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METHOD AND APPARATUS FOR
DETERMINING A PREMATURE
VENTRICULAR CONTRACTION IN A
MEDICAL MONITORING DEVICE

[0001] This application is a continuation-in-part of U.S.
application Ser. No. 14/694,847 filed Apr. 23, 2013, the
content of which is incorporated by reference in this appli-
cation.

TECHNICAL FIELD

[0002] The disclosure relates generally to a medical moni-
toring device for monitoring a cardiac signal, and more
particular, to a medical monitoring device for monitoring the
occurrence of premature ventricular contractions in a cardiac
signal to evaluate cardiac condition.

BACKGROUND

[0003] Numerous implantable medical devices are avail-
able for acute or chronic implantation within patients. Some
implantable medical devices may be used to chronically
monitor physiological signals of the patient, such as
implantable hemodynamic monitors, implantable cardiac
monitors (sometimes referred to as implantable loop record-
ers or ECG monitors), implantable blood chemistry moni-
tors, implantable pressure monitors, or the like. Other
implantable devices may be configured to deliver a therapy
in conjunction with or separate from the monitoring of
physiological signals.

[0004] Premature ventricular contractions (PVCs) may
occur frequently in healthy individuals and may be caused
by caffeine, smoking, alcohol consumption, stress, exhaus-
tion, pharmacological toxicity, among other causes. An
implantable monitoring device capable of detecting PVC
burden may be a useful tool in some instances to evaluate
cardiac wellness, perform risk stratification for sudden car-
diac death or evaluate safety in pharmaceutical trials. There-
fore, what is needed is an implantable monitoring device for
monitoring occurrence of premature ventricular contractions
to evaluate cardiac condition.

SUMMARY

[0005] According to one exemplary embodiment, a
method includes sensing a cardiac signal and determining
R-waves in response to the sensed cardiac signal, determin-
ing RR intervals between the determined R-waves, deter-
mining whether a first interval criteria is satisfied in response
to the determined intervals, determining a correlation
between the determined R-waves, determining whether a
first correlation criteria is satisfied in response to the deter-
mined correlation and determining the premature ventricular
contraction is occurring in response to the first interval
criteria and the first correlation criteria being satisfied.

[0006] According to one exemplary embodiment, a medi-
cal monitoring device includes at least one sensing electrode
for sensing a cardiac signal, and a processor configured to
determine R-waves in response to the sensed cardiac signal,
determine RR intervals between the determined R-waves,
determine whether a first interval criteria is satisfied in
response to the determined intervals, determine a correlation
between the determined R-waves, determine whether a first
correlation criteria is satisfied in response to the determined
correlation, and determine the premature ventricular con-
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traction is occurring in response to the first interval criteria
and the first correlation criteria being satisfied.

[0007] According to one exemplary embodiment, an
implantable cardiac monitoring device includes a proximal
electrode located at a proximal end of the medical monitor-
ing device and a distal electrode located at a distal end of the
medical monitoring device for sensing cardiac signals. The
implantable cardiac monitoring device includes electronic
circuitry configured to detect or determine R-waves in
response to the sensed cardiac signal, determine RR inter-
vals between the determined R-waves, determine whether a
first interval criteria is satisfied in response to the determined
intervals, determine a correlation between the determined
R-waves, determine whether a first correlation criteria is
satisfied in response to the determined correlation, and
determine the premature ventricular contraction is occurring
in response to the first interval criteria and the first corre-
lation criteria being satisfied.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is a conceptual diagram illustrating an
exemplary implantable monitoring device system that may
be used to monitor one or more physiological parameters of
a patient according to the present disclosure.

[0009] FIG. 2 is a schematic diagram of an exemplary
insertable cardiac monitor for detecting a premature ven-
tricular contraction according to the present disclosure.

[0010] FIG. 3 is a functional block diagram of an exem-
plary implantable monitoring device that may be used to
monitor one or more physiological parameters of a patient
according to the present disclosure.

[0011] FIG. 4 is a schematic diagram illustrating detecting
a premature ventricular contraction according to an embodi-
ment of the present disclosure.

[0012] FIG. 5 is a flowchart of a method for detecting a
premature ventricular contraction in a medical monitoring
device according to an embodiment of the disclosure.

[0013] FIG. 6 is a flowchart of a method for detecting a
premature ventricular contraction in a medical monitoring
device according to an embodiment of the disclosure.

DETAILED DESCRIPTION

[0014] FIG. 1 is a conceptual diagram illustrating an
exemplary implantable monitoring device system that may
be used to monitor one or more physiological parameters of
a patient according to the present disclosure. As illustrated
in FIG. 1, an implantable monitoring device system 10
includes a medical monitoring device or an implantable
medical device (IMD) 16, which is coupled to programmer
24. IMD 16 may be a subcutaneous sensing device config-
ured to sense signals indicative of one or more physiological
parameters of patient 14. For example, IMD 16 may sense
and/or store electrocardiogram (ECG) signals. In some
examples, IMD 16 may be configured to sense ECG or other
signals and detect arrhythmias, e.g., ventricular and/or
supra-ventricular arrhythmias, based on the signals. An
example of a monitoring device in the which the present
disclosure may be utilized is described, for example, in U.S.
Pat. No. 5,987,352 to Klein et al., incorporated herein by
reference in its entirety. Another example of a monitoring
device is a LINQ implantable cardiac monitor, available
from Medtronic, Inc.
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[0015] Although the examples described herein include
IMD 16 configured to sense physiological signals of patient
14, in other examples IMD 16 may alternatively or addi-
tionally be configured to deliver therapy to patient 14. For
example, IMD 16 may be an implantable leadless pace-
maker that provides electrical signals to heart 12 via one or
more electrodes (not shown in FIG. 1) on its outer housing,
such as described, for example, in U.S. patent application
Ser. No. 14/520,847, incorporated herein by reference in its
entirety. Additionally or alternatively, IMD 16 may sense
electrical signals attendant to the depolarization and repo-
larization of heart 12 via electrodes on its outer housing. In
some examples, IMD 16 provides therapy to patient 14
based on sensed physiological signals.

[0016] In some examples, IMD 16 may be configured to
be implanted proximate to heart 12, e.g., as illustrated in
FIG. 1. In other examples, IMD 16 may be configured to be
implanted proximate to or within another portion of the body
of patient 14.

[0017] Inthe examples described herein, IMD 16 includes
a header, which may include one or more components of
IMD 16, and may be formed separately from the rest of IMD
16. In some examples, the header may include an antenna,
at least one of the one or more electrodes, and/or an
attachment plate configured to attach the header to another
portion of IMD 16. The header may be formed via the
molding techniques described herein.

[0018] In the example of FIG. 1, IMD 16 is positioned
subcutaneously in a left pectoral region of patient 14. In
other examples, however, IMD 16 may be positioned within
any suitable region of patient 14. In some examples, depend-
ing on the location of implant, IMD 16 may include other
sensing and/or stimulation functionalities. For example,
IMD 16 may provide atrioventricular nodal stimulation, fat
pad stimulation, vagal stimulation, or other types of neuro-
stimulation, and/or may sense one or more parameters of
heart 12 or another parameter of patient 12. In some
examples, system 10 may include a plurality of leadless
IMDs 16, e.g., to provide stimulation and/or sensing at a
variety of locations.

