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METHODS OF IDENTIFYING AND/OR ASSESSING CARDIAC
ARRHYTHMIAS USING AN IMPLANTABLE MEDICAL DEVICE

BACKGROUND

The present invention relates to medical devices, and, more particulardy, to
implantable medical devices,

Typically, patients with heart failure have a reduced capacity for myocardial
function. The heart is unabls to adeguately mest the metabolic demands of the body by
providing the appropriate blood flow. This may result in increased bioed pressure
{afterload), and increased volume retention {preload), Thus, common symptoms of heart
fatlure or ventricular dysfunction include fatigue, which is cansed by the low cardiac
output, and edema and swelling, which is caused by fluid overload.

1n patients with heart failure, on-going ambulatory monitoring of the heart
conditions can be an important factor iy successful cardiac disease management. Such
ambulatory monitoring of the patient can often involve the collection of parameters such
as heart rate, pressure, temperature, etc. Asis known, the monitoring of one or more of
these parameters can be achieved through the use of one or more implantable medical
devices (IMDs), such as pacemakers, defibsillators, monitors, etc. Following transfer of
these parameters from the IMD(s) to a clinical center, a medical professional, after
subsequent analysis, can generally provide final diagnoses conceming the patient.

However, quite often, the collection of these parameters can be limited by the
location of the IMD electrode andfor the fixed storage memory size of the IMD. In turn, it
can be diffienlt for the medical professional to identify arvhythmias based on these
parameters because of the above limiting factors or other factors. As such, it can also be
difficult for the medical professional to routinely provide accurate diagnoses for the 4
patient because of uncertainty regarding whether the parameters are representative of a
worsening staie of the palient’s hearl, or conversely, due o an arrhythmic evenl.

Certain embodiments of the invention are direcied to overcoming, or at least

reducing the effects of, one or more of the Hmitations set forth above.
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SUMMARY OF THE INVENTION

Embodiments of the invention involve using one or mare monitored parameters of
a patient™s heart to identify and/or assess arrhythmias, As a result, 2 medical professional
can be aided during evaluation of patient data for diagnosis of the patient. In some of the
embodiments, af least one of the monitored parameters includes one or more values used
representatively for storage intervals of a selected fength. In such embodiments, tor gach
storage interval, & value can be determined for the one monitored parameter occuming at
an upper percertile and a lower percentile. In addition, a median value can be determined
for the one monitored parameter for each storage interval. Over a plurality of the storage
intervals, these delermined values can be used in one or more modes of statistical analysis
to better identify and assess the arrhythimias.

In some embodiments, the at least one monitored parameter includes heart rate. In
such embodiments, a “criteria mode” of statistical analysis can be used to determine when
one of the determined values of the at least one monitored perameter exceeds a designated
setting. If, previous to this one determined value, the one monitored parameter is also
found to have increased by a certain set amount, the “criteria mode” ts configured to
indicate the presence of an arrhythmic event. In further embodiments, a “ratio mode™ of
statistical analysis can be used to determine the distances between one or mors of the
determined values of the at least one monitored parameter. By calculating a ratio of these
distances, the “ratio mode™ is configured to indicate the presence of an arthythmic event
andfor a duration of the arrhythasc event,

In further embodiments, one of the monitored paramesers includes cardiac pressure
data. In such embodiments, a ¥vagriability mode” of statistical analysis can be used with
respect to the pressure data with one or more other monitored parameters to further

confinm a perceived arrhythmic event.

DESCRIPTION OF THE DRAWINGS
FIG. 1 s a schematic view of 4 systemn including an implantable medical device
{(IMD} in accordance with certain embodiments of the invention.
FIG. 2 is an exemplary plot of a trend line for upper percentile heart rate values

over a time period in accordance with certain embodiments of the invention.
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FIG. 3 is a flow chart illastrating a method of identifying and/or assessing
arrhythmic events from data as exemplified io FIG. 2.

FIG. 4 is an exemplary plot of trend lines for upper percentle, median, and lower
percentile heart rate values over a time period in accordance with certain embodiments of
the invention.

FIG. % is a series of plots including the plot of FIG. 4 and an exemplary plot of
high rate burden over the time period of the plot of FIG. 4 1in accordance with certain
embodiments of the invention.

FIGH 6 is a flow chart illustrating a method of identifying and/or assessing
arrhythniic events from data as exemplified in FIG. 4.

FIG. 715 a flow chart illostrating a method of idemifying and/or assessing
arrhythmic events from data as exenplified in FIG. 5.

FIG. 8 is a exemplary series of plots of heart rate and pressure parameters over a
time period in accordance with certain embodiments of the ivention.

FIG. G s a flow chart illustrating a method of providing an indicator to identifying

and/or assessing arrhythmic events from data as exemplified in ¥1G. 8.

DETAILED DESCRIPTION

The following discassion is presented to enable a person skilled in the art to make
and use the present teachings. Various modifications to the illustrated embodiments will
te readily apparent to those skilled in the art, and the generic principies herein may be
applied to other embodiments and applications without departing from the present
teachings. ‘Thus, the present teachings are not intended to be Iimited o embodiments
shown, but gre to be accorded the widest scope consistent with the princi ples and features
disclosed hevein. The following detailed description is to be read with reference to the
figures, it which like elements in different figures have like reference numerals. The
figures, which are not necessarily to scale, depict selected embodiments and are not
imended to limit the scope of the present teachings. Skilled artisans will recognize the
examples provided herein have many useful alternatives and fail within the scope of the
present feachings.

FIG. is a simplified schematic diagram representation of a system in accordance

with certains embodiments of the invention. As shown, an IMD 10 is located in a patient
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12, The TMD 10 includes one or more leads extending between the IMD 10 and the heart
16 of the patient 12. For example, as shown, one lead 14 can extend {o one of the
ventricles, e.g. the right ventricle 18, As such, the IMD 10 can be a single chamber
device; however, the invention should not be fimited as such. Instead, as mentioned
above, it is to be appreciated that the IMD 10 can alternatively, or in combination, include
other Ieads {(e.g., leads 147 andfor 14°7) extending to other distinct areas of the hearl (e.g.,
respectively, 1o one or more of the atria 20, 207 and/or the left ventricle 187 of the heart
16). As such, the IMD 10 can include any medical devics having single or mulii-chamber
functionality. Alternatively, other devices such as implantable drug delivery devices can
also be adapted for use with the curremnt invention.

