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(57) ABSTRACT

A method to detect atrial fibrillation including the steps of
receiving an electrical signal representative of a beating heart,
measuring atrial activity over a time window of three or more
beats, measuring beat interval variation over the time win-
dow, combining the measures of atrial activity and beat inter-
val variation to produce an indication of an atrial fibrillation
condition in the electrical signal, and generating an alert
based on the indication of an atrial fibrillation condition.

rmmmmmwmmmmmmwlmmmmmwmwnmmm

7 ¥
: Py i
? g H
é *, \5\ — z

" . : Mohite
: E Ser;;{ars et Arvplifier, ¥ Processing :
["g‘ / 14 Sysiem, 18 1
AN *
A !
£ LI i
H ‘ ]
for wo oM G0l 0 Ak dWR Wew vee aw D DO G 4K O ORI W APPSR |

10

Wireless
e 5%3' Nebwork .
it tati
/ ” Base Station
Lmiﬁi& me«a» Frocessing
System, 20




US 2015/0359449 A1

Dec. 17,2015 Sheet1 of 10

Patent Application Publication

0z washg
Bumssannig
uonEIS Besey

e, BLOWN
SO Ty
HAONFOR - Sea M @MPM
SEIpRM A
01
w L S R L R WD, WGk S R0 W mr MRRE CKKER  CNNE SRR SN WSS gt DD W00 RGO H0G Ew
E H
§ i
§ 1 % w
§ : kY N
“ %
w 31 WeIsAg i 2 Wi
" Bussaniig e saglduy Ly SI0SUDS ¢
" BEYOY | 993 . , W #
H z ff@ .
t i :
8 i e
] 3 M\ j«m
w R EE SEA N WS O R N ENF . KEAR RO SRR GOk TUER SO0 T WA R AT DOSE  ATOC R FR e xw f\g



US 2015/0359449 A1

Dec. 17,2015 Sheet 2 of 10

Patent Application Publication

W MR an e DY SRO ARt ANK

Oy, Ly 000 N CKKN BRSNS SA Q0GR GO 000 GOON GUN OO WUA wnd WOS MO OO A0 OO OnN sy

e
UOHEIBUSE

Hodsy

WP e X0 i SedE ME Nbn ool el j008

- 2C HOBBIBOSTY
WBAT

oooK - kG 0K Bk

€T O

24 ‘Buiumiew
C&Wﬁmﬂu MWU =3
BIUBIIOY
Y’ -

unguobly
Buissenosd
853 papusig

n¢ etz
DLASSa00LS
UOELS 9seR

T4
&

Arousig 7

e wmm wev wEA e

Azen  cnes s e G vpD ke

YLD

H

O 3
‘GUHOBUON 3
| pusil pue i
- uslsieuey 3
BB(} 3
jusfEed §

- i

g ‘uanuobiy :

Buissanoig i

D04 Blouey ¥

i

. H

og H

FSRUIDICTT ¢

IDESBO0IG §

i

i

H

H

]

-

17 10853001

07 ‘uonely
asey




US 2015/0359449 A1

Dec. 17,2015 Sheet 3 of 10

Patent Application Publication

¢ "Dld

ey
Ascrazapy ‘
LS8 BEBBUM
WMNGO
{ufio o
o e
oy AHOS8
Wonianig
Lo
aBiEVEEt Ty : g5
O AR F_ , Cp «maxﬂu_am&&cn‘v
, un
meM%QW Duissanig
o {Bajualy
1% ﬁéﬁmwﬁ&

91 "wasds Susseooad ajiqopy




Patent Application Publication  Dec. 17,2015 Sheet 4 of 10 US 2015/0359449 A1

Input: a 2-channel ECG signal, 52

QRS detector, 56

¥

Atrial Process, 57

AFib Detector, 5%

FI1G. 4



Patent Application Publication  Dec. 17,2015 Sheet 5 of 10 US 2015/0359449 A1

57

input: a 2-channel ECG signal
and time and type of each beat, 66

¥

Detect P waves independently for each
ECG channel, 61

¥

Combine P wave svents from several
channels, 62

¥

Provisionally classify ¥ waves a3
conducted or non-gonducted, 64

Outpui number of P waves and tine of
gach P wave {or each TQ subinterval, 68

FI1G. §



Patent Application Publication  Dec. 17,2015 Sheet 6 of 10 US 2015/0359449 A1

\

Input: beat type. time of occurrence
of the beat, and a P-Wave measure, 72

compute the RR interval betwern beats, 74

compute valid RR intervals, 76

compute the mean RR interval, 77

o

access and returny value from S matrix
i RR interval is valid, 78

4

Comprste RR variabifity measure for the time interval,
79

Output RR varighility measure for the time interval, 80

FIG. 6



Patent Application Publication  Dec. 17,2015 Sheet 7 of 10 US 2015/0359449 A1

A
fed

Input: beat type, time of ocenrrence
of the beat, and a P-Wave measwre, 81

&

Compute RR variability measure for the time imerval,
§2

&

Compute filtered P wave measure for the time interval,
83

Compute quality measure for the tme interval, 84

P

Combine filtered P-waves with
RR variability measure, 83

L

Apply threshold and hysteresis to determing AFib for
the time interval, §6

v

- Cutput APib indication and quality measure for the time |
‘ interval, 88

FIG. 7



Patent Application Publication  Dec. 17,2015 Sheet 8 of 10 US 2015/0359449 A1

90

Apply spectral analysis 1o T-Q inferval, 92

Fxamine output frequency spectrum 94

Creater than

250-400 bnp I'}étm*mine ) 400 binp

-------------------- < frequency of peaking, 962

Lessthan 250 §

brp
o ¥
Provide indication of Provide ndication of
atrial flutler, Y8u atrial ftbrillation, 98b