[0019] FIG. 1 further depicts programmer 24 in commu-
nication with IMD 16. In some examples, programmer 24
comprises a handheld computing device, computer work-
station, or networked computing device. Programmer 24
includes a user interface that presents information to and
receives input from a user. It should be noted that the user
may also interact with programmer 24 remotely via a
networked computing device.

[0020] A user, such as a physician, technician, surgeon,
electrophysiologist, other clinician, or patient, interacts with
programmer 24 to communicate with IMD 16. For example,
the user may interact with programmer 24 to retrieve physi-
ological or diagnostic information from IMD 16. A user may
also interact with programmer 24 to program IMD 16, e.g.,
select values for operational parameters of the IMD 16. For
example, the user may use programmer 24 to retrieve
information from IMD 16 regarding the rhythm of heart 12,
trends therein over time, or arrhythmic episodes.

[0021] IMD 16 and programmer 24 may communicate via
wireless communication using any techniques known in the
art. Examples of communication techniques may include,
for example, low frequency or radiofrequency (RF) telem-
etry, proximal inductive interaction, or tissue conductance
communication, but other techniques are also contemplated.
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In some examples, programmer 24 may include a program-
ming head that may be placed proximate to or in contact
with the patient’s body near the IMD 16 implant site in order
to improve the quality or security of communication
between IMD 16 and programmer 24.

[0022] Although the examples described herein refer to
leadless IMD 16, IMD 16 may alternatively be coupled to
one or more leads comprising one or more electrodes
configured to sense the one or more physiological param-
eters of patient 14 and/or to deliver the therapy to heart 12
of patient 14. Additionally, although the examples herein
describe monitoring physiological signals via IMD 16, IMD
16 may additionally or alternatively be configured for pacing
therapy for heart 12, neurostimulation therapy, defibrillation
therapy, or cardioversion therapy via one or more electrodes
of system 10.

[0023] FIG. 2 is a conceptual diagram of an example of an
insertable cardiac monitor 300 for detecting or monitoring
physiological parameters of a patient, e.g., a premature
ventricular contraction, according to another embodiment of
the present disclosure. In the embodiment shown in FIG. 2,
insertable cardiac monitor 300 may be embodied as a
monitoring device having housing 302, proximal electrode
304 and distal electrode 306. Housing 302 may further
comprise first major surface 308, second major surface 310,
proximal end 312, and distal end 314. Housing 302 encloses
electronic circuitry 400 and power source 402 (shown in
FIG. 3) located inside the insertable cardiac monitor 300 and
protects the circuitry contained therein from body fluids.
Electrical feedthroughs provide electrical connection of
electrodes 304 and 306. Although not shown, electrical
circuitry 400 may include any discrete and/or integrated
electronic circuit components that implement analog and/or
digital circuits capable of producing the functions described
for analyzing EGM signals to detect/verify premature ven-
tricular events. For example, the electrical circuitry 400 may
include analog circuits, e.g., pre-amplification circuits, fil-
tering circuits, and/or other analog signal conditioning cir-
cuits. The modules may also include digital circuits, e.g.,
digital filters, combinational or sequential logic circuits,
state machines, integrated circuits, a processor (shared,
dedicated, or group) that executes one or more software or
firmware programs, memory devices, or any other suitable
components or combination thereof that provide the
described functionality.

[0024] In the embodiment shown in FIG. 2, insertable
cardiac monitor 300 is defined by a length L, a width W and
thickness or depth D and is in the form of an elongated
rectangular prism wherein the length L is much larger than
the width W, which in turn is larger than the depth D. In one
embodiment, the geometry of the insertable cardiac monitor
300—in particular a width W greater than the depth D—is
selected to allow the cardiac monitor 300 to be inserted
under the skin of the patient using a minimally invasive
procedure and to remain in the desired orientation during
insert. For example, the device shown in FIG. 3 includes
radial asymmetries (notably, the rectangular shape) along
the longitudinal axis that maintains the device in the proper
orientation following insertion. For example, in one embodi-
ment the spacing between proximal electrode 304 and distal
electrode 306 may range from 30 millimeters (mm) to 55
mm, 35 mm to 55 mm, and from 40 mm to 55 mm and may
be any range or individual spacing from 25 mm to 60 mm.
In addition, insertable cardiac monitor 300 may have a
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length L that ranges from 30 mm to about 70 mm. In other
embodiments, the length L may range from 40 mm to 60
mm, 45 mm to 60 mm and may be any length or range of
lengths between about 30 mm and about 70 mm. In addition,
the width W of major surface 308 may range from 3 mm to
10 mm and may be any single or range of widths between
3 mm and 10 mm. The thickness of depth D of cardiac
monitor device 300 may range from 2 mm to 9 mm. In other
embodiments, the depth D of insertable cardiac monitor 300
may range from 2 mm to 5 mm and may be any single or
range of depths from 2 mm to 9 mm. In addition, insertable
cardiac monitor 300 according to an embodiment of the
present invention is has a geometry and size designed for
ease of implant and patient comfort. Embodiments of insert-
able cardiac monitor 300 described in this disclosure may
have a volume of three cubic centimeters (cm) or less, 1.5
cubic cm or less or any volume between three and 1.5 cubic
centimeters.

[0025] In the embodiment shown in FIG. 2, once inserted
within the patient, the first major surface 308 faces outward,
toward the skin of the patient while the second major surface
310 is located opposite the first major surface 308. In
addition, in the embodiment shown in FIG. 2, proximal end
312 and distal end 314 are rounded to reduce discomfort and
irritation to surrounding tissue once inserted under the skin
of the patient. Insertable cardiac monitor 300, including
instrument and method for inserting monitor 300 is
described, for example, in U.S. Patent Publication No.
2014/0276928, incorporated herein by reference in its
entirety.

[0026] As described with other embodiments, proximal
electrode 304 and distal electrode 306 are used to sense
cardiac signals for detecting a premature ventricular con-
traction, described below, e.g. ECG signals, intra-thoraci-
cally or extra-thoracically, which may be sub-muscularly or
subcutaneously. ECG signals may be stored in a memory of
the insertable cardiac monitor 300, and ECG data may be
transmitted via integrated antenna 322 to another medical
device, which may be another implantable device or an
external device. In alternative applications, electrodes 304
and 306 may be used for sensing any bio-potential signal of
interest, which may be, for example, an EGM, EEG, EMG,
bio-impedance or a nerve signal, from any implanted loca-
tion.

