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(57) ABSTRACT

An arrangement includes a mobile device which may include
circuitry to receive ECG data, circuitry to identify a notable
finding in the ECG data and circuitry to send the ECG data
corresponding to the notable finding to a computing system.
The mobile device may also include circuitry to receive from
the computing system a pattern based on analysis of the ECG
data sent from the computing system using additional com-
puting resources of the computing system.
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COOPERATIVE PROCESSING WITH
MOBILE MONITORING DEVICE AND
COMPUTER SYSTEM

RELATED APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 12/777,310 titled “Cooperative Process-
ing with Mobile Monitoring and Computer System” filed on
May 11, 2010, which is a continuation of U.S. patent appli-
cation Ser. No. 11/136,322, titled “Cooperative Processing
with Mobile Monitoring and Computer System” filed on May
24, 2005 now U.S. Pat. No. 7,715,905, which claims the
benefit of U.S. Provisional Patent Application Ser. No.
60/574,268 filed May 25, 2004 and titled “Wireless ECG
Mobile Device that Communicates with a Base Station,” the
contents of which are incorporated in their entirety herein.

FIELD OF THE INVENTION

[0002] The invention relates to systems that monitor physi-
ological characteristics of ambulatory patients.

BACKGROUND

[0003] In “Holter monitoring,” a patient module acquires
and records ECG data but does not analyze the data. After
recording is complete, data is transferred from the patient
module to a base station that analyzes the data. The base
station identifies clinically notable findings for review by
clinical specialists. 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 transmitted 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 MONITORING UNITAND A CENTRAL UNIT”
describes bidirectional communications 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 deter-
mines from the derived data set that communication 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.

SUMMARY

[0005] According to an embodiment of the invention, a
mobile device may include circuitry to receive ECG data,
circuitry to identify a notable finding in the ECG data, cir-
cuitry to send the ECG data corresponding to the notable
finding to a computing system and circuitry to receive from
the computing system a pattern based on analysis of the ECG
data sent from the computing system using additional com-
puting resources of the computing system.

[0006] The circuitry of the mobile device may process sig-
nals according to the pattern sent to the mobile device by the
computing system. The circuitry of the mobile device may
also process data collected by the mobile device according to
the pattern sent to the mobile device by the computing system.
The pattern sent to the mobile device may include templates
of signal morphologies, additional data, additional process-
ing rules or additional executable computer programs. The
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patterns may be produced from historical data on the user
where the historical data may include ECG strips, or tem-
plates or reference data.

[0007] The mobile device may also operate in standalone
mode when access to the computing system is not available,
and during that time, may save notable findings and ECG data
in non-volatile memory. The mobile device may be config-
ured to receive from the computing system at least one pattern
to cause the mobile device to process subsequent electrical
signals of the beating heart using the pattern.

[0008] According to an aspect of the invention, criteria may
be used to determine if a detected episode corresponds to a
notable finding, where the detected episode is determined by
detecting that a pattern produced from the data corresponding
to the notable finding does not match any patterns stored in
the mobile device. Detecting a detected episode is a notable
finding may also include at least one of detecting a high level
of noise in the signal and determining that a quality measure
related to the notable finding indicates low quality.

[0009] The mobile device may also include sensors to
receive physiological signals from a subject, circuitry that
conditions the signals from the sensors and converts the sig-
nals to digital data, and a computing device to process the
digital data to produce the notable finding. The mobile device
may further include a storage device that stores a computer
program product to cause the mobile device to: analyze the
digital signals representative of a beating heart; conduct a
detailed analysis to determine when the digital data corre-
sponds to a notable finding; determine when to send the
digital data corresponding to the notable finding to a second
computing system for re-analysis; utilize a process to receive
a selected new pattern to re-configure the mobile device to
change analysis of data received by the mobile device; and
utilize a wireless link that allows the mobile device to com-
municate with the second computing system.

[0010] According a method aspect of the invention, a
method of using a mobile device may include receiving ECG
data from a mobile device and identifying a notable finding in
the ECG data on the mobile device. The mobile device may
send the ECG data corresponding to the notable finding from
the mobile device to a computing system and receive on the
mobile device a pattern based on analysis of the ECG data
sent from the computing system using additional computing
resources of the computing system.

[0011] The method may further include processing signals
according to the pattern sent to the mobile device by the
computing system. The method may also include processing
data collected by the mobile device according to the pattern
sent to the mobile device by the computing system. The
pattern may include templates of signal morphologies, addi-
tional data, additional processing rules or additional execut-
able computer programs. The patterns may be produced from
historical data on the user where the historical data may
include ECG strips, or templates or reference data.

[0012] According to another aspect of the method inven-
tion, the mobile device may operate in standalone mode when
access to the computing system is not available, and during
that time, save notable findings and ECG data in non-volatile
memory. The mobile device may be configured to receive
from the computing system at least one pattern to cause the
mobile device to process subsequent electrical signals of the
beating heart using the pattern.