FIG. 8



Patent Application Publication  Dec. 17,2015 Sheet 9 of 10 US 2015/0359449 A1

&

Compute coefficients from ARMA model, 112

b4

Deetermine peak in power spectrum. 114

\ v
Determine primary alrial frequency
from peak. {16

2

Determine signal to nolse measure
for peak, 118

¥

Determine magnitude of eyclic
atrial activity, 120

Greater than

250-400 bmp 400 bimp

Determine
Frequency, 122

Less than 250
& brap v
Provide indication of Provide indication of
atrial flutier, 124a atrial fibrillation, 124b

v

" FIG. 9



Patent Application Publication  Dec. 17,2015 Sheet 100f10  US 2015/0359449 A1

Determine boxear
130 measure using a long the window, 132

¥

Determing boxcar
mreasure using & short tirne window, 134

Dietprrvine short {Hter difference, 138

Determine long filter Afib onset region. 138

L A

Determine niax short filter ditference
within onset region. 140

¥

Adjust Afits onset time nsing
RR interval from max difforence, 142

FI1G. 10



US 2015/0359449 Al

ATRIAL FIBRILLATION DETECTION AND
ASSOCIATED METHODS

RELATED APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 13/867,804 (Attorney Docket No. 612.
00025) filed on Apr. 22, 2013 and titled Atrial Fibrillation
Detection which, in turn, is a continuation of U.S. patent
application Ser. No. 12/564,271,now U.S. Pat. No. 8,428,705
(Attorney Docket No. 612.00009) filed on Sep. 22, 2009 and
titled Atrial Fibrillation Detection, and a continuation of U.S.
patent application Ser. No. 11/074,320, now U.S. Pat. No.
7,596,405 (Attorney Docket No. 612.00008) filed on Mar. 7,
2005, and titled Atrial Fibrillation Detection, the contents of
each of which are incorporated herein by reference in their
entireties.

BACKGROUND

[0002] Atrial fibrillation is a cardiac disorder where the
heart’s two small upper chambers (the atria) quiver instead of
beating effectively. With atrial fibrillation, blood may not be
pumped completely out of the atria, so that the blood may
pool along the atrial walls, and eventually clot. If a blood clot
in the atria leaves the heart and becomes lodged in an artery in
the brain, a stroke may result.

[0003] Treatments for atrial fibrillation (AFib) include
medications to decrease blood clotting, medications to slow
down rapid heart rate associated with AFib and electric shock
to restore normal heart rhythm when medications do not
improve symptoms. Other techniques include surgery to dis-
rupt electrical pathways that generate AFib and uses of atrial
pacemakers to regulate the heart rhythm.

[0004] Theheartbeat has two main phases called “diastole”
where the heart relaxes and fills with blood and “systole”
where the heart contracts and pumps out the blood. The con-
traction of the heart muscle is caused by an electrical wave-
front that typically starts in the so called “sinoatrial” (SA)
node of the atrium and spreads over the two atria. The wave-
front reaches the so called “atrioventricular” (AV) node. The
AV node delays the signal to allow the atria to finish contract-
ing in response to the electrical activation. The contraction of
the atria helps move the blood from the atria to the ventricles.
[0005] From the AV node, the electrical signal spreads
through the His-Purkinje system, fibers that form a special-
ized conduction system that quickly propagates the wavefront
to all the regions of the ventricles, and causes the ventricles to
activate and contract. The contraction of the ventricles pumps
the blood into the lungs and the body. At the end of the cycle,
the ventricles relax and the whole process repeats.

[0006] An electrocardiogram (ECG) is used to assess
rhythm disturbances in the heart. The ECG measures electri-
cal activity of the heart as reflected through electrical poten-
tials produced at the body surface. In a medical setting, e.g.,
doctor’s office or hospital, a standard ECG is obtained by
placing 10 small electrodes on the patient’s body in a specific
pattern and recording 12 channels of ECG for a brief period of
time. For longer-term ECG monitoring, 3 to S electrodes are
typically used to obtain 1 or 2 channels of ECG signals.
[0007] The ECG signal typically is a repeating pattern of
three relatively distinct waveform components. One compo-
nent is the “P wave” which represents atrial depolarization,
e.g., the wavefront generated as the electrical impulse from
the sinoatrial (SA) node spreads throughout the atrial muscu-

Dec. 17,2015

lature. The P wave precedes a second component, the “QRS
complex”” A “PR Interval” represents the time it takes an
impulse to travel from the atria through the AV node, bundle
of His, and bundle branches to the Purkinje’s fibers. The PR
Interval extends from the beginning of the P wave to the
beginning of the QRS complex. The “QRS Complex” com-
ponent represents ventricular depolarization. The QRS com-
plex is a large waveform typically composed of three (3)
waves, the Q wave, the R wave, and the S wave. The Q wave
is at the beginning of the QRS complex. The Q wave may or
may not always be present. The R wave is typically the first
positive deflection and the S wave is the negative deflection
that follows the R wave. The third component is the “T wave,”
which represents the electrical recovery of the ventricles (the
electrical recovery of the atria is usually buried in the QRS
complex or T wave, or is too small to be seen). The time
interval between two consecutive beats, the so-called beat
interval, is often measured from R-wave of one beat to
R-wave of the following beat. The measure between two
consecutive R waves is called the RR interval.