[0027] In the embodiment shown in FIG. 2, proximal
electrode 304 is in close proximity to the proximal end 312
and distal electrode 306 is in close proximity to distal end
314. In this embodiment, distal electrode 306 is not limited
to a flattened, outward facing surface, but may extend from
first major surface 308 around rounded edges 316 and/or end
surface 318 and onto the second major surface 310 so that
the electrode 306 has a three-dimensional curved configu-
ration. In the embodiment shown in FIG. 2, proximal
electrode 304 is located on first major surface 308 and is
substantially flat, outward facing. However, in other
embodiments proximal electrode 304 may utilize the three
dimensional curved configuration of distal electrode 306,
providing a three dimensional proximal electrode (not
shown in this embodiment). Similarly, in other embodiments
distal electrode 306 may utilize a substantially flat, outward
facing electrode located on first major surface 308 similar to
that shown with respect to proximal electrode 304. The
various electrode configurations allow for configurations in
which proximal electrode 304 and distal electrode 306 are
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located on both first major surface 308 and second major
surface 310. In other configurations, such as that shown in
FIG. 2, only one of proximal electrode 304 and distal
electrode 306 is located on both major surfaces 308 and 310,
and in still other configurations both proximal electrode 304
and distal electrode 306 are located on one of the first major
surface 308 or the second major surface 310 (i.e., proximal
electrode 304 located on first major surface 308 while distal
electrode 306 is located on second major surface 310). In
another embodiment, cardiac monitor device 300 may
include electrodes on both major surface 308 and 310 at or
near the proximal and distal ends of the device, such that a
total of four electrodes are included on cardiac monitor
device 300. Electrodes 304 and 306 may be formed of a
plurality of different types of biocompatible conductive
material, e.g. stainless steel, titanium, platinum, iridium, or
alloys thereof, and may utilize one or more coatings such as
titanium nitride or fractal titanium nitride.

[0028] In the embodiment shown in FIG. 2, proximal end
312 includes a header assembly 320 that includes one or
more of proximal electrode 304, integrated antenna 322,
anti-migration projections 324, and/or suture hole 326. Inte-
grated antenna 322 is located on the same major surface (i.e.,
first major surface 308) as proximal electrode 304 and is also
included as part of header assembly 320. Integrated antenna
322 allows insertable cardiac monitor 300 to transmit and/or
receive data. In other embodiments, integrated antenna 322
may be formed on the opposite major surface as proximal
electrode 304, or may be incorporated within the housing
322 of insertable cardiac monitor 300. In the embodiment
shown in FIG. 3, anti-migration projections 324 are located
adjacent to integrated antenna 322 and protrude away from
first major surface 308 to prevent longitudinal movement of
the device. In the embodiment shown in FIG. 2, anti-
migration projections 324 includes a plurality (e.g., nine)
small bumps or protrusions extending away from first major
surface 308. As discussed above, in other embodiments
anti-migration projections 324 may be located on the oppo-
site major surface as proximal electrode 304 and/or inte-
grated antenna 322. Tn addition, in the embodiment shown in
FIG. 2 header assembly 320 includes suture hole 326, which
provides another means of securing insertable cardiac moni-
tor 300 to the patient to prevent movement following insert.
In the embodiment shown, suture hole 326 is located adja-
cent to proximal electrode 304. In one embodiment, header
assembly 320 is a molded header assembly made from a
polymeric or plastic material, which may be integrated or
separable from the main portion of insertable cardiac moni-
tor 300.

[0029] FIG. 3 is a functional block diagram of an exem-
plary implantable monitoring device, for example, the
insertable cardiac monitor 300 as shown in FIG. 2, that may
be used to monitor one or more physiological parameters of
a patient according to the present disclosure. Accordingly,
all of the dimensions and physical characteristics described
above for the embodiment of FIG. 2 also apply and can be
applied to the embodiment shown in FIG. 3. As illustrated in
FIG. 3, IMD 16 may include header 38 coupled to body
portion 40. In the examples described herein, header 38 may
include proximal electrode 42, distal electrode 43, antenna
44, and attachment plate 46. In particular, proximal elec-
trode 42, antenna 44, and attachment plate 46 may be
molded into header 38 via a two-shot molding process. Body
portion 40 of IMD 16 may include electrical circuitry 48 and
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power source 50, in some examples, which may be con-
tained within a hermetic housing or can, e.g., formed of
titanium or ceramic. Electrical circuitry 48 is coupled to
proximal electrode 42 and distal electrode 43 to sense
cardiac signals and monitor events, including detecting
premature ventricular contractions as described in more
detail below. Electrical circuitry 48 is also connected to
transmit and receive communications via antenna 44. Power
source 50 provides power to electrical circuitry 48, as well
as to any other components that require power. Power source
50 may include one or more energy storage devices, such as
one or more rechargeable or non-rechargeable batteries.

[0030] In the embodiment shown in FIG. 3, electrical
circuitry 48 receives raw EGM signals monitored by proxi-
mal electrode 42 and distal electrode 43. Electrical circuitry
48 includes components/modules for converting the raw
EGM signal to a processed EGM signal that can be analyzed
to detect sense events. Although not shown, electrical cir-
cuitry 48 may include any discrete and/or integrated elec-
tronic circuit components that implement analog and/or
digital circuits capable of producing the functions described
for analyzing EGM signals to detect/verify bradycardia
and/or asystole events. For example, the electrical circuitry
48 may include analog circuits, e.g.. pre-amplification cir-
cuits, filtering circuits, and/or other analog signal condition-
ing circuits. The modules may also include digital circuits,
e.g., digital filters, combinational or sequential logic circuits,
state machines, integrated circuits, a processor (shared,
dedicated, or group) that executes one or more software or
firmware programs, memory devices, or any other suitable
components or combination thereof that provide the
described functionality.

[0031] As shown in FIG. 3, header 38 includes at least one
proximal electrode 42 and one distal electrode 43 located at
proximal 45 and distal 47 ends of the IMD, respectively.
Proximal electrode 42 may be configured to sense physi-
ological signals of patient 14 and/or to deliver electrical
stimulation therapy to patient 14, e.g., to treat a cardiac
disorder of patient 14. IMD 16 may sense signals or deliver
stimulation via proximal electrode 42 in combination with
another electrode, such as distal electrode 43 or the housing
of body portion 40. In some examples, proximal electrode
42 and distal electrode 43 may be coated with a material
configured to improve performance, e.g., sensing or pacing
performance. As described above in the description of FIG.
2, electrodes 42, 43 may be coated with a conductive
material such as Titanium Nitride (TiN).

[0032] Header 38 also includes antenna 44. Antenna 44
may be configured to transmit and/or receive electromag-
netic signals for communication. For example, antenna 44
may be configured to transmit to and/or receive signals from
programmer 24 via inductive coupling, electromagnetic
coupling, tissue conductance, Near Field Communication
(NFC), Radio Frequency Identification (RFID), BLU-
ETOOTH®, WiFi, or other proprietary or non-proprietary
wireless telemetry communication schemes. Antenna 44
may be coupled to electrical circuitry 48 of IMD 16, which
may drive antenna 44 to transmit signals to programmer 24,
and may receive signals received from programmer 24 via
antenna 44. In the example shown in FIG. 3, header 38
additionally includes attachment plate 46, which is config-
ured to mechanically couple header 38 to body portion 40 of
IMD 16.
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[0033] 1Inthe example shown in FIG. 3, body portion 40 of
IMD 16 is configured to house electrical circuitry 48 and
power source 50. Electrical circuitry 48 may comprise one
or more electrical circuits configured to perform any func-
tion of IMD 16. For example, the electrical circuitry 48 may
be coupled to antenna 44 to receive and/or transmit signals.
Electrical circuitry 48 may additionally or alternatively be
configured to analyze physiological signals, e.g., signals
sensed via electrodes 42, 43, and/or to control delivery of
stimulation or other therapies. Body portion 40 is also
configured to house power source 50, which may be con-
figured to provide energy to various components of IMD 16,
such as electrical circuitry 48.