[0013] According to another aspect of the method inven-
tion, criteria may be used to determine if a detected episode
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corresponds to anotable finding and the detected episode may
be determined by detecting that a pattern produced from the
data corresponding to the notable finding does not match any
pattern stored in the mobile device. Determining that a
detected episode may be a notable finding may include at least
one of detecting a high level of noise in the signal and detet-
mining that a quality measure related to the notable finding
indicates low quality.

[0014] The method may include using sensors to receive
physiological signals from a subject, conditioning signals
from the sensors and converting the signals to digital data, and
processing the digital data to produce the notable finding.
[0015] The method may also include analyzing the digital
signals representative of a beating heart and conducting a
detailed analysis to determine when the digital data corre-
sponds to the notable finding. The method may further
include determining when to send the digital data correspond-
ing to the notable finding to a second computing system for
re-analysis, receiving a selected new pattern to re-configure
the mobile device to change analysis of data received by the
mobile device; and wirelessly communicating with the sec-
ond computing system.

[0016] 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.

DESCRIPTION OF DRAWINGS

[0017] FIG. 1 is a block diagram of a system for patient
monitoring and analysis.

[0018] FIG. 2 is a block diagram of a mobile device.
[0019] FIG. 3 is a flow chart detailing aspects of coopera-
tive processing on a mobile device.

[0020] FIG. 4 is flow chart detailing aspects of cooperative
processing on a second system.

[0021] FIG. 5 is a block diagram of computing functions
performed by the second computer system.

DETAILED DESCRIPTION

[0022] Referring to FIG. 1, a system arrangement 10
includes physiological sensors 16 connected to a mobile
patient device 12 that collects, processes, and records findings
from physiological data provided from the sensors 16. The
mobile patient device 12 includes a mobile processing device
20 that executes a process 40 that determines notable findings
in real time and sends the notable findings over a communi-
cation link 28 to a second computer system 24, which has
computing resources that allow it to reprocess the physiologi-
cal data corresponding to the notable findings with greater
accuracy than the mobile device 12. The second computer
system 24 can produce a report and send the results for clini-
cal review (not shown).

[0023] The second computer system 24 analyzes differ-
ences 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” (discussed
below) to improve processing on the mobile device 12. The
new patterns are sent over the communications link 28 to the
mobile device 12. The second system 24 works cooperatively
with the mobile device 12 to provide the high quality and
timely detection of notable findings.
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[0024] Thesensors 16 are attached to the body of the patient
(or may be embedded in clothing next to the skin). The sen-
sors 16 provide physiological signals to a front-end 18 of the
mobile device that typically includes one or more amplifiers,
one or more filters, and one or more ND converters. The
mobile device 12 is typically worn or carried on the body of
the patient. The front end 18 amplifies and filters the analog
signals and converts the analog signals to digital data for
processing by a processing device 20 in the mobile device 12.
The system arrangement 10 can be implemented in several
different configurations as discussed below. Communications
between the second computer system 24 and mobile device
12 is bi-directional. The mobile device 12 records, analyzes
and/or reports on patient data, such as electro-cardiograph
(ECG), blood pressure, respiration, temperature, EEG (brain
waves), Electromyography, etc. In one embodiment, the
mobile device 12 is 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
stores 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" maintains historical reference data on the subject, includ-
ing ECG strips, templates and reference data for future pro-
cessing.

[0026] Initialization software to enable the mobile device
12 to communicate with the second computer system 24 is
downloaded to the mobile device 12. The second computer
system 24 configures the mobile device 12, and provides
software, parameters and reference data for use by the mobile
device 12. The installation can take into consideration exist-
ing hardware and software configurations of the mobile
device 12. The initial download can be for instance a “Setup.
exe” type application that selects and manages download of
other components in the downloaded software. The second
computer system can also transmit software updates to the
mobile device.

[0027] Referring to FIG. 2, the mobile patient device 12
includes three functional components, as shown: a front end
18 that conditions and digitizes signals sensed from mobile
device of a patient; a processing device 20 and associated
support hardware to produce a computing device that pro-
cesses the signals based on software and algorithms; and a
communications path 28 such as a wireless link that allows
the processor to communicate with the second computer sys-
tem. The components may be grouped into a single device or
may be configured as two or three separate devices. A patient
wears electrode sensors (FIG. 1) that are attached to a light-
weight patient cable assembly (not numbered). The other end
of the cable is attached to a compact card which can plug into
astandard type slot, such as a compact flash slot or PCMCIA
slot, on a computer.

