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Description
BACKGROUND

[0001] Medical devices include devices designed to be
implanted into a patient. Some examples of these im-
plantable medical devices (IMDs) include cardiac func-
tion management (CFM) devices such as implantable
pacemakers, implantable cardioverter defibrillators
(ICDs), cardiac resynchronization therapy devices
(CRTs), and devices that include a combination of such
capabilities. The devices can be used to treat patients or
subjects using electrical or other therapy or to aid a phy-
sician or caregiver in patient diagnosis by monitoring a
patient condition. The devices can include one or more
electrodes in communication with one or more sense am-
plifiers to monitor electrical cardiac activity within a pa-
tient, and can include one or more sensors to monitor
one or more other internal patient parameters. Other ex-
amples of IMDs include implantable diagnostic devices,
implantable drug delivery devices, or implantable neural
stimulation devices.

[0002] Some IMDs detect events by monitoring elec-
trical cardiac activity. In CFM devices, these events can
include heart chamber expansions or contractions.

By monitoring cardiac signals indicative of expansions
or contractions, IMDs can detect abnormally slow heart
rate, or bradycardia. In response to an abnormally slow
heart rate, some CFM devices deliver electrical pacing
stimulation energy to induce cardiac depolarization and
contraction. The stimulation energy is delivered to pro-
vide a depolarization rate that improves hemodynamic
function of the patient.

[0003] Normally, a patient’s heart rate changes in re-
sponse to a change in metabolic or physiologic need
(e.g., during exercise). However, some patients’ atrial
depolarization rate may not adequately change in re-
sponse to such changes. This condition is sometimes
called chronotropic incompetence (Cl). Examples of car-
diac devices that can predict or recognize a chronotrop-
ically incompetent condition can be found in Scheiner et
al., U.S. Patent No. 7,142,920, entited CHRONOTROP-
IC STATUS MONITOR FOR IMPLANTABLE MEDICAL
DEVICE. Pacemaker devices, such as dual-chamber de-
vices, can use a rate-responsive pacing mode to treat
patients with CI. In a rate-responsive, or rate-adaptive,
pacing mode, information from a patient physical activity
level sensor can be used by a pacemaker to adjust a
patient heart rate. Some devices use more than one sen-
sor to improve assessment of patient physical activity
level, such as a quickly-reacting unspecific sensor (e.g.,
an accelerometer) and a more specific metabolic sensor
(e.g., a respiration sensor).

[0004] Inadditionto Cl, decreased heart rate variability
can be associated with adverse cardiac outcomes includ-
ing myocardial infarction or rapid progression of athero-
sclerosis and death from heart failure. Bakken et al., in
U.S. Patent No. 7,133,718, entitted METHOD AND AP-
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PARATUS FOR TEMPORARILY VARYING A PARAM-
ETER IN AN IMPLANTABLE MEDICAL DEVICE, men-
tion using a heart rate histogram to determine a heart
rate profile. Bakken et al. also mention using the deter-
mined heart rate profile with a target rate profile to deter-
mine whether to use a rate variation feature of a pace-
maker, such as an exercise simulator.

[0005] US 2009/299428 A1 describes a method for as-
sessing hemodynamic intolerance of ventricular pacing.
The method comprises sensing a parameter indicative
of autonomic tone during a first period in which a medical
device delivers ventricular pacing to a patient, sensing
the parameter indicative of autonomic tone during a sec-
ond period in which the medical device does not deliver
ventricular pacing to the patient, and assessing a level
of change in autonomic tone in the patient induced by
ventricular pacing based on values of the sensed param-
eter during the first and second periods.

[0006] Further, US 6,907,287 B1 discloses a system
for collecting enhanced diagnostic information specifical-
ly pertaining to overdrive pacing within an implantable
cardiac stimulation device and for processing and dis-
playing the enhanced diagnostic information.