In certain embodiments, the IMD 10 is an tmplantable hemodynamic monitor
(IHM3. However, it is to be appreciated that the tnvention should not be fimited to such a
device. Generally, any form of implantable medical device suitable for storing
telemetered signals or physiological data could be used, as knowa in the art. In certain
embodiments in which an IHM is utilized, the monitor can include civcuitry for data
storage and for recovering and processing of cardiac parameters, such as pressure,
clectrogram, heast rate, core temperature, and activity data. Such an IHM can generally be
used in patients with Chronic Heart Failure {CHF), undergoing serial clinical management,
and is typically used to complement existing CHF therapies and disease management
regimens in order to provide precise therapy management and eatly intervention by remote
monitoring of impending decompensation, so as to improve quality of life. In addition,
such an IHM generally contains an operating system that may employ a microcomputer or
a digital state machine for timing, sensing, data storage, recovery and processing of
pressure, electrogram, heart rate and other related data, to thereby monitor the
hemodynamic environment.

An exemplary IHM and its associated leads and circuitry are described in
commonly-assigned 118, Pat. Nos. 5,538,752, 5,364,434; 6,024,704, and 6,152,835,
which are incorporated herein by reference in relevant parts, Other pacing systems known
in the art may be adapted for use in the alternative. The IMD 10 can additionally, or in the
alternative, include cardioversion/defibriliation circuitry as described in commonty-
assigned U S, Pat. Nos. 5,193,535, and 5,314,430, which are incorporated herein by

reference in relevant parts. The leads and circuitry disclosed in the above-incorporated,
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commonty assigned, “752 and 434 patents can be employed to record EGM and absolute
blood pressure values over cerlain time intervals, In certain embodiments, the recorded
data can be periodically telemetered from the IMD 10 {e.g.. to & programumer) so as to be
later evaluated by a physician or other medical professional. In certain embodiments, the
data is transmitted from the IMD 10 during a telemetry session. It shoudd be appreciated
that such sessions can involve commumnications with programmers andfor networks {e.g.,
via web links) so as to enable the provision of the data from the IMD 10 to the physician
or medical professional.

With continued reference to FIG. 1, the IMD 10 can be implanted subcutaneously,
between the skin and the ribs of the patient 12, Other implantation sites may be used if
appropriate. As described above, in certain embodiments, the lead 14 is passed through a
vein into the right ventricle 18 of the heart 16, The distal end of the lead 14 or catheter
may have a tip electrode 22 contacting the interior of the heart 16. In a multipolar
configuration, a second ring electrode 24 may be spaced from the tip electrode 22. Each
of these electrodes is connected to the circuitry contained in the IMD 10, Alternatively, a
unipolar mode may be used wherein a portion of the metallic enclosure or “can”™ of the
IMD 10 can form an electrode surface 26, As such, the EGM signal 1s measured between
this surface 26 and an implanted electrode, such as the tip electrode 22. In yet another
embodiment, a Subcutansous Blectrode Array {8EA) such as electrodes 28 and 30 can be
located on, but electrically isolated from, the housing of the IMIY 10, such as disclosed in
1.8, Pat. No. 5,331,966, incorporated herein by reference in relevant part.

The lead 14 is shown fo further include a pressure sensor 32. I desired, an
additional lead (not shown) coupled to IMID 10 may be provided to carry the pressure
sensor, In certain embodiments, the pressure sensor 32 is located within the right ventricle
18, although it may instead be located within the left ventricle 18", Pressure sensors and
accompanving circuitry that may be adapted for use with embodimenis of the invention
are described in commonly-assigned ULS. Pat. Nos. 3,353,752, 5,353,800, 5,564,434,
5,330,508, and 5,368,040 which are incorporated herein by reference in their relevant
parts.

Generally, an THM can be used for recording a variety of hemodynamic parameters
in g patient with heart failure, for example, including right ventricular (RV) systolic and

diastolic pressures (RVSP and RVDP), estimated pulmonary artery diastolic pressure
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'ePAD), pressure changes with respect to time (dP/dt), heart sate, activity, and
emperature. Some parameters can be derived from others, rather than being directly
neassred. For example, the ePAD parameter can be derived from RV pressures at the
poment of pulmonary valve opening, and heart rate can be derived from information in an
ntracardiac electrogram (EGM) recording. Hemodynamic pressure parameters can be
sbtgined by using a pressure sensor mounted on a lead to messure intracardiac blood
pressures, including absolute and/or relative pressures. ULR. Pat No. 6865419 w0
Mulligan gt al,, incorporated herein by reference in its relevant part, discloses a method of
deriving mean pulmonasy arterial pressure (MPAP) from an THM.

Information collected by the IMD 10 can be retrieved and fransmitted to an
axternal device, or 10 & patienl management network, or 1o a database, using various
transmission methods including the Internet. For example, a patient can activate the
device to retrieve and transmit the data stored in the IMD 10 to a remote system, where
additional processing may be performed on the data. This retrieval and transmission of
stored data can be done on a periodic basis, e.g., once per week, 1o provide a convenient
method of “continuous”™ monitoring of a patient. Stored data retrieved from the IMD 10
and transmiited to a remote system can be available for transfer to a clinical center for
review by a medical professional, In certain embodiments, data is transferable to an
internet-compatible central patient management network for remote monitoring. A bi-
directional communication system that is network, Internet, intranet and worldwide web
compatible to enable chronic monitoring based on data obtained from implantable
monitors is generally disclosed in International Publication No, WO 01/70103 AZ, 10
Webb et al, incorporated herein by reference in its relevant part.

As described above, the data stored by the IMD 10 can include various parameters
that are continuocusty monitored, for example, the IMD 10 may record intracardiac EGM.
data at sampling rates as fast as 256 Hz or faster. In certain embodiments, the IMD 10 can
allernately store surmmary forms of data that allows for storage of data representing longer
periods of fime, For example, in certain embodiments, if the IMD 10 is an THM,
hemodynamic pressure paranmieters can be summarized by storing a number of
representative values that describe the hemodynamic parameter over a given storage
imterval. The mean, median, an upper percenitle, and a lower percentile are examples of

representative values that can be stored by the IMD 10 to sammarize data over an interval
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of time (c.g., the stosage interval). In this manner, the memory of the IMD 10 can be used
to provide hourly, weekly or monthly (or longer) views of the data stored depending on
the length of the storage interval selected. The data butfer of the IMD 10, for example,
may acquire data sampled at a 256 Hiz sampling rate over the certain storage intervals, and
the data buffer can be cleared out after the selected representative values during that
corresponding storage interval are stored. K should be noted that other parameters
measured by the IMD 10 can also be summatized using the above techniques, for
example, for parameters such as heast rate, activity level, and temperature.