[0028] In one configuration, the card includes input pro-
cessing circuits (front end 18) to amplify, filter and digitize
the input signals from the electrode sensors, and non-volatile
flash memory 21 to store the ECG and other data. The card
plugs into a standard slot on the processing device 20, e.g., a
PDA or handheld PC, which does the processing and com-
municates with the second computer system 24, over estab-
lished wireless networks. In another configuration, (not
shown) the patient wears a garment with built in sensors and
a built-in front end 18 (e.g., amplifiers, filters, and analog to
digital converters), i.e., integrated ECG sensors that will per-
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mit less intrusive monitoring than conventional stick-on elec-
trodes. The garment-based sensors have a known and predict-
able electrode configuration. Garments with ECG sensors
may have an associated identifier that specifies the ECG sen-
sor and lead configuration. The configuration identifier may
be encoded into the garment to allow it to be automatically
determined by the patient module or base station. The iden-
tifier may use an encoding technology such as 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] In another configuration, the front-end 18 commu-
nicates with a mobile phone/computer that is powered by a
long life battery or fuel cell. The mobile phone/computer has
a standard mobile operating system on it that allows the
patient to run standard applications. The mobile phone/com-
puter can be initialized for the patient mobile device function
by downloading an application that configures the mobile
phone/computer so that it can communicate with the front end
and communicate over the wireless mesh or Internet.

[0030] Front End

[0031] The front end 18 interfaces to the physiologic sen-
sors and makes available a stream of digital data. The sensors
to which the front end 18 connects may include conventional
sensors, such as ECG electrodes or advanced technology,
such as a garment that incorporate the sensors into the fabric,
as discussed above. For garment-based sensors, the front end
may also be incorporated into the garment. The front end can
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 can
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 trans-
mitting 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 analyzes the sig-
nals and communicates with the second computer system
through the wireless link. The mobile processing device is
coupled to the front end 18. The mobile device 12 includes
memory 21, including non-volatile memory, such as flash
memory that stores the programs that run in the device and the
digitized signals. The mobile processing device 20 and sec-
ond computer system 24 may use a secure communication
protocol, or encrypt data exchanged between the mobile com-
puter and second computer system 24. The mobile processing
device 20 and second computer system 24 may use efficient
data streaming protocols to minimize 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 include a specialized processor to opti-
mize signal-processing capabilities of the mobile device 12,
such as a digital signal processor unit. The mobile processing
device 20 provides 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 modify operation of the mobile device.

[0034] Communication Path

[0035] The communications path 28, such as a wireless
link, provides bi-directional connectivity to allow the mobile
device 12 to function as a networked computer. The wireless
link 28 may use the Internet to communicate with the second
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computer system 24 or a wireless mesh to communicate to the
second computer system 24. The wireless link may be inte-
grated as part of a mobile phone or PDA. The mobile device
records, analyzes and reports on spatial parameters such as
the patient’s motion, physical orientation and location as
determined by global positioning systems (not shown but
would be common in cell phone, for instance) in the device.
The mobile device uses the spatial parameters to determine
whether a change in physiological data can be attributed to a
change in physical orientation of the patient. The mobile
device may use the signals from motion and physical orien-
tation to detect that a patient has fallen down. The mobile
device is configured to report that event to the mobile device
facility immediately. Prior to reporting, the mobile device
gives the patient time to prevent the report, and prompts the
patient with a cue (e.g. sound, vibration) that if responded to,
cancels the report. The mobile 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 a voice note. The mobile device is used by the
patient to manually trigger a request for help. When reporting
a potential emergency, the mobile device may communicate
directly with a facility or system other than the second com-
puter system.

[0036] Patterns

[0037] A pattern as used herein is a specification of char-
acteristics, 1.e., a form or model that is used by the mobile
device 12 and the second computer system 24 to compare to
incoming ECG data. In some cases, a pattern can include new
orupdated software for execution by the mobile device 12. An
exemplary pattern involving a model and specification of
characteristics is the pattern of a single heart beat, e.g., a
“heart beat pattern.”

[0038] The “heart beat pattern” is represented by QRS
samples of the signal, where each sample is represented
according to amplitude (relative to a reference level) and time
of occurrence of a point in the pattern (relative to some point
in the beat). For example, if the time of the Q peak is consid-
ered time zero, then the time for R is the time from Q to R.
These relative measures allow the “heart beat pattern™ to be
compared to newly detected beats, to detect clinically signifi-
cant episodes or events.

[0039] The heart beat pattern and other parameters, such as
the beat width, make up a “beat template,” which may be
derived from a number of similar beats. A “beat template,”
which is produced for each beat category (e.g., normal, ven-
tricular, etc.). Newly detected beats are compared to the beat
templates from each beat category in order to classify the
beats. Comparing a beat to a beat template is a type of pattern
matching.

[0040] Another type of pattern matching can be used for
cardiac rhythm detection. The rhythm called “bigeminy” has
alternating normal “N” and ventricular “V” beats (NVNV .
.. ). Arhythm template may represent “bigeminy” as eight (8)
beats: (NV NV NV N'V). Incoming beats are compared to the
“bigeminy” template to see if a “bigeminy” condition exists
in the incoming beats.

