittent bundle branch block, a template and
characterization of the bundle branch block beat may be
created by the system 10, and bundle branch block may be
more confidently detected if it occurred during a new moni-
toring session.

[0071] Having a set of previously observed ECG patterns
may advantageously make it easier to detect new patterns. For
example, if a patient previously had bundle branch block, but
there is a change in the extent of the block causing a signifi-
cantly wider beat morphology, the change may be detected.
[0072] Inthe event that the mobile patient device detects a
new beat type or an abnormality that is not already repre-
sented in its memory, the module may send the data to the
second computer system 24. Doing so may allow the second
computer system 24 to advantageously maintain a complete
record of known ECG findings for the patient.

[0073] As with the population data, the patient-specific
data may be indexed for the sensor configuration. The refer-
ence patient data, as with the reference population data, may
be used by the second computer system 24 in processing of
the data from the mobile device 12, as described below.
[0074] Conditions for In-Depth Analysis

[0075] Generally, the mobile device 12 may capture data
from the patient and may process the data. The mobile device
may send the data to the second computer system 24 for
processing under certain conditions. The mobile device may
send the data to the second computer system 24, when the
mobile device 12 encounters an ECG pattern that has not been
seen before or that has been seen infrequently. The mobile
device 12 may send the data to the second computer system
24 when the mobile device encounters a transition to a new
rhythm. For example, whenever the mobile device 12 detects
an ECG patterns that seems like atrial fibrillation, the mobile
device 12 may transfer a segment of the ECG data containing
the onset of the detected pattern to the second computer
system 24 for detailed analysis to determine if the segment fits
the pattern of atrial fibrillation and, if it does, to determine the
exact onset of the atrial fibrillation. The analysis performed
by the second computer system 24 may involve detailed pro-
cessing of the ECG to remove the effect of the QRST complex
and to analyze the atrial activity.
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[0076] Other conditions under which the mobile device 12
sends data to the second computer system 24 may include
when the mobile device 12 falls behind making a determina-
tion on a segment of ECG data. The mobile device 12 also
may send data to the second computer system 24 for trending
or audit purposes at periodic intervals or at pre-specified
times or conditions.

[0077] Cooperative processing as described above may
allow for contrasting and comparing mobile device 12 and
second computer system 24 results. For example, and without
limitation, the second computer system 24 may have greater
processing power than a mobile device 12 and, thus, the
second computer system 24 may be better suited for in-depth
analysis involving computationally intensive pattern recog-
nition. The analysis performed on the second computer sys-
tem 24 may compare the ECG against a large database of
ECG records and patterns. For example, and without limita-
tion, the database may include the patient’s past ECG data
and population data. This combination of greater power and
larger available reference data may advantageously permit
the second computer system 24 to perform rigorous in-depth
analysis ofthe ECG to confirm findings, find new patterns and
reject errors. The more powerful computing resources on the
second system 24 may allow faster processing than in the
mobile device 12, and less ECG data may need to be pro-
cessed on the second system 24 because the mobile device 12
may only send a portion of all its findings to the second
system 24.

[0078] Even though mobile processors are increasingly
powerful, in-depth analysis by the mobile device 12 with
existing processors would suffer the disadvantage of drawing
significant power. Such a mobile device 12 may require larger
batteries or more frequent re-charging, both of which would
make the mobile device 12 more cumbersome to use. For the
near-term, there exists a practical limitation on how much of
the processing can be done by the mobile device 12. Likewise,
existing wireless network capability, reliability, and cost
make it prohibitive to stream all of the ECG data to the second
computer system 24. Even if it were reasonable to do so, the
economics of housing and supporting dedicated second com-
puter systems 24 would likely be unfavorable, and would
require a larger second computer system 24 than the coop-
erative processing approach described above. Furthermore,
there would be an added cost because the real-time reliability
of the second computer system 24, and network connections
would need to feature higher throughput capacities.

[0079] Even as technology progresses and mobile proces-
sors become more powerful and more power efficient, and
fuel cell technology provides increased “battery” life, the
cooperative processing approach described above will remain
useful. One reason is convenience. Patients may want and
expect devices to continue to shrink in size, yet provide
increasing functionality. Even though it may be possible in
future years to do almost all of the ECG processing in a device
that is the size of a present-day PDA, for instance, patients
would likely not want to have devices that large. This may be
especially true of those who are relatively healthy and are
using the device for routine mobile monitoring as part of a
general regimen of keeping healthy.