As described above, in certain embodiments, the IMD 10 can provide summary
forms of data for one or more of the parameters monitored by the IMD 10, In certain
embodiments, one of these monitored parameters includes hearl rate. Ag such, as
described above, one or more heart rate values can be seleoted 1o be representative for
storage intervals of a certain designated length. In certain embodiments, the designated
length of the storage intervals is five minwtes; however, the invention should not be
limited to such. As shouid be appreciated, the storage interval length is generally variable;
however, certain trade-offs need to be taken inte account prior to its designation. For
example, if the storage interval length is set to be short in duration, the resolution of the
data is increased; however, the storage rate of the data is also increased. As such, a better
representation of the data as a whole can be provided, but the rate at which the memory of
the IMD 10 fills up 18 increased, requiring transfer of the data from the IME» 10 to ocouwr
more frequently. Conversely, if the storage interval length is set to be long in duration, the
resolution of the data is decreased; however, the slorage rate of the data is decreased. As
such, the rate at which the memory of the IMD 10 fills up is decreased, prompling
downioads of the data from the IMD 10 to occur less frequently, but the representation of
the data as a whole is generally compromised. In turn, the data representation may lead to
misidentification of arthythunic events, In turn, as should be appreciated, the setting of the
storage interval length requires careful consideration.

In certain embodiments, the one or more heart rate values selected for storage by
the IMID 10 includes af least an upper percentile value (e.g., 4 94 percentile value). An
exemplary plot of a trend line for the upper percentile values for a patient (each
corresponding to a storage interval length) over a certain period of time is Hlustrated in

FIG. 2. As shown, the trend line of the upper percenile values includes heart rates
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ranging from about eighty beats per minute to about one-hundred seventy-five beats per
mingte. As also exemplified, the trend line for the upper percentile values is shown over a
thisteen-day duration (e.g., as shown, beginning on 7/27 and ending on $/08}). In addition,
as shown, there are approximately twenty-foor values recorded for every two days of
operation of the IMD. As such, for this example, the storage interval length set for the
IMD is generally about two hours. However, as should be appreciated from the above
discussion, this storage interval Jength may be considered too long, resulting in too much
of a decreased resolution of the data for adequate analysis purposes. As such, it should be
appreciated that the plot of FIG. 2 is simply provided for iltustrative purposes, and the
inveniion should not be limited to such.

As described herein, embodiments of the invention involve using modes of
statistical anatysis to identify snd/or assess arrhythmic events (e.g., atrial fibritlation). For
example, with respect to single chamber IMDs, alead of the IMD can be typically inserted
i one of the heart chambers {e.x, the right ventricle). As such, the modes of analysis can
be used to identify and/or assess arrhythmiss occurring in the ventricles and/or the atria of
the heart via data collected from such single lead. With respect to multi-chamber IMDs,
multiple leads of the TMDs are typically inserted respectively in one of the ventricles and
the atria. While the multiple leads may generally provide encugh data to identify and/or
assess archythmias occurring in the ventricles and/or atria of the heast, the modes of
analysis can be used as a confirmatory mechanisns. In furn, such modes of statistical
analysis can aid a medical professional in evaluating patient data to diagnose the patieot.
fn certain embodiments, the modes of statistical analysis can be provided ouiside the IMD
10, e.g5., by a programmer, monitor, or other processing device located remote from the
IMD 10. As such, the modes of statistical analysis can be porformed without invalving
further processing and/or additional circuitry for the IMD 10. However, the invention
should not be limited to such. 1t should be appreciated that such modes of statistical
analysis can just as well be performed by the MDD 10 and still be within the spirit of the
invention.

In certain embodiments, one such maode of statistical analysis is referenced herein
as the “criteria mode”. The “criteria mode” involves determining whether the data meets
certain criferia 50 as to signal the presence of an arrbythmic event. In certain

embodiments, a first criterion involves determining whether a value exceeds a certain set
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heart rate threshold. As should be appreciated, during an archythmic event, the heart rate
is generally well above the normal heart rate of a patient. Since patients have differing
normal heart rates, the threshold is carefully selested so as to correspond 1o the patient’s
normal heart rate, and can be altered from time to ime by the medical professional over
the patient’s life. For example, one patient’s normal heart rate may be seventy beats per
minuie. As such, the hear rate threshold selected Tor such patienl may be two times their
pormal heart rate, or one-hundred forty beats per minute, In turn, when usging the “critenia
maode”, a determination is made with respect to the upper percentiie value determined for
each storage interval as to whether the corresponding value exceeds this heast rate
threshold, With reference to FIG. 2, going from left to right on the x-axis with respect to
the upper percentile values plotted, it is iHustrated that the first value that exceeds this
selected threshold oceurs roughly on 7/29. As such, this value, referenced as 34, satisfies
the first criteria.

In turn, the “criteria mode” determines whether & second criterion is met 50 as fo
indicate an grrhythniic event. As showld be appreciated, the onset of an archythmic event
is often represented by a dramatic increase of the patient’s heart rate from nornmal. As
such, in certain embodiments, the “oritical mode™ determines whether the heart rate
difference between value 34 and values occurring prior to value 34 exceed a certain
desipnated amount. Again, as described above, each patient is different with respect to his
or her cardiac condition. As such, the designated difference amount may be selected
higher for some patients than for others. Again, it should be appreciated that such
difference amount needs to be carefully selected based on the patient’s condition, and can
be altered from time to time by the medical professional over the patient’s life. In one
example, the difference amount may be selected by the medical professional fo be forty
beats per minute.