OVERVIEW

[0007] The presentinventors have recognized, among
other things, thata problem to be solved caninclude iden-
tifying patients at elevated risk of cardiac arrhythmia or
death. The present subject matter can help provide a
solution to this problem, such as by identifying or using
a heart rate variability or heart rate variation to identify
patients who can benefit from therapies that can reduce
a risk of cardiac arrhythmia or death. In an example, a
heart rate variability can include information aboutchang-
es in intra-beat cardiac activity, or a heart rate variation
can include information about changes in a patient heart
rate, such as can be used to identify patients at elevated
risk of arrhythmia and to identify patients with poor sur-
vival probabilities. Information about a heart rate varia-
bility or heart rate variation can be used to indicate a need
for rate-responsive pacing. In some patients, rate-re-
sponsive pacing can be used toimprove a patient survival
probability.

[0008] Heartrate variability and heartrate variation can
be determined using intrinsic cardiac activity information
(e.g., information about natural sinus cardiac activity,
such as a count of sinus heart beats), non-intrinsic car-
diac activity information (e.g., information about aug-
mented cardiac activity, such as a count of paced heart
beats), or both intrinsic and non-intrinsic cardiac activity.
Methods and systems to identify at-risk patients with suf-
ficiently low heart rate variability orlow heart rate variation
are provided. A patient risk profile or a patient therapy
can be adjusted, such as in response to an identified
patient heart rate variability or heart rate variation.
[0009] In an example, a data input circuit can be con-
figured to receive a cardiac activity signal of a patient.
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The cardiac activity signal can include information about
intrinsic and non-intrinsic cardiac activity. A memory cir-
cuit can be configured to store information about the re-
ceived cardiac activity signal. A processor circuit can be
coupled to the memory circuit. The processor circuit can
be configured to determine a heart rate variability using
the stored information about the cardiac activity signal,
including information about intrinsic and non-intrinsic car-
diac activity. According to the invention the processor
circuit is further configured to determine a rate-respon-
sive pacing mode suitability indication for a patient using
the determined heart rate variability.

[0010] In an example, a data input circuit can be con-
figured to receive information indicative of a patient heart
rate, such as including information about both intrinsic
and non-intrinsic patient heart beats. A memory circuit
can be configured to store information about the patient
heart rate over time, such as in a heart rate histogram.
A processor circuit, such as coupled to the memory cir-
cuit, can be configured to determine a heart rate variation
using the stored information about the patient heart rate
over time. The determined heart rate variation can be
indicative of a number of both intrinsic and non-intrinsic
patient heart beats within a specified heart rate range.
The processor circuit can be further configured to com-
pute a patient metric, such as using the determined heart
rate variation.

[0011] This overview is intended to provide an over-
view of subject matter of the present patent application.
It is not intended to provide an exclusive or exhaustive
explanation of the invention. The detailed description is
included to provide further information about the present
patent application.

[0012] The present invention provides an apparatus
according to claim 1 and a method according to claim
15. Preferred embodiments are defined in the dependent
claims. Examples, embodiments and aspects disclosed
herein, but not falling under the scope of claim 1 or claim
15, do not form part of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] In the drawings, which are not necessarily
drawn to scale, like numerals may describe similar com-
ponents in different views. Like numerals having different
letter suffixes may represent different instances of similar
components. The drawings illustrate generally, by way
of example, but not by way of limitation, various embod-
iments discussed in the present document.

FIG. 1 illustrates generally an example of a patient
survival probability over time.

FIG. 2 illustrates generally an example that can in-
clude computing a patient metric or determining a
rate-responsive pacing mode suitability.

FIG. 3A illustrates generally an example that can in-
clude a heart rate variation histogram.

FIG. 3B illustrates generally an example that can in-
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clude a heart rate variability histogram.

FIG. 4 illustrates generally an example that can in-
clude a heart rate variation histogram.

FIG. 5 illustrates generally an example that can in-
clude patient survival probability trends correspond-
ing to different patient populations.

FIG. 6 illustrates generally an example that can in-
clude a heart rate histograph corresponding to three
patients.

FIG. 7 illustrates generally an example that can in-
clude patient survival probability trends correspond-
ing to different patient populations.

FIG. 8 illustrates generally an example that can in-
clude patient survival probability trends correspond-
ing to different patient populations.