[0008] TheQRS complex is usually the dominant feature of
an ECG. The P wave is much smaller than the QRS complex
because the atria generate less electrical activity than the
much more massive ventricles. Other components of an ECG
include the “Q-T Interval” which represents the time neces-
sary for ventricular depolarization and repolarization and
extends from the beginning of'the QRS complex to the end of
a “T wave” By analyzing the pattern of the ECG, medical
professionals can gain insight into the condition of the heart.
[0009] InanECG from ahealthy heart with normal rhythm,
with a non-noisy signal, the large QRS complexes are sepa-
rated by a fairly flat signal, except for a small upright bump
(the P wave) about 120-200 ms before the QRS complex. A P
wave is “conducted” when the atrial electrical activity con-
ducts through the AV node, causing electrical activation of the
ventricles and the QRS complex. A P wave is considered
“non-conducted” when it fails to lead to a QRS complex.
Non-conducted P waves can occur because the P wave was
premature, or because of the condition called AV block, or
other reasons. P waves that are blocked due to AV block are
said to be “blocked P waves”. By definition, at most one ofthe
P waves in the RR interval is conducted and any other P waves
in the same RR interval are non-conducted.

[0010] In atrial flutter, the atrial rhythm increases to
approximately 250-350 beats per minute. The accelerated
atrial rhythm is sometimes visible as continuous waves in the
ECG, with several waves appearing in a continuous con-
nected pattern in each RR interval, quite different from the
normal pattern of a single P wave in each RR interval. These
waves of continuous, cyclic atrial activity are called flutter
waves or F-waves, and may form a sawtooth pattern. During
atrial flutter, the ventricular response sometimes becomes
locked into a regular pattern with the atrial activity, so that for
example, every third flutter wave results in a QRS while the
other flutter waves are not conducted. In other cases, conduc-
tion of the flutter waves is more random, resulting in an
irregular ventricular rhythm.

[0011] As the rate increases over 350-400 beats per minute,
the rapid atrial thythm is called atrial fibrillation. Sometimes
the atrial activity may be visible in the RR interval as con-
tinuous, cyclic activity referred to as “f waves,” or coarse
atrial fibrillation. Typically, the “f waves™ are cyclic, but not
as organized or consistent in shape as the “F waves” of atrial
flutter. When viewed in two ECG channels, the cyclic activity
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of the “f waves” may be seen to alternate back and forth
between channels in what appears to be modulated electrical
activity.

[0012] At othertimes, atrial fibrillation may be present with
no obvious cyclic activity visible in the ECG, but with low
amplitude disorganized “noise” in the baseline. In other
cases, there may be total absence of atrial activity, suggesting
that the fibrillation has become greatly disorganized.

SUMMARY

[0013] Because of the high atrial rate and disorganized
atrial activity, atrial fibrillation results in a highly irregular
ventricular rhythm. Many AFib detection algorithms use
irregular ventricular activity as the sole criterion, although it
does not necessarily mean that atrial fibrillation is present. An
irregular ventricular rhythm can be caused by another condi-
tion besides AFib, such as sinus arrhythmia or atrial prema-
ture beats. A more direct indication of AFib or atrial flutter is
the presence of certain atrial activity and the near absence of
normal P waves. However, normal P waves are much harder
to detect than QRS complexes because they are much smaller.

[0014] With the above in mind, the present invention is
directed to a method of detecting atrial fibrillation (AFib).
The method may include receiving electrical signals repre-
sentative of a beating heart and measuring atrial activity over
a time window of three or more beats. The method may also
include measuring beat interval variation over the time win-
dow, combining the measures of atrial activity and beat inter-
val variation to produce an indication of an atrial fibrillation
condition in the electrical signal, and producing the indication
with a processing system. Measuring atrial activity may
include measuring P waves, and wherein measuring P waves
may include analyzing a standard deviation of a PR interval.
[0015] TheP wave may be classified as conducted when the
standard deviation is low. Further, the classification of a PR
interval as an irregular rhythm other than AFib depends on the
number of P waves detected in that interval classified as
conducting. A hysteresis filter may be utilized to increase the
reliability of the count of P waves. The electrical signals may
be provided from plural electrical channels. The method may
also include determining whether one or more P waves are
detected during a TQ interval on a channel from the plural
channels with a largest expected P-wave, combining a num-
ber and times of detected P waves from that channel when
plural P-waves are detected; otherwise, and combining a
number and times of detected P waves from an alternate one
of the plural channels.