[0080] Inalimited computing environment, the processing
may be set to find representative events. One example is the
problem of categorizing beat type templates under different
body positions. Changes in body position (e.g. supine vs.
upright) may cause a shift in the position of the heart, which
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usually changes the shape of the QRS complexes recorded by
the different leads. A QRST template may be indexed by QRS
electrical axis (or modified based on the QRS axis) so that two
different QRST morphologies, which differ because the heart
was in a different position, may be determined by the algo-
rithm to be the same beat type.

[0081] Referring to FIG. 5, the second computer system 24
may operate by itself or part of a larger facility including a
server-farm. The second computer system 24 may be config-
ured to include a processing manager, remote processor coor-
dinator, and remote ECG processing algorithm manager. In
addition, the second computer system 24 may include a
patient data management and also a trend monitoring man-
ager that interfaces with and manages the patient database.
The second computer system 24 may include an extended
ECG processing algorithm and a reference ECG Pattern
Matching manager. The second system 24 also may include
processes for report generation and event escalation.

[0082] The second computer system 24 may be imple-
mented in many different ways. For example, and without
limitation, the system 24 may be implemented as a single
computer system that is network enabled at a patient’s home.
Such a private second computer system 24 may maintain a
detailed record of ECG findings over time for the patient, and
may be configured to advantageously escalate specific types
of findings by sending data to another second computer sys-
tem at a clinical monitoring facility, or by generating a fax,
e-mail, or other communication artifact to be sent to medical
personnel. A single second computer system may be capable
of concurrently servicing more than one patient mobile
device.

[0083] The second computer system 24 at a monitoring
facility may be part of a large facility that can establish a
session with the mobile device 12 so that the same server
continues to interact with the mobile device 12. The second
computer system at a monitoring facility may be configurable
on a per-patient basis to specify escalation rules for different
types of findings.

[0084] The second computer system 24 may receive the
voice notes from the mobile device 12 discussed above. For
example, and without limitation, the second computer system
may use speech to text technology to produce a text note from
the speech note generated by the mobile device 12 to associ-
ate with the data. The second computer system software may
proactively request the signals from the patient to develop a
representative sampling of the ECG over time. The second
computer system 24 may interact with a database to keep a
historical record of part or all of the data that it receives from
the mobile device. The second computer system may analyze
the historical ECG record to produce beat templates and rules
relevant to the patient.

[0085] The second computer system 24 may have access to
any ofthe data in the mobile device 12. In addition, the second
computer system 24 may send, as appropriate, updated
parameters that determine the general operation ofthe mobile
device 12, including the types of episodes that are detected
and reported. The second system may send corrections to
internal classifications or to templates produced and held by
the mobile device 12. The second system 24 may send refer-
ence data including ECG beat templates, and/or historical
data for the patient (for example, and without limitation,
identifying what is normal for that patient). The second sys-
tem 24 may sends instruction intended for the patient.
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[0086] Templates

[0087] Exemplary templates may be generated for various
functions and processing performed by the system. The tem-
plates may be adjusted and used by the mobile device and the
second computer system 24 based on findings observed dur-
ing processing of the ECG signals.

[0088] Data Acquisition

[0089] For example, and without limitation, a subject may
wear ECG electrodes or an undergarment with integrated
ECG sensors. For routine monitoring of one or two channels
of ECG, signals may usually be acquired by the ECG module,
which may amplify the ECG signal and may filter it to pre-
serve frequencies in the range of 0.05 to 100 Hz. The ECG
signal may be sampled typically at a frequency in the range of
250 to 360 Hz. The digitized ECG may be transferred to the
mobile processor for processing. The mobile processor may
save the data in its flash memory.

[0090] Ventricular and Atrial Activity Processing

[0091] Ventricular processing may involve some or all of
the following actions:

[0092] Bandpass filtering of the ECG in a specified fre-
quency range of, for example, and without limitation, 5-40 Hz
to advantageously emphasize the signal content of the QRST
complex;

[0093] Multi-channel peak detection to advantageously
identify candidate QRS complexes in the filtered signal,
[0094] Measurement of the subject’s physical orientation
to detect shift in body position; and

[0095] Comparison of detected beats against templates
derived from live ECG data and against reference templates
provided by the second computer system 24.

[0096] Ifthe subject’s body position has changed, the com-
parison against the live ECG templates may consider the
change in the QRS axis. The template may keep track of QRS
shape as a function of the QRS axis.

[0097] Reference templates may include QRS axis infor-
mation. The template matching may be restricted to templates
that have a QRS axis similar to the current live ECG. Or the
reference template may be transformed to make the QRST
axis comparable with the live ECG data.