[0034] FIG. 4 is a schematic diagram illustrating detecting
a premature ventricular contraction according to an embodi-
ment of the present disclosure. As illustrated in FIG. 4, a
cardiac signal 100 may be sensed by a monitoring device,
such as a subcutaneous monitoring device, for example
shown in FIGS. 2 and 3, from which the device identifies
R-waves 102-108. In order to determine whether one of the
R-waves 104-106 is associated with the occurrence of a
premature ventricular contraction, the device determines
interval differences between intervals formed by the
detected R-waves 104-108 and a morphology criterion
between the R-waves 104-108. For example, the device
determines an RR interval 110 associated with the first
detected R-wave 104 and a previously detected R-wave 102,
an interval 112 associated with the second detected R-wave
106 and the previously detected R-wave 104, and an interval
114 associated with the third R-wave 108 and the previously
detected R-wave 106. A premature ventricular contraction is
then identified by comparing the differences between the RR
intervals 110-114, as described below.

[0035] In addition to determining the interval differences
to identify a premature ventricular contraction, the device
also determines a morphology criterion that is used in
combination with the interval differences to ascertain
whether one of the intervals 104-108 is the result of a
premature ventricular contraction being sensed. For
example, the device determines a correlation between the
morphology of the first R-wave 104 and the second R-wave
106, between the first R-wave 104 and the third R-wave 108,
and between the second R-wave 106 and the third R-wave,
using known correlation determination techniques. For
example, a difference-sum technique may be utilized in
which instead of multiplying, the baseline, which can be
computed as the median of the waveform from first R-wave
to last R-wave under consideration, is subtracted from the
two waveforms, and a point by point difference is deter-
mined, and a sum of the difference is used to determine the
correlation or match between the two waveforms. Two
highly correlated waveforms will lead to a lower difference
sum compared to two waveforms that are not highly corre-
lated. According to another embodiment, wavelet based
template matching is used to determine a correlation
between the R-waves 104-108, such as described for
example in U.S. Pat. No. 6,393,316 to Gillberg et al.,
incorporated herein by reference in it’s entirety. During
wavelet based template matching, two segments of wave-
forms, the template and the current beat are matched (same
as cross-correlated) with each other using wavelet coefi-
cients at three different lags, with the best match represent-
ing he match score (or cross-correlation).
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[0036] According to another embodiment, a filter tech-
nique made be utilized to determine the correlation between
the R-waves 104-108 in which one of the waveforms is used
as filter coefficients of a digital FIR filter, and then the other
waveform filtered using the first waveform as filter coeffi-
cients with the maximum output after the filtering being the
best match (or cross-correlation) value. In yet another exem-
plary embodiment, a feature set matching technique may be
utilized to determine correlation of the R-waves 104-108 in
which rather than multiplying each point of the waveform,
features are decoded from each waveform, such as ampli-
tude maximum, amplitude minimum, amplitude mean and
median, number of samples within a percentage of median,
polarity (based on difference of max or min from mean
value), r-wave width, r-wave area under curve. The feature
set is then compared between the two waveforms to generate
a match score, or correlation. It is understood that any
known method for determining a correlation between
R-waves may be utilized in order to carry out the determi-
nation of the occurrence of a premature ventricular contrac-
tion according to the present disclosure.

[0037] FIG. 5 is a flowchart of a method for detecting a
premature ventricular contraction in a medical monitoring
device according to an embodiment of the disclosure. As
illustrated in FIGS. 4 and 5, the device senses the cardiac
signal 100, Block 200, and determines R-waves 102-108
associated with the signal 100. The device determines
whether a first interval difference associated with the
R-waves is satisfied, Block 202, as described below. If the
first interval difference is not satisfied, No in Block 202, a
premature ventricular contraction is determined not to occur,
Block 204. If the first interval difference threshold is satis-
fied, Yes in Block 202, the device determines whether a
second interval difference is satisfied, Block 206. If the
second interval difference is not satisfied, No in Block 206,
a premature ventricular contraction is determined not to
occur, Block 204. If the second interval difference is satis-
fied, Yes in Block 206, the device determines whether a first
correlation threshold between the R-waves 104-108 is sat-
isfied, Block 208.

[0038] If the first correlation threshold is satisfied, Yes in
Block 208, a premature ventricular contraction is deter-
mined to have occurred, Block 210. If the first correlation
threshold is not satisfied, No in Block 208, the device
determines whether a second correlation threshold is satis-
fied, Block 212, described below. If the second correlation
threshold is satisfied, Yes in Block 212, a premature ven-
tricular contraction is determined to have occurred, Block
210. If the second correlation threshold is not satisfied, No
in Block 212, the device determines whether a third corre-
lation threshold is satisfied, Block 214, described below. If
the third correlation threshold is satisfied, Yes in Block 214,
a premature ventricular contraction is determined to have
occurred, Block 210. If the third correlation threshold is not
satisfied, No in Block 214, the device determines a prema-
ture ventricular contraction is determined not to occur,
Block 204.

[0039] In this way, the device combines RR interval
criteria with morphologic criteria to determine the presence
of a ventricular contraction by determining the premature
ventricular contraction when both the first and second inter-
val difference thresholds are satisfied, Yes in Blocks 202 and
206, and at least one of the first, second or third correlation
thresholds have been satisfied, Yes in Block 208, 212 or 214.
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[0040] According to an embodiment of the disclosure, in
order to determine whether the first interval difference is
satisfied, the device compares the RR-interval 112 associ-
ated with the second R-wave 106 (RR,) with both the
RR-interval 104 associated with the first R-wave 104 (RR, _
1) and the RR-interval 114 associated with the third R-wave
108 (RR,,,). A determination is made as to whether the
RR-interval 112 associated with the second R-wave 106
(RR,,) is shorter than the RR-interval 104 associated with the
first R-wave 104 (RR,,_,) with the difference being greater
than an interval threshold, such as being greater than 10 ms,
for example. If the difference is determined to be greater
than the difference threshold, the first interval difference is
determined to be satisfied, Yes in Block 202.

[0041] Similarly, a determination is made as to whether
the RR-interval 112 associated with the second R-wave 106
(RR,,) is shorter than the RR-interval 114 associated with the
third R-wave 104 (RR , ,) with the difference being greater
than an interval threshold, such as being greater than 10 ms,
for example. If the difference is determined to be greater
than the difference threshold, the second interval difference
is determined to be satisfied, Yes in Block 206.

[0042] According to an embodiment of the disclosure, in
order to determine whether the correlation thresholds 208-
212 are satisfied, the device determines correlations between
the R-waves 104-108 using known correlation schemes. In
order to determine whether the first correlation threshold is
satisfied, Block 208, a determination is made as to whether
a first correlation (C,,_, ,,,) between the first R-wave 104
and the third R-wave 108 is greater than a correlation
threshold, such as 0.9 for example. In addition, the device
determines whether a difference between the first correlation
and a second correlation (C,_, ,,) determined between the
first R-wave 104 and the second R-wave 106 is greater than
a correlation difference threshold, such as 0.1 for example,
and whether a difference between the first correlation and a
third correlation (C,, ,,,) between the second R-wave 106
and the third R-wave is greater than the correlation differ-
ence threshold. If the first correlation between the first
R-wave 104 and the third R-wave 108 is greater than the
correlation threshold, and both the difference between the
first correlation and the second correlation and the difference
between the first correlation and the third correlation is
greater than the correlation difference threshold, the first
correlation threshold is determined to be satisfied, Yes in
Block 208.