As such, in certain embodiments, the “criteria mode™ examines one or more values
prior to the value 34 to determine whether the difference in heart rate between the value 34
and any one of the prior values exceeds the set difference amount. As can be appreciated,
one woudd have to go back five values prior to value 34 to show a value 36 that meets this
second criteria. However, as described above, since the storage intervals shown by the
plot of FIG. 2 generally represent two hour durations, it is safe to say that the fen hour

duration between values 36 and 34 signals are probably not related by an arthythmic
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event. As such, one must also carefully select the quantity of values the statistical analysis
is to consider prior to a value meeting the first criteria in order to adequaiely determine
whether an arrhythmic event has occurred. In the case of the plot of FIG. 2, one is likely
to only go back one value and see i the difference between a first value meeling the first
criteria and the difference between the first value and the value oceurring just prior to the
first value meets the second criteria. Such a case is shown by value 38 occurring roughly
on 7431, As shown, the value 38 is above the set heart rate threshold of one-hundred forty
beats per minute {meeting the first criteria) and the difference between the value 38 and a
value 40 occurring just prior to the value 38 exceeds the forty beats per minute difference
amount (meeting the second criteria). As such, by the “criteria mode™ of statistical
analysis, the value 38 would indicate conditions for an arthythnic event.

As shown by the above-described statistical analvsis, the trade-off concerning
storage interval length has an obvious effect on the determination of whether the second
criteriais met. In turn, the number of values the “criteria mode” checks in determining
whether the second criteria is met should be decided with consideration being made o the
length of the storage interval length. The above example indicates a scenario in which the
number of values needs to be mited due to the occurrence of potential false positives for
the statistical analysis. However, in certain embodiments, when the storage interval length
is selectad to be five minutes {as described above), the number of values that can then be
considered in the second criteria analysis can be expanded from just the prior value. In
such certain embodiments, the number of prior values considered can be three prior
values; however, as shonld be appreciated, the invention should not be limited to such. In
addition, in order to filter out other false positives for the statistical analysis, an activity
sensor would generally be used to filter out data that is brought on by physical activity by
the patient 12. As should be appreciated, such activity sensors can be used to characterize
and mark and/or filter out data that is the result of such physical activity by the patient 12
As such, the marked or filtered data is eliminated prior to or alternatively during the
statistical analysis of the data,

FIG. 3 shows a flowchart for the above “eriteria mode” of statistical analysis. As
shown, a first step 42 involves 2 manipulation of one or more cardiac parameters (by the
summarizing function of the IMD 10 described above) and storage of the values within the

IMD 10, A next step 44 involves a gathering of certain data “Xu™ of the one or more
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cardiac parameters stored within the IMD 10, As mentioned above, this gathering can be
represented by the IMD 10 gathering such data “Xu” from the memory of the IMD 10 for
analvsis by the IMD 10, or conversely, by the IMD 10 transferring such data “Xu™ from
the memory of the IMD 10 1o a programumer, monitor, or other processing device for
subsequent analysis. As illustrated above in FIG. 2, in certain embodiments, the data
“u” gathered can involve upper percentile heart rate values {(e.g., 94" percentile values)
for a specific time period (involving a plurality of consscutive storage intervals, wherein
each storage interval is denoted an increment of “17). However, the invention should not
be limited to such. For example, in other embodiments, the data “Xa” can involve
averaged heart rate values (e.g., upper percentile values), where each gveraged heart raie
value is derived from heart rate measures from a pluralily of consecutive storage intervals
over the specific peried of time (with cach plurality of consecutive storage intervals being
denoted an increment of “17). A further step 46 involves going through the data “Xu”
sequentially {e.g., over the “i” storage intervals) to determine if and when the first criteria
of the above statistical analysis is met {with ™ being set to one). As described above, the
first oriteria involves determining if the corresponding data “Xu” exceeds a set heartrate
threshold “X". As exemplified with respect to FIG. 2, in cerfain embodiments, sich heart
rate threshold *“X” may be set as one-hundred forty beats per minute,

If a value “Xudi)” within the data “Xu™ exceeds a set heart rate threshold X7,
thereby myeeting the first oriteria, a next step 48 involves determining whether the
difference between the value “Xu(i)" and any of “Xu(i-Z)” values of the data “Xu”
occurring prior to the value “Xuo(i)” exceed a set threshold amount Y™, As exemplified
with respect to FIG. 2, “Z”, which corresponds 1o the quantity of prior data values
checked, may be set {0 one, and Y™ may be set {o forty beats per minute; however, as
described above, the invention should not be limited to such. If any of the differences
between the value “Xu(i)" and the “Xu(i—Z)" values of the data “Xu" exceed the set
threshold amount “Y¥™, a next step 50 nvolves the “criteria mode™ delermining that
conditfons have been met for an arrhythmic event. As such, during step 50, a counter is
triggered, 50 as to keep track of the number of such events occurring during analysis of the
data “Xu”. In addition, a further counter is triggered to increment “1” by one for
subsequent evaluation of the next vatue “Xu(i+1)" of the data “Xu”. Subsequently, the

analysis is looped back between steps 44 and 46 for analysis involving the next data value
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“Xu(i+1). As should be appreciated, if the criteria is not met in either of the steps 46 or 48
{respectively corresponding to the steps involving the first and second critesia), the further
counter 1s triggered to ingrement “1” by one in step 51 for subsequent evaluation of the
next value “Xu(i+1)" of the data “Xu”. Subsequently, the analysis i3 looped back between
steps 44 and 46 for analysis involving the next data value *“Xu{i-+1)".

Using the same summarizing principles as descibed above for one or more of the
cardiac parameters stored by the IMD 10, further modes of statistical analysis can be used
to identify and/or assess arrhythmic events (e.g., atrial fibrillation). One further mode of
statistical analysis is the “ratio mode”. In certain embodiments, for selected storage
interval lengths, an upper percentile value {(e.g., a 4th percentile value}, a median value,
and a lower percentile value (e.g., a 67 percentile value) are determined for the one or
more cardiac parameters and stored within the IMD 10 for each storage interval. In
certain embodiments, one cardiac parameter involves heart rate. As graphically Hustrated
in FIG. 4, the heart rate values can be plotted to show trend lines for each value over a
destgnated period of time. As exemplified in FIG. 4, the trend lines for each value are
shown over a seven-day duration {e.g., as shown, beginning on 6/26 and ending on 7/02).
As should be expected, the trend line 52 for the upper percentile values is the highest
curve on the plot, the trend line 54 for the median values is the next highest curve on the
plot, and the trend line 56 for the lower percentile values is the lowest curve on the plot.