[0041] Patterns canbe represented as events in time, such as
the QRS waveform or the pattern of beats described above.
However, a pattern does not have to be described according to
time. A pattern can be any specification of characteristics or a
set of parameters. For example, an RR interval can classified
according to the “pattern” of its length. To perform pattern



US 2013/0300575 Al

matching and classification of a signal, pattern matching cri-
teria are defined. Thus, in the above rhythm example, a beat is
classified as being either N (normal), V (ventricular), or pos-
sibly something else like fusion (in which case it would not
match the given “bigeminy” rhythm).

[0042] Another type of pattern is a rule. A rule has 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: “if a beat is wide, classify it M as ventricular.” The con-
dition is “wide beat,” and the action is to “classify beat as
ventricular” This is an example of a classification rule. Other
types of rules include processing rules, for example, 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 5 rules is generated, e.g., by the second system for a
specific condition or patient. At least a subset of those rules is
downloaded to the mobile device 12 for a specific condition or
patient. The rules affect subsequent processing by the mobile
device 12.

[0043] Referring to FIG. 3, a cooperative processing pro-
cess 40 that occurs on the mobile device 20 is shown. The
mobile device (FIG. 1) acquires 42 physiological data from
the front-end 18. The process 40 performs a detailed analysis
44 of the data to detect an episode of some physiological
event. If an episode was detected, the process 40 determines
46 if the episode can be considered as a notable finding.
Examples of notable findings include: an episode which has
been classified as a clinically important finding (such as atrial
fibrillation); or an episode that contains too much noise for the
mobile device to successfully analyze; or a pattern that does
not fitany of the templates in the mobile device. If the episode
is not a notable finding, the process 40 begins again. If the
episode is considered a notable finding, the process 40 sends
48 the physiological data corresponding to the notable finding
to the second system 24. The physiological data is sent 48
either immediately after the notable finding was determined,
or multiple notable findings may be stored and sent periodi-
cally.

[0044] For example, if the device 20 is to detect heart
arrhythmias, then the physiological data is ECG, and the
detailed analysis 44 would be a cardiac arrhythmia detector.
Notable findings for cardiac arrhythmias include ventricular
flutter, ventricular fibrillation, atrial fibrillation, etc. If a
detected arrhythmia is determined to be a notable finding,
because it has been classified as, for example, atrial fibrilla-
tion, then the ECG corresponding to the episode of atrial
fibrillation (i.e. 2 minutes of ECG) is sent 48 to the second
system 24. If the episode of atrial fibrillation was 25 beats
long, then a segment of ECG 2 minutes long that includes the
25 beats could be sent 48, along with an indication of the onset
and offset of atrial fibrillation within the selected ECG.
[0045] The data corresponding to the notable finding, sent
in 48, can be data generated by different parts of the process
40. The example describes sending the ECG, which is the raw
physiological data that was input to the process 40. The input
data is sent so that the second system 24 can reprocess the
same data with its better resources. The process 40 may also
send intermediate or final results of its analysis of the data, so
that the second system 24 can improve the processing of the
process 40, as follows.

[0046] The detailed analysis 44 detects episodes of events
using patterns, which could be beat templates, rhythm tem-
plates, rules, etc., as described above. These patterns are
stored on the processing device 20 in the pattern database 58.
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New patterns are received 52 on the mobile device 20 from the
second system 24. The new patterns are stored 54 in the
pattern database 58, to be used by the detailed analysis 44.
[0047] Referring to FIG. 4 cooperative processing 60 that
occurs on the second system 24 is shown. The process 60
receives data 62 from the mobile device 20, e.g., the raw
physiological data 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 is reprocessed 64 using
more extensive resources than are available on the mobile
device 12, including a variety of algorithms 66, more power-
ful processors (not shown), and a larger set of databases 68.
The reprocessed data is compared 70 to the data received
from the mobile device 12. If there are no significant differ-
ences, then the mobile device 12 is not updated.

[0048] If significant differences are found, then the repro-
cessed results on the second computer system are assumed
more accurate, and those results are used to generate 72 new
patterns for the mobile device 12. The new patterns are used
to improve processing on the mobile device, e.g., (to make
processing more accurate, more efficient; reduce communi-
cation time with the second computer system, etc.). The new
patterns are sent 74 to the mobile device 20, and are stored in
the databases 68, along with any relevant data, such as the raw
physiological data received from the mobile device 12.
[0049] As an example of the type of processing, assume
again that the system 10 is a cardiac arrhythmia detector. The
datareceived 62 from the mobile device could be ECG data as
well as an indication of the onset and offset of the particular
arrhythmia. Suppose the mobile device sends 2 minutes of
ECG data with an indication of 25 beats of atrial fibrillation,
and the reprocessing 64, also detects atrial fibrillation, but for
a period of 10 beats. The comparison 70 would show a sig-
nificant difference, and a new pattern would be generated 72
and sent 74 to the mobile device 20.