[0016] Measuring atrial activity may also include comput-
ing a measure of the fraction of beat intervals that have one
detected P wave. Measuring atrial activity may also include
determining if more than one P wave was present in a beat
interval, and using information from more than one signal
channel representative ofa beating heart to detect and classify
the P waves. Measuring atrial activity may be for a plurality of
channels and may include determining a quality indicator for
the measured channels. One of the measures may be selected
from the channels based at least in part on the determined
quality indicators for the measured channels. Measuring
atrial activity may also be performed over the time window
and may include producing two or more atrial activity mea-
sures in the time window, and combining the atrial activity
measures into a representative atrial activity measure for the
time window.
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[0017] The present invention may also include a computer
program product residing on a computer readable medium for
detecting the presence of atrial fibrillation in an electrical
signal. The computer program product may include instruc-
tions for causing a computer to receive the electrical signal
representative of a beating heart and measure atrial activity
over a time window of three or more beats. The computer
program product may also include instructions for causing
the computer to measure beat interval variation over the time
window, combine the measures of atrial activity and beat
interval variation to produce an indication of an atrial fibril-
lation condition in the electrical signal, and produce the indi-
cation. Instructions for causing a computer to measure atrial
activity may include instructions for causing a computer to
measure P waves. The instructions for measuring P waves
may cause a computer to analyzing a standard deviation of a
PR interval.

DESCRIPTION OF DRAWINGS

[0018] FIGS. 1-3 are block diagrams of hardware used to
monitor cardiac activity in a user.

[0019] FIGS.4-10are flow charts depicting aspects of atrial
fibrillation detection.

DETAILED DESCRIPTION

[0020] Referring to FIG. 1, a patient monitor device 10
(“monitor”) includes for instance, sensors 12, an amplifier 14
and mobile processing system 16 to process signals and a
communication link 18, e.g., a wireless link to wirelessly
transmit results of processing to a remote computer system
(“base station) 20. The communication link 18 between the
base station 20 and monitor 10 is bi-directional and may
involve data and control. In one embodiment, the monitor 10
receives data from an ECG to detect signal patterns that
indicate cardiac abnormalities. The amplifier 14 amplifies the
ECG signal and filters it to preserve frequencies in the range
of, e.g.,0.05 to 100 Hz or so. The amplifier 14 feeds the signal
to an ND converter (not shown) that digitizes the signal,
typically at a sample rate in the range of 250 to 360 samples
per second. The digitized signal, e.g., the digitized ECG, is
transferred to the processing system 16 where the digitized
ECG is processed.

[0021] Referring to FIG. 2, the base station 20 may main-
tain a large database 22 of physiologic signals. The database
22 is stored in a form that allows the physiologic signals to be
used as reference templates for beat and rhythm classification
by the patient monitor device 10 or base station 20. The base
station 20 can maintain a historical reference data on the
subject 24, including ECG data, templates and reference data.
The base station 20 includes a processor 21, memory 23 and
1O device(s) 25. The base station executes a Base Station
Processing Manager 30, Event Escalation process 32, Algo-
rithm Report Generation 34, a Remote Processor Coordinator
process 36, a Remote ECG Processing Algorithm 38, Patient
Data Management and Trend Monitoring 40 that maintains
database 24 and reference ECG Pattern Matching 42, that
maintains database 22 and extended ECG processing.
[0022] Referring to FIG. 3, the mobile processing system
16 of the patient monitor 10 can be networked and operate in
conjunction with the base station 20 (FIG. 1). The mobile
processing system 16 includes a central processing unit
(CPU) and/or a digital signal processor (DSP) 41 to process
and/or pre-process signals from the patient in order to reduce



US 2015/0359449 Al

the amount of data sent to the base station 20. In addition, the
mobile processing system 16 includes memory 43 and a com-
munications module 45 to communicate with the base station
20. The monitor 10 can also include user interface devices,
e.g., keyboard or keypad, a display, etc. not shown.

[0023] The role of the base station 20 when used with the
monitor 10 is to receive data from the monitor 10, verify
results from the monitor 10, and initiate appropriate actions if
warranted by the results. If a result is verified, the action may
include sending alerts, notifications to the user and so forth. If
the result is not verified, the base station 20 may communicate
with the monitor 10 to modify the monitor’s 10 processing.
The base station may improve detection of episodes that are
likely to be important while minimizing false negatives.
[0024] In one embodiment, processing workload is split
between the mobile device 10 and base station 20 using the
Base Station Processing Manager 30 and Remote Processor
Coordinator process 36. The balance of workload can be
adjusted to suit available mobile technology processing abil-
ity. In some embodiments, the mobile processor 16 is a pre-
processor for the base station 20, whereas in other embodi-
ments the mobile processor 16 executes an algorithm
configured with operating parameters and reference data and
operates in standalone mode. The mobile processor 16 can
save exemplary events and information in non-volatile
memory or upload the events and information to the base
station 20.

[0025] Typically, in operation, the monitor 10 is not in
constant communication with the base station 20. Rather, the
monitor 10 sends periodic updates of information. Immediate
contact with the base station 20 occurs only if there is a
potentially serious event, or an event that needs additional
processing resources of the base station 20.

[0026] The base station 20 can be a single computer at a
user’s home or can be part of a larger facility, e.g., a server
farm. The base station may maintain 24 a detailed record of
ECG findings over time for the patient. A base station may be
configured to escalate specific types of findings by sending
data to a base station at a clinical monitoring facility, or by
generating a fax. A single base station may be capable of
concurrently servicing more than one patient monitor 10. The
base station 20 at a monitoring facility may establish a session
with the monitor 10 so that the same server continues to
interact with the monitor 10. A base station 20 at the moni-
toring facility may be coordinated with a patient medical
record. A base station 20 at a monitoring facility may be
configurable on a per-patient basis to specify escalation rules
for different types of findings.

[0027] The base station 20 can have access to any of the
data in the monitor 10. In addition, the base station 20 may
send updated parameters that determine the general operation
of the monitor 10, including the types of episodes that are
detected and reported. The base station 20 can send correc-
tions to internal classifications or templates produced and
held by monitor 10. Reference data can include ECG beat
templates, including historical data for the patient, e.g. what
is normal for that patient, and instructions intended for the
user.