[0098] When a new QRS morphology is found, ECG pre-
ceding and following may be sent by the mobile device 12 to
the second computer system 24 for in-depth analysis. The
second computer system 24 may send back information that
includes templates or parameters that may be used in classi-
fication of QRS morphologies.

[0099] Atrial Activity Processing may involve some or all
of the following actions:

[0100] Preliminary classification of the beat based on tem-
plate matching;
[0101] Multi-channel P-wave detection to look for indi-

vidual P-waves preceding QRS complex. Comparing each
P-wave against templates derived from recent beats and
against reference templates provided by the second computer
system 24. Producing a measure of each P-wave’s signifi-
cance based on the template match and a signal-to-noise;
[0102] Additional processing (if single P-wave is not found
and if the device is keeping up with real-time signals) may
involve some or all of the following actions:

[0103] Adaptively subtracting the QRST complex by sub-
tracting out the matching QRST template; and

[0104] P-wave detection in the QRST interval to identify a
P-wave.
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[0105] Beat Classification

[0106] Beat classification may determine whether a beat is
of atrial, junctional or ventricular origin. The processing may
involve some or all of the following actions:

[0107] Producing timing and morphology measures of the
beat;
[0108] Measuring how well the measures of (PYQRST mor-

phology and timing measures match predefined parameters
sets;

[0109] Default parameters sets based on conventional clini-
cal definitions of ECG analysis;

[0110] Customized parameter sets may be supplied by the
second computer system 24 based on past ECG or based on
other data obtained from the subject. These may replace or
augment the default parameter sets;

[0111] Measuring the correlation of an observed (P)YQRST
to (P)QRST templates. These measures may include the fol-
lowing: Similarity of the QRST to an existing QRST template
cluster that may be either derived from the live ECG data or
provided by the second computer system 24 based on prior
ECGs; Similarity of the P-wave (if one has been detected) to
an existing P-wave template cluster and whether that template
is associated with the QRST cluster; Whether the (P)QRST
template cluster has been definitively classified as atrial, junc-
tional or ventricular origin; and

[0112] Measuring how well a (PYQRST for the most recent
N beats matches previously observed patterns for N beats.
[0113] The matching may include absolute and heart-rate-
normalized timing intervals of the QRS complexes and
P-waves, along with the clustering measures of the QRS
complexes and P-waves.

[0114] The number (N) of beats compared may range from
2 to 8 or more based on how well the processing is able to keep
up with the real-time signals.

[0115] The second computer system 24 may provide the
mobile processor with previously classified multi-beat pat-
terns to use as reference data. The mobile processor may limit
the number of patterns compared based on the available pro-
cessing time.

[0116] Updating of templates based on the classification to
include the contribution of QRS complexes put into the tem-
plate cluster. Clusters may be produced, merged or classified
based on rules in the mobile processing algorithm or based on
information sent by the second computer system 24.

[0117] Producing an audit trail that can be used (if neces-
sary) by the second computer system 24 to review the deci-
sions made by the mobile processor.

[0118] Rhythm Classification

[0119] Rhythm classification may involve looking for clini-
cally recognized rhythm patterns in a sequence of beats. Mul-
tiple rhythm classifications may be determined for a set of
beats, each classification having an associated confidence
measure and clinical severity.

[0120] Rhythm and Event Matching (Hypothesis Testing)
[0121] Theobserved sequence of beats and their associated
measures may compared against reference data. For example,
and without limitation, the reference data may include pat-
terns derived from a general population database. Also for
example, and without limitation, the reference data may
include patterns identified for the subject. The comparison
may be based on a set of vectors including measurements of
the P-waves, atrial activity and QRST complexes that com-
prise the sequence of beats.
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[0122] Implementations

[0123] The invention may be implemented in digital elec-
tronic circuitry, or in computer hardware, firmware, software,
or in combinations thereof. An apparatus of an embodiment
of the invention may be implemented in a computer program
product tangibly embodied in a machine-readable storage
device for execution by a programmable processor. Method
actions may be performed by a programmable processor
executing a program of instructions to perform functions of
the invention by operating on input data and generating out-
put.

[0124] The invention may be implemented advantageously
in one or more computer programs that are executable on a
programmable system including at least one programmable
processor coupled to receive data and instructions from, and
to transmit data and instructions to, a data storage system, at
least one input device, and at least one output device. Each
computer program can be implemented in a high-level pro-
cedural or object oriented programming language, or in
assembly or machine language if desired; and in any case, the
language can be a compiled or interpreted language.