[0043] According to an embodiment of the disclosure, in
order to determine whether the second correlation threshold
is satisfied, Block 212, a determination is made as to whether
a first correlation (C,_, ,,,,) between the first R-wave 104
and the third R-wave 108 is greater than a correlation
threshold, such as 0.8 for example. In addition, the device
determines whether a difference between the first correlation
and a second correlation (C,_, ,,) determined between the
first R-wave 104 and the second R-wave 106 is greater than
a correlation difference threshold, such as 0.3 for example,
and whether a difference between the first correlation and a
third correlation between the second R-wave 106 and the
third R-wave is greater than the correlation difference
threshold. If the first correlation between the first R-wave
104 and the third R-wave 108 is greater than the correlation
threshold, and both the difference between the first correla-
tion and the second correlation and the difference between
the first correlation and the third correlation is greater than
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the correlation difference threshold, the second correlation
threshold is determined to be satisfied, Yes in Block 212.
[0044] Similarly, in order to determine whether the third
correlation threshold is satisfied, Block 214, a determination
is made as to whether a first correlation (C,_, ,,,,) between
the first R-wave 104 and the third R-wave 108 is greater than
a correlation threshold, such as 0.7 for example. In addition,
the device determines whether a difference between the first
correlation and a second correlation (C,_, ) determined
between the first R-wave 104 and the second R-wave 106 is
greater than a correlation difference threshold, such as 0.6
for example, and whether a difference between the first
correlation and a third correlation (C,,,;) between the
second R-wave 106 and the third R-wave is greater than the
correlation difference threshold. If the first correlation
between the first R-wave 104 and the third R-wave 108 is
greater than the correlation threshold, and both the differ-
ence between the first correlation and the second correlation
and the difference between the first correlation and the third
correlation is greater than the correlation difference thresh-
old, the third correlation threshold is determined to be
satisfied, Yes in Block 214,

[0045] In this way, the device determines the RR-interval
criteria by evaluating the three RR-intervals 110-114 using
the following evaluation criteria:

[0046] Criteria 1: RR <RR,_,-10 msand RR <RR , -10
ms
[0047] where RR,, is the RR-interval 112 associated with

the second R-wave 106, RR, , is the RR-interval 110
associated with the first R-wave 104, and RR,,,, is the
RR-interval 114 associated with the third R-wave 108. In
addition, the device determines the correlation criteria by
evaluating the correlation of the three R-waves 104-108
using the following correlation criteria:
[0048]  Criteria 2: {C,_, ,,,;>0.9 and C
and C}’l—l,}’l+l_CVl,}’l+l>0'l} OR {C
C,,”03andC,_, ,,,-C, .,

n—l,n+1_Cn—1,n>0'6 and C Cn,n+1>0'6}
[0049] where C,_, ., is the cross-correlation between the
first R-wave 104 and the third R-wave 108, C,_, , is the
cross correlation between first R-wave 104 and the second
R-wave 106, C,,_, is the cross correlation between the
second R-wave 106 and the third R-wave 108.
[0050] FIG. 6 is a flowchart of a method for detecting a
premature ventricular contraction in a medical monitoring
device according to an embodiment of the disclosure.
According to an embodiment of the present disclosure, in
order to improve sensitivity of the determination of the
occurrence of a premature ventricular contraction, additional
interval and correlation criteria may be utilized in addition
to criteria 1 and criteria 2, described above. For example, as
illustrated in FIG. 6, if either one of the first interval
difference or the second interval difference is not satisfied
(No in Block 202 or Block 206 of FIG. 5), additional interval
criteria Block 220 and correlation criteria Block 222 may be
utilized to determine the occurrence of a premature ven-
tricular contraction. For example, according to one embodi-
ment, the device may determine whether a ratio of the
RR-interval associated with the second R-wave 106 and the
RR-interval associated with first R-wave 104 (RR /RR,_,)
is less than an RR-interval ratio threshold, such as 1.25 for
example, and whether a ratio of the RR-interval associated
with the second R-wave 106 and the RR-interval associated
with third R-wave 108 (RR,/RR,, ;) is less than the RR-

n—1p+1 _Cn—l 0

n—1,n+1>0.8 and C
>03} OR {Cn—l,n+l

>0.1

n=1mn+l"
>0.7 and

n—1.n

n=1p+1"
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interval ratio threshold. In addition, a determination is made
as to whether the RR-interval 212 associated with the second
R-wave 106 (RR)) is less than a secondary interval thresh-
old, such as 800 ms for example. If both the RR-interval
ratio threshold and the secondary interval threshold are
satisfied, the additional interval criteria 220 is determined to
be satisfied, Yes in Block 220, the device determines
whether the secondary correlation threshold is satisfied,
Block 222.

[0051] In this way, the device further determines the
RR-interval criteria by evaluating the three RR-intervals
110-114 using the following secondary interval evaluation
criteria:
[0052]
and RR <800 ms

[0053] According to one embodiment, in order to deter-
mine whether the secondary correlation is satisfied, Block
222, the device determines whether one of two secondary
correlation thresholds are satisfied. For example, a first
secondary correlation is satisfied if a correlation (C,_, ;)
between the first R-wave 104 and the third R-wave 108 is
greater than a first secondary correlation threshold, such
0.98, for example, and both a correlation (C,,_, ) between
the first R-wave 104 and the second R-wave 106 and a
correlation (C,, ,, ) between the second R-wave 106 and the
third R-wave 208 is less than a second secondary threshold,
such as 0.75 for example. A second secondary correlation is
satisfied if a correlation (C,_, ,,,,) between the first R-wave
104 and the third R-wave 108 is greater than a first second-
ary correlation threshold, such 0.95, for example, and both
a correlation (C,_, ,,) between the first R-wave 104 and the
second R-wave 106 and a correlation (C, . ;) between the
second R-wave 106 and the third R-wave 208 is less than a
second secondary threshold, such as 0.55 for example. In
this way, the device further determines the RR-interval
criteria by evaluating the three R-waves 104-108 using the
following secondary correlation evaluation criteria:

[0054] Criteria 4: {C,_,,,,;>0.98 and C,_,<0.75 and
C,1<0.75} OR {C >095and C,_, ,<0.55and C,,,,
1<0.55}

[0055] If one of the first and the second secondary corre-
lation criteria are satisfied,

[0056] Yes in Block 222, and a premature ventricular
contraction is determined to be identified, Block 210. If
either the secondary interval criteria are not satisfied, No in
Block 220, or if both the first and second secondary corre-
lation criteria are not satisfied, No in Block 222, a premature
ventricular contraction is not determined to occur, Block
204.