FIG. 9 illustrates generally an example that can in-
clude patient survival probability trends correspond-
ing to different patient populations.

FIG. 10 illustrates generally an example that can in-
clude a relationship between a physiologic sensor
type and a heart rate variation.

FIG. 11 illustrates generally an example that can in-
clude a relationship between an initial heart rate var-
iation index and a percentage of atrial pacing events.
FIG. 12 illustrates generally an example that can in-
clude a relationship between a heart rate variation
index and defibrillation shocks.

FIG. 13 illustrates generally an example of a patient
assessment and therapy delivery system.

FIG. 14 illustrates generally an example of a system
that can identify a heart rate variability or a heart rate
variation.

FIG. 15 illustrates generally an example of a therapy
circuit and multiple therapy parameters.

FIG. 16 illustrates generally an example that can in-
clude computing a patient metric or determining a
rate-responsive pacing mode suitability.

FIG. 17 illustrates generally an example that can in-
clude using a patient metric.

FIG. 18 illustrates generally an example that can in-
clude using physiologic information.

FIG. 19 illustrates generally an example that can in-
clude identifying a suitability for a rate-responsive
pacing mode.

FIG. 20 illustrates generally an example that can in-
clude identifying a mortality rate.

DETAILED DESCRIPTION

[0014] Some cardiac function therapies can be provid-
ed using implantable orambulatory medical devices such
as pacemakers or defibrillators, among other devices.
Some of these devices can be configured to provide elec-
trostimulation to various body regions to effect a partic-
ular physiologic change. For example, a pacemaker de-
vice, a type of cardiac rhythm management device, can
be configured to provide an electrostimulation to one or
more areas of a heart, such as to initiate or augment a
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cardiac contraction.

[0015] A patientcan receive a cardiac function therapy
to address a cardiovascular disease or other dysfunction.
Some cardiovascular or other diseases can cause a heart
rate abnormality. For example, patients who suffer from
chronotropic incompetence may be unable to effectively
increase their heart rate in response to an increased met-
abolic need. Such patients can be treated using an im-
plantable pacemaker with a rate-responsive pacing
mode. An implantable pacemaker with a rate-responsive
pacing mode can be configured to receive information
about a patient’s metabolic need, such as using one or
more physiologic sensors coupled to the pacemaker and
to the patient. For example, a physiologic sensor can
include a physical activity level sensor, such as an ac-
celerometer. A pacemaker with a rate-responsive pacing
mode can use information from an accelerometer about
metabolic need to automatically adjust a patient’s heart
rate.

[0016] FIG. 1 illustrates generally an example 100 of
a survival probability for a particular population of 5328
patients. Half, or 2664, of the 5328 patients received pac-
ing therapy from a pacemaker programmed to use a non-
rate-responsive pacing mode, and the other half of the
5328 patients received pacing therapy from a pacemaker
programmed to use a rate-responsive pacing mode. FIG.
1 includes a first survival probability trendline 101 corre-
sponding to the patients using the non-rate-responsive
pacing mode, and a second survival probability trendline
102 corresponding to the patients using the rate-respon-
sive pacing mode. All of the patients had either a poten-
tially lethal cardiac arrhythmia or had a left ventricular
ejection fraction less than about 35%. All of the patients
were indicated for a defibrillator.

[0017] Inthe example of FIG. 1, a significant difference
is not observed between the survival probability of pa-
tients whoreceived arate-responsive pacing therapy and
the survival probability of patients who did not receive a
rate-responsive pacing therapy. As shown, at an initial
time, a first group of 2664 patients received a non-rate-
responsive pacing therapy (e.g., corresponding to the
first survival probability trendline 101), and a second
group of 2664 patients received a rate-responsive pacing
therapy (e.g., corresponding to the second survival prob-
ability trendline 102). Each year following the initial time,
about the same number of patients remained in each of
the first and second populations. Thus, in this particular
example, although some of the patients are believed to
have benefitted qualitatively from rate-responsive pacing
(e.g., as reported by improved quality of life indications),
this benefit did not translate to a mortality or survival ben-
efit over time. Patients in both groups were just as likely
to die, according to this particular example.