[0050] The databases 68 store data for the specific patient
wearing the portable device, and data that were compiled
from many patients. The databases may contain physiological
data, derived data, rules, procedures, programs, templates,
etc.

[0051] Ifthe second system detects a notable finding from
the data sent by the mobile device 12, it 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 could make the notification immediately, and contact a
physician or emergency services directly instead of the clini-
cal review personnel.

[0052] Theprocess 60 may include sendinga new pattern to
modify the mobile device’s processing. Based on the analysis
of the data, the second computer system directs the mobile
device to send additional data or to modify the operation of
the mobile device by changing what the mobile device looks
for, or to improve the processing by providing more appro-
priate reference data, processing rules or new or revised pat-
terns of other kinds.

[0053] Thus, processing workload is split between the
mobile device 12 and second computer system 24. The bal-
ance 1s adjusted to suit available mobile technology. The
mobile processor 20 in some aspects is a pre-processor for the
second computer system 24. The mobile device 12 receives
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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
operates in standalone mode when access to the second com-
puter system 24 is not available. During that time, the mobile
device 12 saves notable findings and information in non-
volatile memory. In typical operation, the mobile device 12
periodically rather that constantly communicates data to the
second computer system 24. That is, the mobile device sends
periodic updates of information to the second computer sys-
tem 24. Immediate contact with the second computer system
occurs only if there is a potentially serious event, or an event
that needs the additional processing resources of the second
computer system, rather than a notable finding.

[0054] 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
20 12 may send (or be asked to send) data. The data are
analyzed by the second computer system 24, which has
access to greater computational and database resources than
the mobile device. If the second computer system 24 finds
errors, it can send the mobile device 12 additional reference
data and parameters to correct the processing, as discussed
above. The intervals between data transmission can be con-
trolled by the second computer system 24, and can take into
account the clinical risk of the patient or the complexity of the
signals being processed by the mobile device 12.

[0055] During cooperative processing, the selection of
findings to look for and the threshold for detecting clinically
notable findings are governed and modified, as needed, by the
second computer system 24. The second computer system 24
conducts a detailed and thorough analysis that uses, for
example, state of the art ECG analysis of the signals to deter-
mine whether the data includes a notable finding. A final
examination and classification of the data is performed by the
second computer system 24. The second computer system 24
determines a new pattern to send to the mobile device 12,
based on the analysis, and sends the new pattern to the mobile
device 12.

[0056] The mobile device 12 and second computer system
24 work cooperatively and collaboratively as a hybrid of
distributed processing. Cooperative processing attempts 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 vs. the need to perform high
quality analysis.

[0057] Cooperative processing in the context of ECG
analysis is a hybrid between so called “Holter monitoring”
and “event monitoring.” In “Holter monitoring,” a patient
module acquires the ECG data but does not analyze the data.
After recording is complete, the data are analyzed at a base
station. The base station identifies clinically notable findings
for review by clinical specialists. 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. The
selected ECG results are transmitted or downloaded to a
system at a central facility. In contrast, in cooperative pro-
cessing, both the mobile device 12 and the second computer
system 24 play a role in processing acquired data, and as
discussed either can raise an alert to the patient or send a
notification to a central facility.
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[0058] Clinical Performance

[0059] Therole of the mobile device 12 is to have relatively
good sensitivity to potential events and not be too susceptible
to false negatives; whereas the role of the second computer
system 24 is to 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.
[0060] Configurability

[0061] The system arrangement 10 is configurable so that
medical personnel can determine what types of episodes will
be reported. The thresholds for reporting can be set low for a
new patient, so that almost any abnormality will be reported.
For patients with known abnormalities, the thresholds can be
set to report and send the ECG data only when the abnormal-
ity is more severe than prior episodes of the same abnormal-
ity.

[0062] Reference Data

[0063] The second computer system 24 sends 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 are sent at the start of monitor-
ing or at any point during the monitoring.

[0064] The reference data includes some or all of the fol-
lowing information:

[0065] Parameters such as probabilities, rates, interval
durations and amplitudes;

[0066] Templates of individual beat morphologies, as dis-
cussed below and sequences of beat types (such as the big-
eminy pattern discussed above).

[0067] The reference data is indexed according to charac-
teristics, 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 refer-
ence 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 is tailored to the specific
patient and specific sensor configuration, in order to improve
analysis by the patient mobile device 12.

[0068] The reference population data is used in processing
by the second computer system, as described below. The data
includes 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 character-
ization of the bundle branch block beat could be created by
the system 10, and bundle branch block could be more con-
fidently detected if it occurred during a new monitoring ses-
sion.

[0069] Having a set of previously observed ECG patterns
makes 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 significantly wider
beat morphology, the change is detected.

[0070] When the mobile patient device detects a new beat
type or an abnormality that is not already represented in its
memory, the module may send the data to the second com-
puter system 24. This allows the second computer system to
maintain a complete record of known ECG findings for the
patient.