[0057] According to another embodiment, in order to
further improve sensitivity the device may determine if third
RR-interval and correlation criteria are satisfied. For
example, if either the secondary interval criteria are not
satisfied, No in Block 220, or if both the first and second
secondary correlation criteria are not satisfied, No in Block
222, the device may determine additional interval criteria
Block 224 and correlation criteria, Block 226, to determine
the occurrence of a premature ventricular contraction. For
example, according to one embodiment, the device may
determine whether the RR-interval 112 associated with the
second R-wave 106 (RR)) is less than a first RR-interval
threshold, such as 400 ms for example, and both the R-in-
terval 110 associated with the first R-wave 104 (RR,,_,) and

Criteria 3: RR,/RR, ,<1.25 and RR,/RR, ,<1.25

#+1

n—1p+1 n—1.m
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the RR-interval 114 associated with the third R-wave 108
(RR,,, ) are greater than a second interval threshold, such as
500 ms for example.

[0058] In this way, the device further determines the
RR-interval criteria by evaluating the three RR-intervals
110-114 using the following third interval evaluation crite-
ria:

[0059] Criteria 5: RR, <400 ms and RR,_;>500 ms and
RR,,,,>500 ms:
[0060] If the RR-interval 112 associated with the second

R-wave is less than the first RR-interval threshold, and both
the R-interval 110 associated with the first R-wave 104 and
the RR-interval 114 associated with the third R-wave 108
are greater than a second interval threshold, the third interval
criteria is determined to be satisfied, Yes in Block 224, and
the device determines whether the third correlation criteria
are met, Block 226.

[0061] According to an embodiment of the present disclo-
sure, in order to determine whether the third correlation
criteria are met, Block 226, the device determines whether
a first correlation (C,_, ,,,,) between the first R-wave 104
and the third R-wave is greater than a third correlation
threshold, such as 0.5 for example. In addition, the device
determines whether a difference between the first correlation
and a second correlation (C,_, ,,) determined between the
first R-wave 104 and the second R-wave 106 is greater than
a correlation threshold, such as 0.1 for example, and whether
a difference between the first correlation and a third corre-
lation (C,, ... ;) between the second R-wave 106 and the third
R-wave is greater than the correlation difference threshold.
In this way, the device further determines the RR-interval
criteria by evaluating the three R-waves 104-108 using the
following third correlation evaluation criteria:

[0062] Criteria 6: C_, ,.,>0.5 and C,_,,,-C,_, >0.1
and Cn—l,n+1_Cn,n+1>O'l
[0063] Ifthe first correlation between the first R-wave 104

and the third R-wave 108 is greater than the correlation
threshold, and both the difference between the first correla-
tion and the second correlation and the difference between
the first correlation and the third correlation is greater than
the correlation difference threshold, the third correlation
threshold is determined to be satisfied, Yes in Block 226, and
therefore a premature ventricular contraction is determined
to occur, Block 210. On the other hand, if the first correlation
between the first R-wave 104 and the third R-wave 108 is
not greater than the correlation threshold, or either the
difference between the first correlation and the second
correlation or the difference between the first correlation and
the third correlation is not greater than the correlation
difference threshold, the third correlation threshold is not
determined to be satisfied, No in Block 226, and therefore a
premature ventricular contraction is not determined to occur,
Block 204.

[0064] According to another embodiment, in order to
further improve sensitivity the device may determine if
fourth RR-interval criteria are satisfied. For example, if
either the third interval criteria are not satisfied, No in Block
224, or if either one of the first and second third correlation
criteria are not satisfied, No in Block 226, the device may
determine additional interval criteria Block 228 to determine
the occurrence of a premature ventricular contraction. For
example, according to one embodiment, the device may
determine whether a ratio of the RR-interval associated with
the second R-wave 106 and the RR-interval associated with
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first R-wave 104 (RR,/RR,_,) is less than an RR-interval
ratio threshold, such as 0.65 for example, and whether a ratio
of the RR-interval associated with the second R-wave 106
and the RR-interval associated with third R-wave 108 (RR,/
RR,,,) is less than then RR-interval ratio threshold. In
addition, a determination is made as to whether the RR-
interval 212 associated with the second R-wave 106 (RR,)
is less than a secondary interval threshold, such as 400 ms
for example.

[0065] In this way, the device further determines the
RR-interval criteria by evaluating the three RR-intervals
110-114 using the following fourth interval evaluation cri-
teria:
[0066]
and RR <400 ms

[0067] If both the RR-interval ratio threshold and the
secondary interval threshold are satisfied, the fourth addi-
tional interval criteria is determined to be satisfied, Yes in
Block 228, and the device determines that a premature
ventricular contraction has occurred, Block 210. On the
other hand, if either the RR-interval ratio threshold or the
secondary interval threshold are not satisfied, the fourth
additional interval criteria is determined not to be satisfied,
no in Block 228, and the device determines that a premature
ventricular contraction has not occurred, Block 204.
[0068] The method in principle can be extended to detect
couplets (two consecutive premature ventricular intervals)
or triplets (three consecutive ventricular intervals). In the
case of a couplet, one would consider four RR intervals
RR,_,, RR, ;, RR, and RR ,,, with RR,_;, RR , repre-
senting the couplet. All the RR interval criteria, namely
criteria 1,3, 5,7, with RR,_,, RR,,_;, replacingRR_;, RR,
in the criteria and in the all the criteria where RR, is
compared to an interval threshold will be replaced by
comparing both RR,_;, RR,, to that same interval threshold.

For example the modified criteria 7 could be

[0069] Couplet criteria 7: RR,_;/RR, ,<0.65 and RR,_,/
RR,,,<0.65 and RR, <400 ms and RR,_,<400 ms

[0070] Similarly, for correlation thresholds, C,,_, ,, will be
replacedby C,_,,_, andC, ,,, will be replaced by C,_, ..
Additionally, a new correlation criteria which compares the
correlation between the couplet, C,_, ,,, will be compared to
a correlation threshold and optionally added to criteria 2, 4,

and 6. For example criteria 6 may be modified to

Criteria 7: RR /RR, _;<0.65 and RR /RR, ,,<0.65

n+1

[0071] Couplet criteria 6:C,_,,,,,>0.5and C,_, ,>0.5 and
Cn—2,n+1_Cn—2,n—l>0'l and Cn—2,n+1_Cn—1,n+1>0'l
[0072] Once a premature ventricular contraction has been

determined to occur, Block 210, the device may perform any
one of or a number of tasks, such as storing the occurrence
of premature ventricular contractions for future upload to an
external device, storing the premature ventricular contrac-
tions and correlating the information with intermittent symp-
toms the patient may be experiencing to determine patient
condition, using the information to provide a patient pre-
mature ventricular contraction burden diagnostic, such as
the number that occur per day or per hour. The burden
diagnostic may be utilized for risk stratification of the
patient, such as for sudden cardiac death, for example, to
identify patients who may be eligible for an EP study, which
may then lead to a determination of the need for an implant-
able cardiac device, or to an ablation procedure being
performed. In addition, the detection of the occurrence of
premature ventricular contractions can be used as a compu-
tational device, such as for determining heart rate turbu-
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lence, or may be used to augment other detection algorithms,
such as determining not to use such beats when determining
respiration rate from ECG amplitude, or to reduce falsely
detecting cardiac events, such atrial fibrillation, for example.
[0073] Thus, an apparatus and method have been pre-
sented in the foregoing description with reference to specific
embodiments. It is appreciated that various modifications to
the referenced embodiments may be made without departing
from the scope of the invention as set forth in the following
claims.