[0028] Referring to FIG. 4, an atrial fibrillation (AFib)
detection 50 process is shown. A two-channel ECG signal 52
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is input. The QRS detector 56 determines the time and type of
each QRS complex in the ECG signal. The time of the QRS
complex istypically given as the peak of the R wave, but other
reference points could be used, such as the QRS onset. The
atrial process 57 determines the atrial activity in the ECG. The
atrial activity measure is based on the detection of P waves.
Other measures of atrial activity are described below.

[0029] The AFib detector 58 takes input from the atrial
process 57 and the QRS detector 56 (via the atrial process)
and makes a determination of AFib for a time window. The
time window is typically a specified duration or a specified
number of beats. For one example the time window is 121
beat intervals and the determination of atrial fibrillation is
associated with a beat in the middle of the time window.

[0030] The AFib detector produces an indication of atrial
fibrillation for a time window in the signal. Typically, the
indication is produced for successive time windows, which
may or may not overlap. The AFib indication is computed by
combining atrial activity measures with beat interval varia-
tion measures. Typically, each measure is associated with one
of the beats in the time window. For measures that are pro-
duced from data spanning more than one beat interval, the
measure is typically associated with the middle or last (most
recent) beat.

[0031] Referring to FIG. 5, the atrial process 57 receives as
input 60 a raw 2-channel ECG signal and the time and type of
each beat. The atrial process 57 is updated each time a QRS
event is detected in the ECG signal. The atrial process 57
detects the presence of P waves 61 at specific times within the
TQ interval defined by the offset of the T wave and the onset
of the following QRS interval. More than one P wave can be
detected in a TQ interval. The atrial process 57 outputs 68
P-wave events for each TQ interval, e.g., the number and
times of detected P wave events. For each TQ interval, the
atrial process 57 combines 62 the P-wave event data from
both channels into atrial activity measures using the follow-
ing rules:

[0032] Ifone or more P-waves are detected on the primary
P-wave channel (channel with largest expected P-waves), the
combining process 62 uses the number and times of detected
P-waves from that channel. Otherwise, the combining pro-
cess 62 will use the number and times of detected P-waves
from the alternate channel.

[0033] Thedetected P-waves are provisionally classified as
conducted or non-conducted 64 based on the following rules:
The P wave closest to the R-wave is classified as conducted if
120 ms<PR<400 ms, otherwise it is classified as non-con-
ducted. Other P waves in the same TQ interval are classified
as non-conducted. Other modules of the monitor 10 may
reclassify the provisionally classified P-waves. The resulting
atrial activity measures and the single channel events from the
primary channel are made available to other modules of the
MONitor.

[0034] An implementation of the atrial process 57 uses a
management layer and two single-channel P-wave processes
that implement a P-wave detection algorithm. The P-wave
detectors 61 are independent P-wave process instances, one
for each channel of ECG. Each independent P-wave detector
implements a P-wave detection algorithm. The Management
Layer manages the initialization and setup of the P-wave
processors. The Management Layer also sends QRS event
data to the P-wave processors, and receives back P-wave
event data.
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[0035] Referring to FIG. 6, an RR variability process 82
receives 72 as input beat type, time of occurrence of beat and
aP-wave measure. The interval between beats is computed 74
as follows:

H=T{j-T-1]

[0036] A corresponding measure v[i] is used to determine
76 which RR intervals are “valid” with respect to determining
AFib:

vii { 1 if (i>0) and (I[i] < 1.5 seconds) and B[i — 1] and B[{]
il=

0 otherwise

[0037] The mean RR interval M[Z] is computed 77 recur-
sively as follows:

0.75M[i—11+0.251[] if v[il=1
Mli] = .
otherwise

M[i-1]

[0038] A “coasting” process is used to copy the i” measure
from the previous i-1 measure (e.g. M[i]=M[i-1]) . The
function L[i] classifies the RR intervals into one of three
length classes (short, regular or long) using the mean. Thus, if
v]i]=1

S if I[i] <0.85M[i]
Ll =4 L if 11 > L1SMIi]

R: otherwise

else

Ll = L[i-1]

[0039] In apaper by Moody, G., and Mark, G entitled: “A
New Method for Detecting Atrial Fibrillation using R-R
Intervals” Computers in Cardiology, p. 227-230 (1983) incor-
porated herein by reference, Moody et al produced a Markov
Model of AFib using the MIT/BIH Arrhythmia database
(Harvard University, Massachusetts Institute of Technology,
Division of Health Sciences and Technology, Cambridge,
Mass.).