[0125] Suitable processors may include, by way of
example, both general and special purpose microprocessors.
Generally, a processor may receive instructions and data from
a read-only memory and/or a random access memory. Gen-
erally, a computer may include one or more mass storage
devices for storing data files; such devices include magnetic
disks, such as internal hard disks and removable disks; mag-
neto-optical disks; and optical disks. Storage devices suitable
for tangibly embodying computer program instructions and
data include all forms of non-volatile memory, including by
way of example semiconductor memory devices, such as
EPROM, EEPROM, and flash memory devices; magnetic
disks such as internal hard disks and removable disks; mag-
neto-optical disks; and CD_ROM disks. Any of the foregoing
may be supplemented by, or incorporated in, ASICs (appli-
cation-specific integrated circuits).

[0126] Some ofthe illustrative aspects of the present inven-
tion may be advantageous in solving the problems herein
described and other problems not discussed which are dis-
coverable by a skilled artisan.

[0127] While the above description contains much speci-
ficity, these should not be construed as limitations on the
scope of any embodiment, but as exemplifications of the
presented embodiments thereof. Many other ramifications
and variations are possible within the teachings of the various
embodiments. While the invention has been described with
reference to exemplary embodiments, it will be understood
by those skilled in the art that various changes may be made
and equivalents may be substituted for elements thereof with-
out departing from the scope of the invention. In addition,
many modifications may be made to adapt a particular situa-
tion or material to the teachings of the invention without
departing from the essential scope thereof. Therefore, it is
intended that the invention not be limited to the particular
embodiment disclosed as the best or only mode contemplated
for carrying out this invention, but that the invention will
include all embodiments falling within the scope of the
appended claims. Also, in the drawings and the description,
there have been disclosed exemplary embodiments of the
invention and, although specific terms may have been
employed, they are unless otherwise stated used in a generic
and descriptive sense only and not for purposes of limitation,
the scope of the invention therefore not being so limited.
Moreover, the use of the terms first, second, etc. do not denote
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any order or importance, but rather the terms first, second, etc.
are used to distinguish one element from another. Further-
more, the use of the terms a, an, etc. do not denote a limitation
of quantity. but rather denote the presence of at least one of the
referenced item.

[0128] Thus the scope of the invention should be deter-
mined by the appended claims and their legal equivalents, and
not by the examples given.

That which is claimed is:

1. An arrangement comprising:

a first system provided by a mobile device for processing
ECG data representative of a beating heart, the mobile
device adapted to execute a process for using at least one
pattern to detect a notable finding in the ECG data and
for sending the notable finding to a second system;

wherein the second system is adapted to execute a process
for analyzing the notable finding, for determining at
least one new pattern to send to the mobile device, and
for sending the at least one new pattern to the mobile
device; and

wherein the at least one new pattern comprises a rule that
includes a set of conditions and an action to perform if
the set of conditions is met.

2. The arrangement according to claim 1 wherein the at
least one new pattern includes parameters of a mathematical
model.

3. The arrangement according to claim 1 wherein the pro-
cess for determining the at least one new pattern includes
deriving a template from historical ECG data.

4. The arrangement according to claim 1 wherein the pro-
cess to send the at least one new pattern includes sending
software to the mobile device.

5. The arrangement according to claim 1 wherein the at
least one new pattern includes a cardiac rhythm pattern.

6. The arrangement according to claim 1 wherein the pro-
cess for determining the at least one new pattern includes
selecting user characteristics from at least one of patient
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clinical information and demographic information, and
wherein the process to send the at least one new pattern
includes sending the user characteristics to initialize the
mobile device.

7. A method comprising:

receiving a first notable finding from a mobile device con-

figured to analyze ECG data representative of a beating
heart;

analyzing the first notable finding using a first pattern to

detect a second notable finding;

determining a second pattern to send to the mobile device

based on the second notable finding; and

sending the second pattern to the mobile device.

8. The method according to claim 7 wherein the second
pattern includes parameters of a mathematical model.

9. The method according to claim 7 further comprising:

comparing the analyzed ECG data to templates from cat-

egories of cardiac events in order to determine the first
notable finding.

10. The method according to claim 7 wherein the second
pattern comprises a rule, the method further comprising gen-
erating the rule for a specific condition.

11. The method according to claim 7 wherein the second
pattern comprises a rule, the method further comprising gen-
erating the rule for a specific patient.

12. The method according to claim 7 wherein the second
pattern includes a template derived from historical ECG data.

13. The method according to claim 7 wherein the second
pattern includes software.

14. The method according to claim 7 wherein the second
pattern includes a cardiac rhythm pattern.

15. The method according to claim 7 wherein the second
pattern includes user characteristics selected from patient
clinical information and demographic information, and
wherein sending the second pattern further comprises send-
ing the user characteristics to initialize the mobile device.
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