We claim:

1. A method of determining occurrence of a premature
ventricular contraction in a medical device, comprising:

sensing a cardiac signal and determining R-waves in

response to the sensed cardiac signal;

determining RR intervals between the determined

R-waves;

determining whether a first interval criteria is satisfied in

response to the determined intervals;

determining a correlation between the determined

R-waves;
determining whether a first correlation criteria is satisfied
in response to the determined correlation; and
determining the premature ventricular contraction is
occurring in response to the first interval criteria and
the first correlation criteria being satisfied.
2. The method of claim 1, wherein determining whether
a first interval criteria is satisfied comprises:
determining a first RR interval associated with a first
R-wave of the determined R-waves, a second RR
interval associated with a second R-wave of the deter-
mined R-waves, and a third RR interval associated with
a third R-wave of the determined R-waves;

comparing the second RR interval with the first RR
interval to generate a first interval difference;

determining whether the first interval difference is greater
than an interval difference threshold,

comparing the second RR interval with the third RR

interval to generate a second interval difference; and
determining whether the second interval difference is
greater than the interval difference threshold.

3. The method of claim 2, further comprising determining
the premature ventricular contraction is not occurring in
response to one of the first interval difference and the second
interval difference not being greater than the interval differ-
ence threshold.

4. The method of claim 1, wherein determining whether
a first correlation criteria is satisfied in response to the
determined correlation comprises:

determining a first R-wave of the determined R-waves, a

second R-wave of the determined R-waves, and a third
R-wave of the determined R-waves;

determining a first correlation between the first R-wave

and the third R-wave;

determining whether the first correlation is greater than a

first correlation threshold;

determining a second correlation between the first R-wave

and the second R-wave;

determining whether a first difference between the first

correlation and the second correlation is greater than a
first correlation difference threshold;

determining a third correlation between the second

R-wave and the third R-wave;
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determining whether a second difference between the first
correlation and the third correlation is greater than the
first correlation difference threshold; and

determining a premature ventricular contraction is occur-

ring in response to the first correlation being greater
than the first correlation threshold and both the first
difference and the second difference being greater than
the first correlation difference threshold.

5. The method of claim 4, wherein determining whether
a first correlation criteria is satisfied in response to the
determined correlation comprises:

determining whether the first correlation is greater than a

second correlation threshold;

determining whether the first difference between the first

correlation and the second correlation is greater than a
second correlation difference threshold;
determining whether the second difference between the
first correlation and the third correlation is greater than
the second correlation difference threshold; and

determining a premature ventricular contraction is occur-
ring in response to the first correlation being greater
than the second correlation threshold and both the first
difference and the second difference being greater than
the second correlation difference threshold.

6. The method of claim 5, wherein determining whether
a first correlation criteria is satisfied in response to the
determined correlation comprises:

determining whether the first correlation is greater than a

third correlation threshold;

determining whether the first difference between the first

correlation and the second correlation is greater than a
third correlation difference threshold;
determining whether the second difference between the
first correlation and the third correlation is greater than
the third correlation difference threshold; and

determining a premature ventricular contraction is occur-
ring in response to the first correlation being greater
than the third correlation threshold and both the first
difference and the second difference being greater than
the third correlation difference threshold.

7. The method of claim 6, wherein the first correlation
threshold is 0.9, the second correlation threshold is 0.8, the
third correlation threshold is 0.7, the first correlation differ-
ence threshold is 0.1, the second correlation difference
threshold is 0.3 and the third correlation difference threshold
is 0.6.

8. The method of claim 1, further comprising:

determining, in response to one of the first interval criteria

and the first correlation criteria not being satisfied,
whether a second interval criteria is satisfied in
response to the determined intervals;
determining, in response to the second interval criteria
being satisfied, whether a second correlation criteria is
satisfied in response to the determined correlation; and

determining the premature ventricular contraction is
occurring in response to the second interval criteria and
the second correlation criteria being satisfied.

9. The method of claim 8, wherein determining whether
a second interval criteria is satisfied in response to the
determined intervals comprises:

determining a first RR interval associated with a first

R-wave of the determined R-waves, a second RR
interval associated with a second R-wave of the deter-
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mined R-waves, and a third RR interval associated with
a third R-wave of the determined R-waves;

determining whether a ratio of the second RR interval and
the first RR interval is greater than an interval ratio
threshold;

determining whether a ratio of the second RR interval and

the third RR interval is greater than the interval ratio
threshold; and

determining whether the second RR interval is less than a

first interval threshold.

10. The method of claim 9, wherein determining whether
a second correlation criteria is satisfied in response to the
determined correlation comprises:

determining a first R-wave of the determined R-waves, a

second R-wave of the determined R-waves, and a third
R-wave of the determined R-waves;

determining a first correlation between the first R-wave

and the third R-wave;

determining whether the first correlation is greater than a

first correlation threshold;

determining a second correlation between the first R-wave

and the second R-wave;

determining whether the second correlation is less than a

second correlation threshold;

determining a third correlation between the second

R-wave and the third R-wave; and

determining whether the third correlation is less than the

second correlation threshold.

11. The method of claim 10, further comprising:

determining whether a third interval criteria is satisfied in

response to the determined intervals;
determining, in response to the third interval criteria being
satisfied, whether a third correlation criteria is satisfied
in response to the determined correlation; and

determining the premature ventricular contraction is
occurring in response to the third interval criteria and
the third correlation criteria being satisfied.

12. The method of claim 11, wherein determining whether
a third interval criteria is satisfied in response to the deter-
mined intervals comprises:

determining whether the second RR interval is less than a

second interval threshold;

determining whether the first RR interval is greater than

a third interval threshold; and

determining whether the third RR interval is greater than

the third interval threshold.

13. The method of claim 12, wherein determining whether
a third correlation criteria is satisfied in response to the
determined correlation comprises:

determining whether the first correlation is greater than a

third correlation threshold;

determining whether a difference between the first corre-

lation and the second correlation is greater than a
difference threshold; and

determining whether a difference between the first corre-

lation and the third correlation is greater than the
difference threshold.

14. The method of claim 1, further comprising:

determining a first RR interval associated with a first

R-wave of the determined R-waves, a second RR
interval associated with a second R-wave of the deter-
mined R-waves, and a third RR interval associated with
a third R-wave of the determined R-waves;
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determining, in response to one of the first interval criteria
and the first correlation criteria not being satisfied,
whether a ratio of the second RR interval and the first
RR interval is less than an interval ratio threshold;

determining whether a ratio of the second RR interval and
the third RR interval is less than the interval ratio
threshold; and

determining whether the second RR interval is less than

an interval threshold.

15. A medical monitoring device for determining the
occurrence of a premature ventricular contraction, compris-
ing:

at least one sensing electrode for sensing a cardiac signal;

and

a processor configured to determine R-waves in response

to the sensed cardiac signal, determine RR intervals
between the determined R-waves, determine whether a
first interval criteria is satisfied in response to the
determined intervals, determine a correlation between
the determined R-waves, determine whether a first
correlation criteria is satisfied in response to the deter-
mined correlation, and determine the premature ven-
tricular contraction is occurring in response to the first
interval criteria and the first correlation criteria being
satisfied.