[0018] The present inventors have recognized that in-
cluding a rate-responsive pacing mode in a cardiac func-
tion management device can increase device size, com-
plexity, and cost. The presentinventors have further rec-
ognized that using a cardiac function management de-
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vice with an enabled rate-responsive pacing mode can
more quickly drain device resources, such as battery life,
memory, or capacity to perform other functions. Accord-
ingly, the present inventors have identified a solution to
these problems and others, such as by identifying par-
ticular patients for whom survival probability can be im-
proved using rate-responsive pacing. The patient popu-
lations can be identified, atleastin part, using information
about a heart rate variability or a heart rate variation.
[0019] A heart rate variability, or a heart rate variation,
can include information about intrinsic (e.g., naturally oc-
curring) and/or non-intrinsic (e.g., non-naturally occur-
ring, e.g., at least partially electrostimulated) cardiac ac-
tivity. A heart rate variability or heart rate variation can
be determined using, among other techniques, an elec-
trical or acoustic energy signal received from a patient.
A heart rate variability can describe intra-beat heart rate
changes, including a variability of a physiological param-
eter that can depend on heart rate. A heart rate variation
can describe changes in heart rate over multiple cardiac
cycles.

[0020] An intra-beat heart rate variability can include
information about a cardiac characteristic or variable that
can change with heartrate, such as a QT interval, a septal
Q-wave amplitude, an ST segment slope, a T-wave mor-
phology, or a P-wave amplitude or morphology, among
others. An intra-beat heart rate variability can include in-
formation about arelationship between one or more intra-
beat variables. Multiple time- and frequency-domain
methods can be used to determine heart rate variability
in spontaneous, intrinsic beats, such as described by Ma-
lik et al., in HEART RATE VARIABILITY: STANDARDS
OF MEASUREMENT, PHYSIOLOGICAL INTERPRE-
TATION, AND CLINICAL USE, Circulation, vol. 93, p.
1043-1065 (1996). Heart rate variability or heart rate var-
iation caninclude patient heartrate changes over periods
that exceed a single heart beat, or that exceed aninterval
between adjacent heart beats. For example, a heart rate
variation can include information about multiple cardiac
cycle lengths, such as can be determined using informa-
tion about a series of R-Rintervals. A heartrate variability
or heart rate variation can include information about a
frequency of a particular type of electric or acoustic event
(e.g., an R-wave peak, a threshold crossing of an elec-
trical signal magnitude, an S1 event, etc.), such as over
a specified period. A heart rate variability or heart rate
variation can describe oscillations or other changes
among multiple cardiac cycles, such as for intrinsic
and/or non-intrinsic cardiac activity. Information about a
patient heart rate can be determined using information
about a patient heart rate variability or a patient heart
rate variation.

[0021] A patient heartrate can be determined, such as
using information about intrinsic and/or non-intrinsic car-
diac activity (e.g., including sinus and/or paced heart
beats). For example, a patient heart rate can be deter-
mined using a patient electric or acoustic energy signal,
such as using a series of R-wave peaks in a QRS wave-
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formfrom a patient ECG, or by using acoustic heartsound
timing information. Heart rate fluctuations, or heart rate
variation, can be analyzed and used to indicate a patient
health status, or to indicate a need for a patient therapy,
such as a rate-responsive pacing therapy. A heart rate
variation can include information about a number, or
count, of intrinsic or non-intrinsic heart beats, such as
corresponding to a specified heart rate range.

[0022] Information about a heart rate variability or a
heart rate variation can be used to compute a patient
metric or to determine a patient therapy. FIG. 2 illustrates
generally an example 200 that can include determining
a heart rate variability or determining a heart rate varia-
tion.

[0023] At 202, intrinsic cardiac activity information can
be obtained. Intrinsic cardiac activity information can in-
clude information about natural cardiac activity, such as
information about spontaneous activation of nodal tissue,
or electric or acoustic information about natural cardiac
mechanical activity. The obtained intrinsic cardiac activ-
ity information can include information about one or more
intrinsic heart beats, such as a beat count.