As shown, the three trend lines 52, 54, and 56 are continuously in fiux as to their
relative distances with each other. In tumn, the distribution of the corresponding heart rate
values collected during the designated period of time of the plot is illustrated. For
example, as the median trend line 54 approaches the upper percentile trend line 52, the
majority of values are located closer to the upper percentile. In certain embodiments, the
“ratio mode” involves a determination of the distribution skewness of the heart rate values.
In turn, for each storage interval, the “ratio mode™ involves determining a distance
between the upper percentile value and the median value and determining a distance
between the median value wrend Hae and the lower percentile value. By subsequently
computing a ratio of these distances for the corresponding storage interval, the “ratio
mode” can be used to identify the presence of an arrhythmic event. By further tracking the
ratios for ¢ sumber of consecutive storage intervals, the “ratio mode™ can be used to

provide an estimation as to the duration of the arthythmic event.
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As should be appreciated, a plorality of different ratios can be determined by
making comparisons of different results. For example, in cerlain embodiments, for each
starage interval, the difference between the upper percentile value and the median value
can be compared to the difference between the median value and the tower percentile
value; however, the invention should not be Hmited as such. During an arrhythmia, it
should be appreciated that the median trend line 54 generally rises closer to the wpper
percentile trend line 52 and moves away from the lower percentile trend line 56, This is
because the heart rate of g patient is generally elevated fairly consistently over such an
event. As such, in calculating the ratio using the above-described exemplary calculation
{when dividing the distance between the upper percentile value and the median value by
the distance between the median value and the lower percentile value), the result tends 10
be a value less than unity.

For exampie, with reference to FIG. 4, for the storage interval corresponding to the
first spike in the plateau of the upper percentile (referenced by line 58), the upper
percentiie valoe ts about one-hundred sixty-three beats per minute, the median value is
about one-hundred forty-two beats per minute, and the lower percentile value is about
ninety-two beats per minute. As such, in using the difference and ratio caleulation
exemplified above, a ratio of 0.42 is caloulated. In comparison, with further reference to
FIG. 4, for the storage interval length corresponding 1o the previous spike of the upper
percentiie trend line (referenced by line 60), the upper percentiie value is about eighty-four
beats per minute, the median value is about seventy~two beats per minute, and the lower
percentile value i about sixty-four beats per minute. Inturn, the same comparison of
these differences results in a ratio of 1.30. In certain embodiments, for many patients, it
has been Found that the ratdo caloulated in normal conditions for the heart tends to be about
1.00. As such, the statistical analysis can be used to indicate conditions representing an
arrhythmia {e.g , when the ratio starts {o approach zero) and/or the general duration of the
archythnia, For instance, a low ratio indicales that the arrhythmia lasted a higher
percentage of the storgge interval, indicating s higher burden, In addition, a fow ratio over
multiple consecutive intervals indicates a long-lasting arrhythmia. As discussed herein,
information from an activity sensor or other type of sensor may be used to help confiom

that the low ratio represents an arvhythmia and not just a high rate due to physical exertion.
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It should be appreciated that over fime, certain ratios or ranges of ratios may be
found to be linked to specific arrhvthmias. As such, it should be appreciated that the
above statistical analysis can be used not only to identify conditions representing
archythmias and/or the general duration of arrhythmias, but also in tdentifying the specitfic
arrhythmia that affected the patient based on its ratio or range of ratios during such event.
In addition, while the above embodiment describes one calculation for determining the
ratio based on a certain comparison of the distances, it should be appreciated that other
calculations can be used alternatively. It should be appreciated that while using different
calculations may resalt in different ratios, such would still be within the spirit of the
inveniion when used to offer information related to the detection and/or assessment of
arrhythmic events.

With further reference to FIG., 4, the “ratio-made” of statistical analysis can be
enhanced to further aid medical professionals in providing diagnoses for the patient. In
certain embodiments, the “ratio mode™ can be used 1o calculate a distance between values
on the upper and lower percentile trend lines 52, 56 for one or more storage iaterval
lengths. As should be appreciated, such a distance (either alone or when compared with
the distances between the upper percentile value and median value and/or the distance
between the median value and the lower percentile value), when taken over the length of
the time period of the trend lines 32, 56, would enable the “ratio mode™ to provide
information as to the variability of the patient’s heart rate. This variability information,
when combined with the calculated ratio information, can further provide a medical
professional insight as to the condition of the patient’s heart.

In certain embodiments, the “ratio mode™ can also be further enhanced by
continuously averaging the devigtion of the calculated ratios from a fixed or dyngmic base
line ratio {e.g., a long-~term average or a fixed threshold} to detect sadden shifts in the
relationship between the trend lines 532, 54, and 56. In certain embodiments, this
continuous averaging can be provided via a cumulative sum. In turn, any deviation
between these two ratios is gveraged over g certain historical period of time and such
averaged deviation is cumulatively added to deviations similarly caleulated for prior
storage infervals. As such, when the calculated ratio deviates from the base line ratio for
any extended period of time {(e.g., exhibiting high rate burden), the cumulaive sum is

found to show a stgnificant output. The ouiput of the cumulative sum is generally found
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to be proportional to the magnitude of high rate burden, or length of the event. As such,
using the output of the cumulative sum s a basis, the high rate burden can, in tumn, be
plotted. Such & graphical representation is shown in FIG. 5, with the high rate burden
being ploited across the same time period that is used for the trend lines 52, 54, and 56 of
FIG. 4.