16. The medical monitoring device of claim 15, wherein
the processor is configured to determine a first RR interval
associated with a first R-wave of the determined R-waves, a
second RR interval associated with a second R-wave of the
determined R-waves, and a third RR interval associated with
a third R-wave of the determined R-waves, compare the
second RR interval with the first RR interval to generate a
first interval difference, determine whether the first interval
difference is greater than an interval difference threshold,
compare the second RR interval with the third RR interval
to generate a second interval difference, and determine
whether the second interval difference is greater than the
interval difference threshold.

17. The medical monitoring device of claim 16, wherein
the processor is configured to determine the premature
ventricular contraction is not occurring in response to one of
the first interval difference and the second interval difference
not being greater than the interval difference threshold.

18. The medical monitoring device of claim 15, wherein
the processor is configured to determine a first R-wave of the
determined R-waves, a second R-wave of the determined
R-waves, and a third R-wave of the determined R-waves,
determine a first correlation between the first R-wave and
the third R-wave, determine whether the first correlation is
greater than a first correlation threshold, determine a second
correlation between the first R-wave and the second R-wave,
determine whether a first difference between the first corre-
lation and the second correlation is greater than a first
correlation difference threshold, determine a third correla-
tion between the second R-wave and the third R-wave,
determine whether a second difference between the first
correlation and the third correlation is greater than the first
correlation difference threshold, and determine a premature
ventricular contraction is occurring in response to the first
correlation being greater than the first correlation threshold
and both the first difference and the second difference being
greater than the first correlation difference threshold.

19. The medical monitoring device of claim 18, wherein
the processor is further configured to determine whether the
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first correlation is greater than a second correlation thresh-
old, determine whether the first difference between the first
correlation and the second correlation is greater than a
second correlation difference threshold, determine whether
the second difference between the first correlation and the
third correlation is greater than the second correlation dif-
ference threshold, and determine a premature ventricular
contraction is occurring in response to the first correlation
being greater than the second correlation threshold and both
the first difference and the second difference being greater
than the second correlation difference threshold.

20. The medical monitoring device of claim 19, wherein
the processor is configured to determine whether the first
correlation is greater than a third correlation threshold,
determine whether the first difference between the first
correlation and the second correlation is greater than a third
correlation difference threshold, determine whether the sec-
ond difference between the first correlation and the third
correlation is greater than the third correlation difference
threshold, and determine a premature ventricular contraction
is occurring in response to the first correlation being greater
than the third correlation threshold and both the first differ-
ence and the second difference being greater than the third
correlation difference threshold.

21. The medical monitoring device of claim 20, wherein
the first correlation threshold is 0.9, the second correlation
threshold is 0.8, the third correlation threshold is 0.7, the first
correlation difference threshold is 0.1, the second correlation
difference threshold is 0.3 and the third correlation differ-
ence threshold is 0.6.

22. The medical monitoring device of claim 15, wherein
the processor is configured to determine, in response to one
of the first interval criteria and the first correlation criteria
not being satisfied, whether a second interval criteria is
satisfied in response to the determined intervals, determine,
in response to the second interval criteria being satisfied,
whether a second correlation criteria is satisfied in response
to the determined correlation, and determine the premature
ventricular contraction is occurring in response to the second
interval criteria and the second correlation criteria being
satisfied.

23. The medical monitoring device of claim 22, wherein
the processor is configured to determine a first RR interval
associated with a first R-wave of the determined R-waves, a
second RR interval associated with a second R-wave of the
determined R-waves, and a third RR interval associated with
a third R-wave of the determined R-waves, determine
whether a ratio of the second RR interval and the first RR
interval is greater than an interval ratio threshold, determine
whether a ratio of the second RR interval and the third RR
interval is greater than the interval ratio threshold, and
determine whether the second RR interval is less than a first
interval threshold.

24. The medical monitoring device of claim 23, wherein
the processor is further configured to determine a first
R-wave of the determined R-waves, a second R-wave of the
determined R-waves, and a third R-wave of the determined
R-waves, determine a first correlation between the first
R-wave and the third R-wave, determine whether the first
correlation is greater than a first correlation threshold, deter-
mine a second correlation between the first R-wave and the
second R-wave, determine whether the second correlation is
less than a second correlation threshold, determine a third
correlation between the second R-wave and the third
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R-wave, and determine whether the third correlation is less
than the second correlation threshold.

25. The medical monitoring device of claim 24, wherein
the processor is configured to determine whether a third
interval criteria is satisfied in response to the determined
intervals, determine, in response to the third interval criteria
being satisfied, whether a third correlation criteria is satis-
fied in response to the determined correlation, and determine
the premature ventricular contraction is occurring in
response to the third interval criteria and the third correlation
criteria being satisfied.

26. The medical monitoring device of claim 25, wherein
the processor is configured to determine whether the second
RR interval is less than a second interval threshold, deter-
mine whether the first RR interval is greater than a third
interval threshold, and determine whether the third RR
interval is greater than the third interval threshold.

27. The medical monitoring device of claim 26, wherein
the processor is configured to determine whether the first
correlation is greater than a third correlation threshold,
determine whether a difference between the first correlation
and the second correlation is greater than a difference
threshold, and determine whether a difference between the
first correlation and the third correlation is greater than the
difference threshold.

28. The medical monitoring device of claim 15, wherein
the processor is configured to determine a first RR interval
associated with a first R-wave of the determined R-waves, a
second RR interval associated with a second R-wave of the
determined R-waves, and a third RR interval associated with
a third R-wave of the determined R-waves, determine, in
response to one of the first interval criteria and the first
correlation criteria not being satisfied, whether a ratio of the
second RR interval and the first RR interval is less than an
interval ratio threshold, determine whether a ratio of the
second RR interval and the third RR interval is less than the
interval ratio threshold, and determine whether the second
RR interval is less than an interval threshold.

29. The medical monitoring device of claim 15, wherein
the medical monitoring device comprises a subcutaneous
monitoring device.

30. A non-transitory, computer-readable storage medium
storing instructions for causing a processor included in a
medical monitoring device to perform a method for deter-
mining occurrence of a premature ventricular contraction,
the method comprising:

sensing a cardiac signal and determining R-waves in

response to the sensed cardiac signal;

determining RR intervals between the determined

R-waves;

determining whether a first interval criteria is satisfied in

response to the determined intervals;

determining a correlation between the determined

R-waves;
determining whether a first correlation criteria is satisfied
in response to the determined correlation; and
determining the premature ventricular contraction is
oceurring in response to the first interval criteria and
the first correlation criteria being satisfied.

31. The medical monitoring device of claim 15 wherein
the at least one sensing electrode is a proximal electrode
located at a proximal end of the medical monitoring device
and a distal electrode located at a distal end of the medical
monitoring device and wherein the medical monitoring
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device is an insertable cardiac monitoring device further
comprising a housing having a length, a width and a depth,
wherein the length is much greater than the width and the
width is greater than the depth.
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