[0040] Moody compiled statistics of transitions between
the states {S,R,L.}. The S matrix, below, describes the likeli-
hood of AFib when transitioning from one RR interval to the

next. The more negative the matrix element is, the more likely
it is to be AFib.

for j, k€4S, L, R}

k=L[i-1]
s R L
S, k)= § -0.075  -1.460 0.346
j=1i R -0.806 0.256 -0.304
L 0.828 -1.926 0.426
[0041] The RR variability process 82 accesses 78 the S

matrix if the beat intervals for S are “valid” for AFib, other-
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wise the likelihood of AFib is “coasted.” The likelihood of
AFib over the subwindow of two adjacent RR intervals is
represented by F[i]:

Ifi>1
i {S(L[i]. Lii—1]) if V[i]=1 and V[i-1] =1

Fli-1] otherwise

else

Fli] = SR, R)

[0042] A boxcar filter is used for computing 79 the RR
variability measure for the time window. The boxcar filter is
a weighted average of the measures for each subwindow that
takes into account the fraction of subwindow measures that
were valid. The un-normalized, centered boxcar weight wi]
is defined as:

[0043] where N=121. Note that V[n]=0 if n<0 from the
previous definition of V. Let R[i] represent the filtered 79
boxcar RR variability measure:

H+HN2)-1
FilVin)
n=i—(N/2)
R[] =
="

else

RI]=0

[0044] The RR variability measure determined above is
output 80 to the AFib detector (FIG. 7).

[0045] Some variables need to be initialized if their equa-
tions refer to earlier values. Assuming the index i starts at 0:
[0046] I[0]=0

[0047] M[O]=I[0]

[0048] M[1]=[1]

[0049] L[0]=R

[0050] Referring to FIG. 7, details of atrial fibrillation

detector process 58 are shown. The atrial fibrillation detector
58 processes information representing events in a time win-
dow in the signal. One of the inputs, for example, represents
information about the beats that occurred in the correspond-
ing time window.

[0051] The atrial fibrillation detection process 58 com-
bines, the RR variability measure, as discussed above, with an
atrial activity measure (determined by the atrial process 57).
[0052] The atrial fibrillation detector process 58 receives
inputs 81 as a time series of three measures for the i” beat
detected in the signal: the beat type BJi], the time of occur-
rence of the beat T[i], and a P-Wave measure K[i]. The beat



US 2015/0359449 Al

type BJ[i] indicates whether the i beat originated in the
atrium, and is otherwise normal (e.g., its beat interval does not
contain a blocked P wave). The beat type B[i] is defined as:

for beats of atrial origin whose previous
e
Bli] = interval does not contain a blocked P wave

false otherwise

[0053] In practice, it is difficult to distinguish between
atrial and nodal beats, so BJ[i] is taken to be true for all beats
that are not of ventricular origin. B[i] is defined for all the
possible types of beats in the control parameters defined
below.

[0054] Thetime of occurrence of the beat T[] is defined as:
[0055] T[i]=time of occurrence of the i” beat

[0056] The P-Wave measure K[i] measures P-Waves in RR
intervals:

K[i] = T[i-1] and TTi]

{ | if (i > 0) and one P-Wave was detected between
0 otherwise

[0057] Theatrial fibrillation detector process 58 outputs 88,
as discussed below, an AFib indication A[i] and a quality
measure Q[i]:

{ true if AFib in RR interval i

false otherwise

Qli] = if quality of Ali] is poor;

true if quality of A[f] is above threshold
false

Alf] is being coasted

[0058] The atrial fibrillation detector process 58 computes
82 an RR variability measure as was discussed in FIG. 6.
[0059] In ahealthy heart, regular P-waves can be detected.
During AFib, the number of detectable P-waves decreases.
The AFib Detector process uses information about the num-
ber of P-waves in each RR interval. The AFib Detector pro-
cess filters 83 the P-wave measure over the time window of
121 RR intervals. The presence or absence of P-waves is used
in combination with RR variability to detect AFib.

[0060] The P-Wave boxcar filter 83 function P[i] is the
same as the function for filtering RR variability (79 in FIG. 6),
except that the P-Wave boxcar filter 83 function P[i] uses K[n]
instead of F[n].

Wil >0

then
/21

K[nlV([n]
n=i—(N/2
==
else
Pli1=0
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[0061] The boxcar filter defines 84 a quality measure Z[i],
for:
A
A==
[0062] Z[i]isthe fraction of usable data in the time window,

expressed as a value between zero and one, inclusive. A
Boolean quality indicator is defined as:

. {true it Z[i] > ¢
Il =

false otherwise

[0063] Quality Threshold:

[0064] P-waves, if they existin the input stream, are used in
combination 85 with the RR variability algorithm to detect
AFib. Combining the presence or absence of P-waves with
the RR variability measure augments the determination of
AFib. A combined measure can take several forms. One
example of a combined measure c[i] is determined as:

{R[i] +p(Pli1-0.5) it O[] and P[i] > r

R[i] otherwise

[0065] Current values for constants:

[0066] P-Wave multiplier:

[0067] p=0.3

[0068] A P-Wave minimum threshold value is set at a speci-

fied minimum value, of e.g., r=0.05 (5%). The P-Wave mini-
mum is used to eliminate the possibility of using P-Waves
when no P-Waves are in fact detectable. A hysteresis value, h,
1s used in a filtered AFib determination 86, D[i].

Dl Cli] <(s+h) if D[i—1] =true
L otherwise

Clil<s

[0069] AFib threshold: s=-0.05, Hysteresis h=0.1

[0070] The process 58 outputs 88 the determined combined
value A[i], as an indication of AFib. The final output 88
represents the filtered AFib indication for the i RR interval.
If the P wave quality is good and many P waves are detected,
AFib is highly unlikely so the AFib indication is set to false.
Otherwise, the AFib indication is “coasted” if quality is low:

It
(Z[i] > 0.4) and (P[i] > 0.9)
then

Ali] = false

else

All] = { AD[i] if Qfi]

[i-1] otherwise

[0071] Some variables are initialized if their equations refer
to earlier values. Assuming the index i starts at O:

[0072] D[0]=false
[0073]  A[0]=false
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[0074] Many of the parameters used in the AFib algorithm
canbe set to a default value. However, some of the parameters
may be adjusted dynamically or according to patient param-
eters.