[0071] 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 is used
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by the second computer system 24 in processing the data from
the mobile device 12, as described below.

[0072] Conditions for in-Depth Analysis

[0073] Generally, the mobile device 12 captures data from
the patient and processes the data. The mobile device sends
the data to the second computer system 24 for processing
under certain conditions. The mobile device sends 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 sends
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 transfers a
segment of the ECG data containing the onset of the detected
pattern to the second computer system 24 for detailed analy-
sis to determine if the segment fits the pattern of atrial fibril-
lation and, if it does, to determine the exact onset of the atrial
fibrillation. The analysis performed by the second computer
system 24 would likely involve detailed processing of the
ECG to remove the effect of the QRST complex and to ana-
lyze the atrial activity.

[0074] Other conditions under which the mobile device 12
sends data to the second computer system 24 include when
the mobile device 12 falls behind making a determination on
asegment of ECG data. The mobile device 12 also sends data
to the second computer system for trending or audit purposes
at periodic intervals or at pre-specified times or conditions.

[0075] Cooperative process allows for contrasting and
comparing mobile device and second system results. The
second computer system 24 is likely to have greater process-
ing power than a mobile device 12, and thus the second
computer system is better suited for in-depth analysis involv-
ing computationally intensive pattern recognition. The analy-
sis performed on the second computer system 24 can compare
the ECG against a large database of ECG records and pat-
terns. The database can include the patient’s past ECG data
and population data. This combination of greater power and
larger available reference data permits the second computer
system 24 to perform rigorous in-depth analysis of the ECG to
confirm findings, find new patterns and reject errors. The
more powerful computing resources on the second system
allow faster processing than in the mobile device, and less
ECG data has to be processed on the second system because
the mobile device only sends a portion of all its findings to the
second system.

[0076] Even though mobile processors are increasingly
powerful, in-depth analysis by the mobile device 12 with
existing processors would draw significant power. The
mobile device 12 would require larger batteries or more fre-
quent re-charging, both of which would make the mobile
device 12 more cumbersome to use. For the near-term, there
5 1s 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 makes it prohibitive to
stream all of the ECG data to the second computer system.
Even if it were reasonable to do so, the economics of housing
and supporting dedicated second computer systems 24 would
probably be unfavorable, and would require a larger second
computer system 24 than the cooperative processing
approach. Furthermore, there would be an added cost because
the real-time reliability of the second computer system 24 and
network connections would need to be greater.
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[0077] 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 will remain useful. One rea-
son is convenience. Patients will 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 will 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.

[0078] Inalimited computing environment, the processing
can be set to find representative events. An example is the
problem of categorizing beat type templates under different
body positions. Changes in body position (e.g. supine vs.
upright) can cause a shift in the position of the heart, which
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, can be determined by the algo-
rithm to be the same beat type.

[0079] Referring to FIG. 5, the second computer system
can operate by itself or part of a larger facility including a
server-farm. The second computer system can be configured
to include a processing manager, remote processor coordina-
tor and remote ECG processing algorithm manager. In addi-
tion, the second computer system includes a patient data
management and trend monitoring manager that interfaces
with and manages the patient database. The second computer
system includes an extended ECG processing algorithm and
reference ECG Pattern Matching manager. The second sys-
tem also includes processes for report generation and event
escalation.

[0080] The second computer system 24 can be imple-
mented in many different ways. For example, as a single
computer system that is network enabled at a patient’s home.
Such a private second computer system may maintain a
detailed record of ECG findings over time for the patient and
can be configured to escalate specific types of findings by
sending data to another second computer system at a clinical
monitoring facility, or by generating a fax, e-mail, etc. to be
sent to medical personnel. A single second computer system
may capable of concurrently servicing more than one patient
mobile device.

[0081] 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.

[0082] The second computer system 24 may receive the
voice notes from the mobile device 12, discussed above. The
second computer system uses speech to text technology to
produce a text note from the speech note generated by the
mobile device 12 to associate with the data. The second
computer system software may pro-actively request the sig-
nals from the patient to develop a representative sampling of
the ECG over time. The second computer system 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
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computer system may analyze the historical ECG record to
produce beat templates and rules relevant to the patient.
[0083] The second computer system 24 can have access to
any ofthe data in the mobile device 12. In addition, the second
computer system 24 sends as appropriate updated parameters
that determine the general operation of the mobile device 12,
including the types of episodes that are detected and reported.
The second system sends corrections to internal classifica-
tions or to templates produced and held by mobile device 12.
The second system sends reference data including ECG beat
templates, historical data for the patient, e.g. what is normal
for that patient. The second system sends instructions
intended for the patient.

[0084] Templates

[0085] Exemplary templates can be generated for various
functions and processing performed by the system. The tem-
plates can be adjusted and used by the mobile device and the
second computer system based on findings observed during
processing of the ECG signals.