[0024] At204, non-intrinsic cardiac activity information
can be obtained. Non-intrinsic cardiac activity informa-
tion can include information about non-natural cardiac
activity, such as information about paced or otherwise
augmented cardiac activity. The non-intrinsic cardiac ac-
tivity information can include information about one or
more non-intrinsic heart beats (e.g., paced heart beats
or paced portions of heart beats), such as a beat count.
The non-intrinsic cardiac activity information can include
information from a medical device about a cardiac ther-
apy, such as timing information or information about a
characteristic of the cardiac therapy. The information
about intrinsic or non-intrinsic cardiac activity can include
information about all or a portion of a cardiac cycle, such
as including information about one or more of atrial, ven-
tricular, or other venous or neural activity.

[0025] At 220, a heart rate variability can be deter-
mined using the information about intrinsic and/or non-
intrinsic cardiac activity. For example, the heart rate var-
iability determined at 220 can be determined using infor-
mation about an intra-beat variable (e.g., a QT interval,
a P-wave amplitude, etc.), such as a variable indicative
of a patient heart rate. An implanted device such as a
pacemaker can be used to sense intrinsic cardiac activity
(e.g., at 202), or provide information about non-intrinsic
cardiac activity (e.g., at 204). The implanted pacemaker
can include a memory circuit that can be used to record
the cardiac activity information, such as including timing
information (e.g., R-R interval information) correspond-
ing to the intrinsic and non-intrinsic cardiac activity.
[0026] At 220, the determined heart rate variability can
provide an indication about patient heart rate changes,
such as whether the patient’s heart rate is relatively static
(e.g., corresponding to a low variability) or dynamic (e.g.,
corresponding to a high variability). A static heart rate
can be arate thatis constant or nearly constant, such as

10

15

20

25

30

35

40

45

50

55

due to a cardiac dysfunction or a sedentary lifestyle,
among other factors. A static heart rate can correspond
to a poor patient survival probability. A dynamic heart
rate, on the other hand, can be a rate that is not constant,
such as a heart rate that sufficiently responds to changes
in metabolic demand. A dynamic heart rate can fluctuate
according to a normal patient’s sleep/wake cycles or oth-
er activities. A dynamic heart rate can correspond to an
improved patient survival probability.

[0027] At 222, the intrinsic and/or non-intrinsic cardiac
activity information (e.g., obtained at 202 and 204) can
be used to determine a heart rate. For example, the in-
trinsic and non-intrinsic cardiac activity information can
include information about an interval between cardiac
depolarizations that can be used to determine a patient
heartrate. At222, aheart rate variability (e.g., determined
at 220) can be used to determine the heart rate, such as
using one or more variables indicative of a heart rate
(e.g., QT interval, Q-wave amplitude, etc.).

[0028] At225, aheartrate variation can be determined
using the heart rate. Determining a heart rate variation
at 225 can include determining an amount of heart rate
change, such as over a specified period. For example, a
heart rate variation can indicate how often a patient ex-
periences a particular heart rate range (e.g., 60 to 65
beats per minute) over a specified period, such as a 24
hour period. A low heart rate variation can correspond to
poor patient outcomes, and high heart rate variation can
correspond to improved patient survival probability.
[0029] As described above, obtaining the intrinsic and
non-intrinsic cardiac activity information (e.g., at 202 and
204) can include obtaining a signal indicative of cardiac
mechanical or electrical activity. For example, a maxi-
mum, a minimum, a slope, or a characteristic, such as a
morphology characteristic, of a cardiac activity signal can
be used to determine the heart rate variability at 220, or
to determine the heart rate variation at 225. A frequency
of a cardiac activity signal can correspond to the intrinsic
or non-intrinsic cardiac activity information. For example,
asignalindicative of cardiac electrical activity caninclude
a frequency component indicative of a patient heart rate.
The frequency component can be used to determine a
distribution of the patient heart rate information (e.g., to
determine a heart rate variation at 225), such as by mon-
itoring changes in the frequency component over time.
[0030] At 230, the determined heart rate variability or
heart rate variation can be used to compute a patient
metric. The patient metric computed at 230 can include,
among others, a patient health status, a patient risk pro-
file, a patienttherapy indication, or a patient survival prob-
ability, such as described in further detail herein.