Description Name Default Value
Max length of usable RR interval (none) 1.5 sec.

RR mean ratio (none) 25%

RR length percent (none) 15%
Number of boxcar elements N 121 RR intervals
P-Wave multiplier p 0.3
Quality threshold q 65%
P-Wave minimum T 5%

AFib threshold s -5%
Hysteresis (used with s) h 0.1

[0075] Maximum RR Interval

[0076] When looking for RR variability, only regularly
occurring beats are useful. When a detected RR interval is
longer than a few seconds, the AFib algorithm ignores those
RR intervals. This parameter controls the maximum usable
RR interval.

[0077] RR Mean Ratio

[0078] This ratio is used in determining the mean RR inter-
val.

[0079] RR Length Percent

[0080] This percentage is used in determining whether an

RR interval is short, regular, or long.

[0081] Boxcar Size

[0082] The AFib detector filters the output over a time
window of several RR intervals. This parameter determines
how many RR intervals to use.

[0083] Quality Threshold (q)

[0084] Each RR interval is labeled as good or bad quality.
This parameter determines when it is safe to use the output of
any particular boxcar filter, depending on how many beats are

good quality.
[0085] AFib Threshold (s)
[0086] The AFib Detector generates an analog AFib mea-

sure which is more negative as AFib is more likely. A thresh-
old is used on this analog measure to create an output that is
either on or off.

[0087] Hysteresis (h)

[0088] Hysteresis is used with the threshold to prevent the
output from “bouncing” on and off right around the threshold
point.

[0089] The monitor 10 and base station 20 can work coop-
eratively and collaboratively as a type of distributed process-
ing system to strike a balance between the processing require-
ments on the monitor and the amount of data that is sent to the
base station.

[0090] The Patient monitor 10 includes the functional com-
ponents as shown in FIG. 1. Sensors are part of a front end that
conditions and digitizes signals sensed from monitoring of a
patient. The sensors may be conventional sensors, such as
ECG electrodes or advanced technology, such as a garment
that incorporate the sensors into the fabric. The sensors can
alternatively be pressure transducers that measure pressure
changes occasioned by blood flow.

[0091] Advantages include combining P waves and RR
variability measurements in a manner that may be less error
prone than other techniques. For example, a sequential pro-
cess that uses the presence of P-waves, and if no P-waves or
insufficient P waves are detected then uses RR interval infor-
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mation can be error prone because failure to detect even one
P-wave can cause the detector to ignore all information about
P-waves and rely solely on RR interval information. Since
P-wave detection is difficult, especially in the presence of
electrical noise on the ECG, such a sequential approach could
be error prone and bias detection towards falsely declaring
atrial fibrillation. On the other hand, if the sequential
approach finds P-waves in all the beats, the sequential
approach may ignore RR interval information.

[0092] In the techniques described above, P-wave and RR
interval information are combined to produce a robust indi-
cation of atrial fibrillation. The techniques disclosed herein
directly consider RR interval changes over a sequence of
beats. These changes can be important in determining atrial
fibrillation.

[0093] Referring to FIG. 8, a technique 90 that determines
the presence of continuous cyclic atrial activity, which is
associated with atrial flutter and coarse atrial fibrillation is
shown. The approach applies 92 spectral analysis, such as
applying the Fourier Transform, to the TQ interval ofthe ECG
signal. Such spectral analysis will detect the continuous activ-
ity of flutter or coarse AFib. The process examines 94 an
output frequency spectrum from the spectral analysis. The
process 90 determines 96 frequencies corresponding to the
presence of spectral peaking. If the frequencies that corre-
spond to the repetitive activity are in the 250-400 beats per
minute (BPM) range, which can be indicative of atrial flutter,
the process can produce 984 an indication or an alert that
indicates atrial flutter. Ifthe frequencies that correspond to the
repetitive activity are at a rate of near 400 BPM or higher, the
process produces 985 an indication or an alert that indicates
coarse atrial fibrillation. If the spectral peaking is at frequen-
cies less than 250 no alert is produced.

[0094] Referring to FIG. 9, continuous cyclic atrial activity
can be characterized using a time-domain technique such as
cross-correlation and autoregressive (AR) or autoregressive
moving average (ARMA) model. For example, the coeffi-
cients of a 2% order ARMA model can be computed 112 from
the ECG. The peak in the power spectrum of the ARMA
model is determined 114. Then the atrial frequency corre-
sponding to that peak is determined 116 to be the primary
atrial frequency. The process 110 determines 118 the ratio of
the power in the peak to the total power in the ARMA model,
which is used as a signal-to-noise quality measure in assess-
ing the detected peak. The total power represented in the
ARMA model is determined 120 and used as a measure of the
magnitude of the continuous cyclic atrial activity. If the
peak’s signal to noise quality is high, and the magnitude of the
detected atrial activity surpassed a threshold, then the fre-
quency of the peak is used to determine 122 an indication
124a of atrial flutter or an indication 1245 of coarse atrial
fibrillation (as in spectral analysis above).