[0086] Data Acquisition

[0087] A subject may wear ECG electrodes or an undergar-
ment with integrated ECG sensors. For routine monitoring 1
or 2 channels of ECG, signals are usually acquired by the
ECG module, which amplifies the ECG signal and filters it to
preserve frequencies in the range of 0.05 to 100 Hz. The ECG
signal is sampled typically at a frequency in the range of 250
to 360 Hz. The digitized ECG is transferred to the mobile
processor for processing. The mobile processor saves the data
in its flash memory.

[0088] Ventricular and Atrial Activity Processing
[0089] Ventricular processing involves:
[0090] Bandpass filtering of the ECG in a specified fre-

quency range of e.g., (5-40 Hz) to emphasize the signal con-
tent of the QRST complex.

[0091] Multi-channel peak detection to identify candidate
QRS complexes in the filtered signal.

[0092] Measurement of the subject’s physical orientation
to detect shift in body position.

[0093] Comparison of detected beats against templates
derived from live ECG data and against reference templates
provided by the second computer system.

[0094] Ifthe subject’s body position has changed, the com-
parison against the live ECG templates can consider the
change in the QRS axis. The template can keep track of QRS
shape as a function of the QRS axis.

[0095] 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.

[0096] When a new QRS morphology is found, ECG pre-
ceding and following is sent by the mobile device to the
second computer system for in-depth analysis. The second
computer system can send back information that included
templates or parameters that will be used in classification of
QRS morphologies.

[0097] Atrial Activity Processing Involves:

[0098] Preliminary classification of the beat based on tem-
plate matching

[0099] Multi-channel P-wave detection to look for indi-

vidual P-waves preceding QRS complex.
[0100] For each P-wave, comparing it against templates
derived from recent beats and against reference templates
provided by the second computer system.
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[0101] Foreach P-wave, producing a measure of its signifi-
cance based on the teniplate 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) involv-
ing:

[0103] Adaptively subtract the QRST complex by subtract-

ing out the matching QRST template P-wave detection in the
QRST interval to identify a P-wave.

[0104] Beat Classification

[0105] Beat classification determines whether a beat is of
atrial, junctional or ventricular origin. The processing
involves:

[0106] Producing timing and morphology measures of the
beat Measuring how well the measures of (P)YQRST morphol-
ogy and timing measures match predefined parameters sets.
[0107] Default parameters sets based on conventional clini-
cal definitions of ECG analysis.

[0108] Customized parameter sets are supplied by the sec-
ond computer system based on past ECG or based on other
data obtained from the subject. These may replace or augment
the default parameter sets.

[0109] Measuring the correlation of an observed (P)QRST
to (PYQRST templates. The measures include the following:
[0110] Similarity of the QRST to an existing QRST tem-
plate cluster that is either derived from the live ECG data or
provided by the second computer system based on prior
ECGs.

[0111] Similarity of the P-wave (if one has been detected)
to an existing P-wave template cluster and whether that tem-
plate is associated with the QRST cluster.

[0112] Whether the (P)QRST template cluster has been
definitively classified as atrial, junctional or ventricular origin
[0113] Measuring how well a (P)QRST for the most recent
N beats matches previously observed patterns for N beats.
[0114] The matching includes absolute and heart-rate nor-
malized timing intervals of the QRS complexes and P-waves,
along with the clustering measures of the QRS complexes and
P-waves.

[0115] Thenumber (N)of beats compared ranges from 2 to
8 or more based on how well the processing is able to keep up
with the real-time signals. The second computer system can
provide the mobile processor with previously classified
multi-beat patterns to use as reference data. The mobile pro-
cessor limits the number of patterns compared based on the
available processing time.

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

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

[0118] Rhythm Classification

[0119] Rhythm classification involves looking for clini-
cally recognized rhythm patterns in a sequence of beats. Mul-
tiple rthythm 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 is compared against reference data.

[0122] The reference data includes patterns derived from a
general population database.
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[0123] The reference data may include patterns identified
for the subject.
[0124] The comparison is based on a set of vectors includ-

ing measurements of the P-waves, atrial activity and QRST
complexes that comprise the sequence of beats.

[0125] TImplementations

[0126] The invention can be implemented in digital elec-
tronic circuitry, or in computer hardware, firmware, software,
or in combinations thereof. Apparatus of the invention can be
implemented in a computer program product tangibly
embodied in a machine-readable storage device for execution
by a programmable processor. Method actions can be per-
formed by a programmable processor executing a program of
instructions to perform functions of the invention by operat-
ing on input data and generating output. The invention can be
implemented advantageously in one or more computer pro-
grams that are executable on a programmable system includ-
ing at least one programmable processor coupled to receive
data and instructions from, and to transmit data and instruc-
tions 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 procedural 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.

[0127] Suitable processors include, by way of example,
both general and special purpose microprocessors. Generally,
a processor will receive instructions and data from a read-
only memory and/or a random access memory. Generally, a
computer will include one or more mass storage devices for
storing data files; such devices include magnetic disks, such
as internal hard disks and removable disks; magneto-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; magneto-optical
disks; and CD_ROM disks. Any of the foregoing can be
supplemented by, or incorporated in, ASICs (application-
specific integrated circuits).