As illustrated, the upper plot of FIG. § is lhe same as shown in FIG, 4; however,
the lower plot represents the high rate burden exhibited for the trend lines 52, 54, and 56
of the upper plot based on the output of the cumulative sum. As illustrated, the high rate
burden is detected in the regions of FIG. 4 in which the median trend line 54 is closest to
ihe upper percentile trend line 52 and furthest from the lowser percentile trend line 56. As
described with respect to the “ratio mode™, based solely on the ratio calculations, such
regions are generaily indicative of conditions representing an arrhythmia because the
caleulated ratio for such storage intervals tend to approach zero {e.g , below 0.5).
However, using the lower plot of FIG. 5, one can see high rate burden is similarly detected
during such regions via the output of the cumulative sum. Intum, the lower plot provides
further evidence for the “ratio mode™ of conditions representing an arrhythmia. In
addition, by the magnitude of the high rate burden illustrated in the lower plot, the
enhanced “ratio mode™ can be used to further indicate the length in time of the arrhythmic
gvent. For example, for high rate burden values that are found to exceed a selected
threshold, the “ratio mode™ would indicate the presence of an arrhythmia,

FIG. 6 shows a flowchart for one embodiment of the above “ratio mode™ of
statistical analysis, As shown, a first step 62 involves a manipulation of one or more
cardiac parameters (by the summarizing finction of the IMID 10 described herein) and
storage of the values within the IMD 10, A next step 64 involves a gatheting of certain
data {e.g., “Xua”, “Xm?”, and “X{”) of the one or more cardiac parameters stored within the
IMD 10. As mentioned above, this gathering can be represented by the IMD 10 pathering
such data from the memory of the IMD 10 for analysis by the IMD 10, or conversely, by
the IMD 10 wansferring such data from the memory of the IMD 10 to a programmer,
monifor, or other processing device for subsequent analysis. As illastrated above in FIG.
4, in certain embodiments, the data “Xu”, “Xm”, and “XI” gathered involves upper

. . ) . "
percentile heart rate values {e.g., 94" percentile values), median heart rate values, and
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lower percentile values (e.g., 6% percentile values) for a specific time period {nvolving a
plurality, denoted by “i”, of consecutive storage interval lengths).

A further step 66 involves going through the data “Xu™, “Xm™, and *XI7
sequentially (over the “17 storage fatervals) to determine differences of the values, In twra,
a ratio is determined for the corresponding storage interval. As described above, one ratio
calculation lhat can be used s based on a comparison of the difference between the upper
percentile value and the median value and the difference between the median value and
the lower percentile value. Based on the value of the ratio, a next step 68 nvolves the
“ratio mode” determining whether or not the caloulated ratio is below Ar {an arrhythmic
event indicator ratio threshold). In certain embodiments, such ratio can be generally about
0.5, however the invention should not be limited to such, As deseribed above, generally
when the ratio is found to approach zevo (so as 1o be below Ar), such ratio can be
indicative of an arrhythmic event. As such, during step 70, a counter is triggered, so as to
keep track of the duration of such arthythmic event ocourring during analysis of the data
X, X, and “X17. Inaddition, a further counter is triggered to increment “¥” by one
for subsequent evaluation of the next value “Xu(i+1)" of the data “Xu™, “Xm{i+1)” of the
data “Xm™, and “Xi(i-+1)” of the data “XI”. Subsequently, the analysis is looped from step
70 back between steps 64 and 66 for analysis involving the next data values “Xu(i+1y",
“Xmi+1Y, and “XI{i+1Y". As should be appreciated, if the calculated ratio is determined
as not being below AR in the step 68, the duration counter is reset and the further counter
is triggered to increment “i” by one in step 72 for subsequent evalnation of the next values
"Ru(+ 1) “Xm@+1)7, and “XIGE+1)” of the data. Sobsequently, the analysis is looped
from step 68 to step 72 and subsequently back between steps 64 and 66 for analysis
involving the next data values,

In certain embodiments, as shown in step 66, the distance between the upper
percentile value “Xu(i)” and the lower percentile value “XI(1)” can also be calculated in
combinalion with the other differences mentioned above. As desciibed above, such a
distance value (either glone or when compared with the distances between the upper
percentiie value and median value and/or the distance between the median value and the
lower percentile value) would enable the statistical analysis to provide information as to

the variability of the patient’s heart rate.
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FIG. 7 shows a flowchart similar to the flowchart of FIG. 6 with steps 62-66, 70,
and 72 being the same. Siep 67 involves comparing the ratio calculated in step 66 with a
dynamic base line ratio (e.g., a long-term average or a fixed threshold) for the patient. The
devialion between these ralios is subsequently averaged over a certain historical period of
time and such averaged deviation is cumulatively added to deviations similasly calculated
for previous storage imtervals. As described above, in certain embodiments, this aggregale
functionality is enabled via the use of a cumulative sum. As further deseribed above,
when the calculated ratio deviates from the base Hne ratio for any extended period of time
{e.g., exhibiting high rate burden), it is found that the output of the cumulative sum begins
1o show a significant output. For example, the output of the cumulative sum “S(3)” can be
computed with the following equation:

SSGEY = USG-DT vl - K

where k = a miting constant, and

y{(i) = Cix() ()],

where € = an averaging or normalizalion constant,
x{i) = the calculated ratio, and

i) = the baseline ratio.

The output of such cumulative sum is found to be proportional to a magnitude of
the high rate burden. As such, in step 69, the output of the cumulative sum “SG)” is
compared to a high rate burden threshold, HRBt. I the ocutput exceeds the threshold, the
“ratto mode” can further indicate the presence of an arvhythmia. As such, during step 70,
the same counters described above with respect to FIG. 6 are triggered. Sabsequently, the
analysis is looped from step 70 back between steps 64 and 66 for further analysis. As
should be apprecinted, if the criteria is not met in the step 69, the duration counter is reset
and the further counter is triggered to inorement “t” by one in step 72 for subsequent
evaluation of the next values “Xu(i+1)", “Xm{i+1)", and “XI{i+1)" of the data.
Sobsequently, the analysis is leoped back step 69 through step 72 and sebsequently
between steps 64 and 66 for analysis involving the next dagg values.

As described above, further modes of statistical analysis with respect fo cardiac
parameters can be used to aid the medical professional in identifying and/or assessing
arrhythmic events (e.g., atrial fibrillation). One fiwther mode of statistical analysis is the

“variability mode”. In centain embodiments, the cardiac parameters involve heart rate and
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pressure parameters of the heart, Ag graphically illustrated through a series of plots shown
in F1G. 8, a number of heart parameters are individually plotted. The upper plot shows a
trend line for a patient’s heart rate over a two and a half minute dme peried {e.g., from
16:12:14 through 16:14:44). As indicated on the upper plot, the left half of the upper plot
shows a high rate event, with heart rates ranging from about 130 beats per minute to about
155 beats per minute, Upon triggering of therapy (e.g., by a corresponding IMD) at about
16:13:29, the heart rate is shown to steadily decrease,