[0095] Both the spectral measures and/or the time-domain
models of atrial activity can also be used in combination with
techniques to remove part or the entire QRST signal, which
represents the electrical activity due to the ventricles. By
removing the ventricular waveform corresponding to the
activity of the ventricles, one can expose the residual signal
and emphasize the atrial activity. The ability to measure atrial
activity at more time points in the ECG, including those
previously obscured by a ventricular waveform, allows an
improved ability to detect patterns of atrial activity, such as P
waves, atrial fibrillation activity, or atrial flutter waves.
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[0096] The atrial activity detector works on one or more
ECG channels. Each ECG channel is processed indepen-
dently. The information from multiple adjacent RR intervals
is filtered using the boxcar filter as described above. The
filtered information from each channel is combined.

[0097] Theboxcar filter described above can be replaced by
other types of filters that improve the statistical reliability of
the time interval measures.

[0098] Referring to FIG. 10, the boxcar filter described
aboveinFIG. 6 can be enhanced using a multi-filter technique
130, in order to improve the detection of short episodes of
AFib and provide a more exact determination of the start and
end of an AFib episode. The boxcar filter described above, in
one example, uses a time window of, 121 beats for the RR
variability measure. The multi-filter technique 130 uses 132 a
filter with a long time window (e.g. 121 beats) and a short
filter that operates 134 over a subwindow of the long time
window (e.g. 5 beats). The results of the short boxcar filter are
analyzed near the long filter’s AFib onset time until the dif-
ference between 2 adjacent subwindows is maximized, as
follows:

[0099] For each RR interval, the short filter difference is
determined 136 by subtracting the output of the short filter of
the RR intervals just previous to the RR interval from the
output of the short filter of the RR intervals just past this RR
interval. The long filter AFib onset region is determined 138
to be a region near the long filter AFib onset time (e.g. +/-30
RR intervals). Within the long filter AFib onset region, the
process 130 determines 140 the maximum short filter differ-
ence. The adjusted AFib onset time is determined 142 to be
the RR interval associated with the maximum short filter
difference in the long filter AFib onset region. The same
method is used similarly for AFib offset.

[0100] To detect short episodes of AFib (e.g. less than 30
seconds), a similar technique is used. The trigger threshold
for the long boxcarisraised (e.g. from —0.05 to -0.10) and the
maximal difference of adjacent short filters is taken around
the point of long filter AFib detection. If the short filters detect
a sufficient level of difference, then a short interval of AFib is
indicated. If the short filters do not show enough of a differ-
ence, then no AFib episode is indicated.

[0101] An alternative method for measuring P wave con-
duction involves taking the standard deviation of a PR inter-
val. When the standard deviation is low, consider the P to have
conducted. The entire AFib detection algorithm can be
enhanced by using the P wave conduction measure to rule out
AFib, as follows. If enough P waves in the candidate AFib
interval are conducting, then the interval represents some
irregular rhythm other than AFib.

[0102] Other advantages include the use of multi-channel P
wave detection and filtering of P waves over a time window,
e.g., 60 beats, 120 beats, and so forth. The techniques use a
Markov model for determining RR variability for atrial fibril-
lation detection and combine P waves and RR variability
measurements to arrive at an indication of atrial fibrillation.
The techniques can be adapted for both atrial fibrillation and
atrial flutter detection. The techniques can be adapted to use
the entire RR interval to look for P waves. Detection of
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blocked P waves is used as an input to prevent those RR
intervals with blocked P waves from being used in the AFib
algorithm.
[0103] A number of embodiments of the invention have
been described. For example, the atrial activity measure
detects atrial activity by detecting P waves. However, other
types of atrial activity measures, such as the spectral analysis
or ARMA techniques described above, could be used in addi-
tion to, or in lieu of, the P-wave measures. As another
example, subwindows may be determined differently than
those described above in the AFib likelihood determination
78 or the multi-filter method 130. Each subwindow may span
an arbitrary number of beat intervals or an arbitrary amount of
time. The subwindows may be overlapping or non-overlap-
ping.
[0104] Thus, it will be understood that various modifica-
tions may be made without departing from the spirit and
scope of the invention. Accordingly, other embodiments are
within the scope of the following claims.
What is claimed is:
1. A method to detect atrial fibrillation, the method com-
prising:
receiving an electrical signal representative of a beating
heart;
measuring atrial activity over a time window of three or
more beats;
measuring beat interval variation over the time window;
combining the measures of atrial activity and beat interval
variation to produce an indication of an atrial fibrillation
condition in the electrical signal; and
generating an alert based on the indication of an atrial
fibrillation condition.
2. The method of claim 1 further comprising the step of:
utilizing the electrical signal to create a reference template
for beat classification.
3. The method of claim 1 further comprising the step of:
utilizing the electrical signal to create a reference template
for rhythm classification.
4. The method of claim 1 further comprising the step of:
processing the atrial activity and beat interval variation
using both a base station and a mobile device.
5. The method of claim 1 further comprising the step of:
saving a cardiac event in a mobile device non-volatile
memory.
6. The method of claim 1 further comprising the step of:
uploading a cardiac event to a base station, wherein a base
station is defined as a remote computer system.
7. The method of claim 1 further comprising the step of:
providing periodic updates of measured atrial activity or
beat interval variation to a base station.
8. The method of claim 1 further comprising the step of:
utilizing a plurality of monitors to measure atrial activity or
beat interval;
servicing the plurality of monitors with a single base sta-
tion.
9. The method of claim 1 further comprising the step of:
sending updated parameters from a base station to a moni-
tor.
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