[0128] 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.

What is claimed is:

1. A mobile device comprising:

circuitry to receive ECG data;

circuitry to identify a notable finding in the ECG data;

circuitry to send the ECG data corresponding to the notable

finding to a computing system; and

circuitry to receive from the computing system a pattern

based on analysis of the ECG data sent from the com-
puting system using additional computing resources of
the computing system.

2. The mobile device of claim 1 wherein circuitry in the
mobile device processes signals according to the pattern sent
to the mobile device by the computing system.

3. The mobile device of claim 1 wherein circuitry in the
mobile device processes data collected by the mobile device
according to the pattern sent to the mobile device by the
computing system.
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4. The mobile device of claim 1 wherein the pattern com-
prises templates of signal morphologies, additional data,
additional processing rules or additional executable computer
programs.

5. The mobile device of claim 1 wherein the patterns are
produced from historical data on the user, the historical data
including ECG strips, or templates or reference data.

6. The mobile device of claim 1 wherein the mobile device
operates in standalone mode when access to the computing
system is not available, and during that time, saves notable
findings and ECG data in non-volatile memory.

7. The mobile device of claim 1 wherein the mobile device
is further configured to receive from the computing system at
least one pattern to cause the mobile device to process sub-
sequent electrical signals of the beating heart using the pat-
tern.

8. The mobile device of claim 1 wherein criteria are used to
determine if a detected episode corresponds to a notable
finding; and

wherein the detected episode is determined by detecting

that a pattern produced from the data corresponding to
the notable finding does not match any patterns stored in
the mobile device.

9. The mobile device of claim 1 wherein determining that
a detected episode is a notable finding comprises at least one
of detecting a high level of noise in the signal and determining
that a quality measure related to the notable finding indicates
low quality.

10. The mobile device of claim 1, further comprising sen-
sors to receive physiological signals from a subject;

circuitry that conditions the signals from the sensors and

converts the signals to digital data; and

a computing device to process the digital data to produce

the notable finding.

11. The mobile device of claim 10 further comprising a
storage device that stores a computer program product to
cause the mobile device to:

analyze the digital signals representative of a beating heart;

conduct a detailed analysis to determine when the digital

data corresponds to a notable finding;

determine when to send the digital data corresponding to

the notable finding to a second computing system for
re-analysis;

utilize a process to receive a selected new pattern to re-

configure the mobile device to change analysis of data
received by the mobile device; and

utilize a wireless link that allows the mobile device to

communicate with the second computing system.

12. A method of using a mobile device comprising:

receiving ECG data from a mobile device;

identifying a notable finding in the ECG data on the mobile

device;
sending the ECG data corresponding to the notable finding
from the mobile device to a computing system; and

receiving on the mobile device a pattern based on analysis
of the ECG data sent from the computing system using
additional computing resources of the computing sys-
tem.

13. The method of claim 12 further comprising processing
signals according to the pattern sent to the mobile device by
the computing system.

14. The method of claim 12 further comprising processing
data collected by the mobile device according to the pattern
sent to the mobile device by the computing system.
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15. The method of claim 12 wherein the pattern comprises
templates of sighal morphologies, additional data, additional
processing rules or additional executable computer programs.

16. The method of claim 12 wherein the patterns are pro-
duced from historical data on the user, the historical data
including ECG strips, or templates or reference data.

17. The method of claim 12 wherein the mobile device
operates in standalone mode when access to the computing
system is not available, and during that time, saves notable
findings and ECG data in non-volatile memory.

18. The method of claim 12 wherein the mobile device is
further configured to receive from the computing system at
least one pattern to cause the mobile device to process sub-
sequent electrical signals of the beating heart using the pat-
tern.

19. The method of claim 12 wherein criteria are used to
determine if a detected episode corresponds to a notable
finding;

and wherein the detected episode is determined by detect-

ing that a pattern produced from the data corresponding
to the notable finding does not match any pattern stored
in the mobile device.
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20. The method of claim 12 wherein determining that a
detected episode is a notable finding comprises at least one of
detecting a high level of noise in the signal and determining
that a quality measure related to the notable finding indicates
low quality.

21. The method of claim 12 further comprising using sen-
sors to receive physiological signals from a subject;

conditioning signals from the sensors and converting the

signals to digital data; and
processing the digital data to produce the notable finding.
22. The method of claim 21 further comprising analyzing
the digital signals representative of a beating heart;
conducting a detailed analysis to determine when the digi-
tal data corresponds to the notable finding;

determining when to send the digital data corresponding to
the notable finding to a second computing system for
re-analysis;

receiving a selected new pattern to re-configure the mobile

device to change analysis of data received by the mobile
device; and

wirelessly communicating with the second computing sys-

tem.
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