With reference to the three lower plots, pressure parameters such as RV diastolic
pressure, RV systolic pressure, and ePAD are plotted over the same time period as
described above with respect to the upper plot. As can be appreciated, in comparing the
heart sate plot to the pressure parameter plots, i is generally shown that the variability of
the heart pressure parameters inorease significantly during high rate events. In tum,
computation of such pressure variability can be used as a confinmatory mechanisin for the
presence of high rate events {e.g., atrial arthythmias). In ceriain embodiments, as
illustrated in the RV diastotic plot, the “variability mode” can determine the variability by
calculating a distance between upper and lower values of a certain time period of one or
maore of the pressure parameters. As described above with respect to FIG. §, by
continuously averaging the deviation of these calenlated distances from a dynamic base
line distance for the paiient, the “varisbility mode™ can be used as a confirming factor in
identifving the presence of arrhythmias. In certain embodiments, this continuous
averaging can be provided with the use of a cumulative sum. Inturn, any deviation
between these two distances is averaged over a certain historical period of time and such
averaged deviation is cumulatively added to deviations similarly caiculated for prior
storage intervals, As such, when the calculated distance deviates from the base line
distance for any estended period of time, the cumulative sum is found to show a
stgnificant output. Upon comparing this output fo a set threshold level, the “variability
mode” would provide an indicator of the presence of an arrhythmia. I should be
appreciated that the “variability maode™ would simply provide such an indicator, and would
generally need to be supported by one or more further criteria in order to be deferminative.

FIG. 9 shows a flowchart for one embodiment of the above “variability mode™ of
statistical analysis. As shown, a first step 74 involves a gathering of certain data (e.g.,

Py} of the ong or move cardiac parameters stored within the IMD 10, As mentioned
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ghove, this gathering can be represented by the IMD 10 gathering such data from the
memory of the IMD 10 for analysis by the IMD 10, or conversely, by the IMD 10
wansferring such data from the memory of the IMD 10 to a programmer, mogitor, or other
processing device for subsequent analysis. As illusirated above in FIG. 8, in certain
embodiments, the data “P(i)” gathered involves a pressure parameter for a specific tume
period “I" (*i” equaling one initlally). A further step 76 involves going through the data
“PY’ sequentially to determine the highest value “P(ih” and lowest value “P()” of the
“PEY data. In fum, the difference is calculated between such highest and lowest values.
Step 78 mvolves comparing the difference calculated in step 76 with a dynamic base line
distance {e.g., a long-term average or a fixed threshold) for the patient. The deviation
between these ratios Is subsequently averaged over a certain periad of time and such
averaged deviation is cumulatively added to deviations similarly caloulated for provious
storage intervals. As deseribed above, in certain embodiments, this aggregate
functionality is enabled via the use of a cumulative sum. As further described above,
when the calculated ratio deviates from the base Hae distance for any extended pertod of
time {e.g., exhibiting high rate burden), it is found that the output of the cumulative sum
shows a significant output. The output of the cumudative sum “Sp(i)” is found to be
proportional to a magnitude of the high rate burden. As such, in step 80, the output of the
cumulative sum “Sp(iY” is compared to a designated threshold “Pt”. If the magnitude
excesds the threshold, the “variability mode’™ can further provide an indicator as to the
presence of an arrhythmia. As such, during step 82, a counter is triggered, so as to keep
track of such indicators during analysis of the data “P(i)”. In addition, a further counter is
triggered to increment “i” by one for subsequent evaluation of the next set of data “PE+1)”
Subsequently, the snalysis is looped back to step 74 for further gathering of data “PE+1)".
As should be appreciated, if the oriteria is not met in step 80, the further counter is
triggered to increment “i” by one in step 84 for subsequent evaluation of the next set of
data “PE+15". Subsequently, the analysis is looped back to slep 74 for analysis involving
the next data valoe “P+1)”,

It shonld be appreciated that the exemplitied pressure parameters gathered above
with respect to the above “variability mode™ of statistical analysis can be provided from a
number of sources and should not be solely limited to IMDs to be within the spirit of the

invention. In addition, in certain embodiments, based on the results of the statistical
;
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analyses provided by the above-described modes of analysis, the device providing the
modes can provide instruction {e.g., telemetrically) to BMDs (e.g., bmplantable drug
pumps) instead of requiring initial analvsis by a medical professional. For example, in the
case of a drug pump, based on the indication and/or duration of an arvhyihmic event, the
device utilizing the above modes of analysis mav be able to instruct the drug pump to
modify the gmount of drugs provided to the patient. In addilion, in cerfain embodiments,
the specific type of archythnyia may also be ascertained via the use of the modes. In turn,
In gertain embodiments, decisions normally provided by a medical professional with
respect to certain diagnoses for the patient {e.g., regarding levels of medication needed}
may instead be automatically provided in using the above modes. Further, it should be
appreciated that one or more aspects of the modes of statistical analysis described herein
can be combingd to provide further modes of statistical analysis.

It will be appreciated the embodiments of the present invention can take many
forms. The true essence and spirit of these embodiments of the invention are defined in
the appended claims, and it is not intended the embodiment of the invention presented

herein should limit the scope thereof.
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CLAIMS
i A computer-readable medinm programmed with instructions for pesforming a
method of identifying and/or assessing patient arrhythmias, the medizm comprising
instructions for causing a programmable processor o)

obtain a set of values, the values representative of a heart parameter of a patient
collecled over successive time imtervals, the set gathered from & memory of a medical
device implanted within the patient,

process the set of values to identify values that exceed a predetermined amplitude
threshold value, such identified values thereby meeting a first criterion;

for gach identified value, compare the identified value with the value from a
preceding time interval to determine if such identified value exceeds the preceding time
interval value by a difference threshold amount, such identified value thereby meeting a
second criterion; and

provide an indication of presence of an arthythimia for storage intervals having

values in which the first and second criteria are met,

2. The computer readable mediam of claim 1, wherein the heart parameter comprises
heart rate.
3. The computer readable medium of claim I, wherein each value is represemtative of

one of a statistically high, mediam, and low measure of the heart parameter coliected over

a respective fime interval.

4, The computer readable medium of clatm I, wherein egch value is representative of
a predetermined percentile measure of the heart parameter collected over a respective time

interval.

3. The computer readable mediuym of claim 1, wherein the successive time intervals

encompassed by the set of values extend over a predetermined amount of time.

5. The computer readable mediom of claim 1, wherein the preceding time interval is

the time interval immediately preceding that of the identified value.
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7. The compuler readable medivm of claim 1, wherein the preceding time interval is
one of the first, second, and third time intervals immediately preceding that of the

identified value.

8. The compuler readable medium of claim 1, wherein the preceding time interval
includes the first, sscond, and third time tntervals immediately preceding that of the

1dentified value.

g, The computer readable medivum of claim 1, wherein the predetermined amplitude

threshold value comprises g value for the heart parameter indicative of an archythmia.

0. The computer readable medinm of claim 1, wherein the difference threshold
amount comprises a difference between the heart parameter during an archythmia and the

heart parameter prior to an arrhythmia generally corresponding to onset of an arvhythmia.

1. The computer readabie mediam of claim 1, wherein the computer-readable

medicm resides within the implantable medical device.

12, A computer-readable medium programmed with instructions for performing a
method of identifying and/or assessing patient arrhythmias, the medium comprising
instructions for causing a programmable processor fo:

obtain sets of high, medium, and low percentile measures of a heart parameter of a
patient collected over a plurality of successive time intervals, each set of high, medium,
and low percentile measures corresponding o a respective time interval of the plurality of
successive time intervals, the sets gathered from a memory of a medical device implanted
within the patient;

for each sey, caloplate a ratio corresponding to the magnitude of the gaps between
the percentile measures; and

using each ratio, for the time interval associated with each ratio, determine at least

one of an indicstion of an arrhythmia and at least a partial duration of the arthythmia.
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13, The computer readable medium of claim 12, wherein the indication of the
arrhythmia for the ime interval associated with each ratio ovolves a determination that

such ratio is below a predetermined ratio threshold.

14, The computer readable medium of claim 13, further including instructions to
increment a counter for any storage interval in which such ratio is below the
pradetermined ratio threshold, whereby the counter is used 1o indicate the number of
storage intervals defining the corresponding arrhythmia; and
reset the counter for any storage interval in which such ratio is above the

predetermined ratio threshold.

i3, The computer readable medium of olaim 12, further including instructions to!
agpregate each ratio with a dynamic base Hne ratio for the patient;

determine whether the aggregate exceeds a high rate burden threshold; and

provide an indication of the presence of gn archythmia for the time intervals associated

with the ratios in which the aggregate exceeds the high rate burder threshold.

16.  The computer readable mediam of claim 13, further including instructions to
increment a counter for anv storage interval in which the aggregate exceeds the
predetermined high rate burden threshold, whereby the counter is used fo indicate the
number of storage intervals defining the corresponding arthythmia; and
reset the counter for any storage interval in which the aggregale is equal to or

bhelow the predetermined high rate burden threshold.

i7. The computer readable medium of claim 13, wherein the aggregating step

involves the use of a cumulative sum.

18, A computer-readable medium programmed with instructions for performing a
method of identifying andi/or assessing patient arrhythmias, the medivm comptising

instructions for causing a programmable processor to:
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gathering a set of values derived from a heart parameter of a patient monitored over a
period of time, the set of values gathered from a memory of 2 medical device implanted
within the patient;

processing the gathered set values to determine a greatest distance between the values; and

5 using the greatest distance for each set of values to confirm one or more of an
indication of an arrhythmiz and at least a partial duration of the arrhyvihmia.
i9. The computer readable medium of claim 18, wherein the heart parameter
comprises heart pressure.
10

20. The compuler readable medium of claim 18, further including instructions 1o:
aggregate the greatest distance with a dynamic base Hng distance for the patient;
determine whether the aggregate exceeds a predetermined threshold; and
provide an indication of the presence of an arrhythmia for the period of ime in

i5 which the aggregate exceeds the predetermined threshold.
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oo

l

Data Process
- Compute cumulative sum statistics
“S(i)” based on calculated ratio

A G]

(A

Increment “i” by 1

N
Is “S(iy” > “HRBt™?
Inctement Duration P _‘] O
counter;

FiG. 1



WO 2007/089999 PCT/US2007/060819
8/9

Heart Rate {bpm) . .
150 - - ToEa - 150
230 ~-—--Hmm~Ratea—Even§t : 2 '

o e PO YRR UG NSO OUIOU | SOOI RRTURRIRDN
10 -——w&iﬁiimamm e e R o B SR
N : "'f
130 " LY
TR A AEZ A2 AN 162 2%: 24 26 ANz 44
’ ’ Tiome: € Ik s3o0xe s Y

RV Diastollc Pressure (mmHg}

30 - - - 0
28 A Pllessure !laupbllltv g
< .
10, T o ’5';.'»?’:»:‘ 20 2 S I ’....S."..‘:...,—-:LO
- e - e,
9 TN R S o L4 PR *‘v;"“‘ﬁ“ ol S
- ¥ . S BT ST LA
=l - T * -0
S 12 Lk A2 R 1 - X L PP Y- | A& Ldes 2L
Tanws { i o 35}
RV Systolie Prassure {mmHg)
T4 M
10 -l SN TECTIEIR REIEE EIEERS SRS .;. L. o - -. R
! z
50 - - =0
d - -
: . J:- . :u“" LN J [ ':n_.‘:.::.;. :‘.!.;'.-'ng L
. DU R T B
30 - 2 3]
D12 A% WGz X2 A 1622192 14 AG: 1324 B i K -
T3xme: C 2eh smn) &) 7
aPAD [mmHg)
T
- - I
10 B E— .ié:: R .. :E - . . . . a0
R R T - 5 .
- e et R .‘,.-'&-,.';;'-r ...F"—..p", vt e N Y
z0 I IR A Bt e e~ o g e e S e S Sy P S e 20
ottt S x4 2 MRS *—‘r'-‘":‘":'*"':‘ L EPEAREL SRR BT
D : ] n
AFadRz dA AGz A3 48 48= Aos 2 Az Adcdd AE: Ak dd

e (B somn: =y

FG. 3



WO 2007/089999

PCT/US2007/060819
9/9

74 qH
Gathering Data of the / /J

» Cardiac Parameters <4——  Increment “i” by 1
(*P(1)”) over a time period

l

A

Data Process 7 49
- Difference calculated for the highest e
and lowest values for the data
(“P(i)h” - “P(i)l”)

h 4

Data Process _/ 78
- Compute cumulative sum statistics
“Sp(i)” based on calculated difference

Is “Sp(i)” > Pt?

Increment Indicator 8 2
counter; /-/
Increment “i” by 1
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