[0031] At 240, the patient metric is used to determine
a rate-responsive pacing mode suitability. The patient
metric computed at 230 can include a heart rate variation
metric or a heart rate variability metric. The heart rate
metric(s) can be compared to a corresponding baseline
or threshold metric, such as to determine whether a par-
ticular therapy (e.g., a rate-responsive pacing therapy)
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is recommended. For example, when the determined
heartrate variability is low compared to the baseline (e.g.,
corresponding to a relatively static heart rate), a rate-
responsive pacing therapy can be indicated. When the
determined heart rate variability is high compared to the
baseline (e.g., corresponding to a relatively dynamic
heartrate), a rate-responsive pacing therapy can be con-
traindicated. When a patient with low heartrate variability
receives a rate-responsive pacing therapy, the patient’s
survival probability can be improved.

[0032] Patient heart rate information, such as obtained
from intrinsic or non-intrinsic cardiac activity information,
can be stored in a heart rate histogram. The heart rate
histogram can include one or more histogram bins that
correspond to specified heart rates, heart rate ranges, or
heart rate variability variable ranges.

[0033] A heart rate variation histogram can include
multiple bins corresponding to different ranges of heart
rates. Afirst histogram bin can be centered at a particular
heart rate n. The heart rate can be expressed in terms
of beats per minute (bpm), or in terms of an interval (e.g.,
corresponding to an R-R interval, such as in millisec-
onds). A heart rate n, can be a number of occurrences
perunittime (e.g.,bpm), oraheartrate nycan correspond
to a particular heart rate interval duration (e.g., R-R in-
terval, such as in milliseconds). Each histogram bin can
have a corresponding width, such as can be expressed
in terms of a number of a beats or an interval. For exam-
ple, a histogram bin can have a width of m,, beats or m
milliseconds.

[0034] Inaheart rate variation histogram with bins cor-
responding to ranges of bpm, a number of detected heart
beats (e.g., intrinsic and/or non-intrinsic beats) can be
counted and recorded in a first histogram bin, such as a
bin centered at n, and having a width m,. The first bin
can be bound by a first heart rate n,-(m,/2) and a second
heart rate n,+(m,/2). For example, where n, is 60 beats
per minute (bpm), and m, is 10 beats, the number of
intrinsic and non-intrinsic heart beats between 55 and 64
beats can be counted and recorded in the histogram bin.
A second histogram bin can be adjacent to the first, and
can be centered at n,+m,,. The second histogram bin can
have a width of m;, beats, or it can be wider or narrower.
Additional histogram bins can be provided to record the
heartbeatinformation. A heartrate histogram caninclude
histogram bins of different or various widths, such as can
be fixed or variable.

[0035] A heart rate variability or a heart rate variation
can be determined using a heart rate histogram. FIG. 3A
illustrates generally a graphical example of a heart rate
variation histogram 300. The heart rate variation histo-
gram 300 includes a series of adjacent, fixed-width, 10-
beat histogram bins. In the example of FIG. 3A, the his-
togram 300 can include information about non-intrinsic
beats 301 and information aboutintrinsic beats 302, such
as for one or more patients. A histogram bin can include
information about both non-intrinsic beats and intrinsic
beats, such as when non-intrinsic and intrinsic beats oc-

10

15

20

25

30

35

40

45

50

55

cur at similar rates. A relationship between the number
of non-intrinsic beats and the number of intrinsic beats,
or between the number of non-intrinsic beats and the
total number of intrinsic and non-intrinsic beats, can be
determined. For example, as shown in the example of
FIG. 3A, about 6% of the total beats illustrated in the
heart rate histogram 300 are paced beats.

[0036] Inthe example of FIG. 3A, the heart rate varia-
tion histogram 300 can include populated histogram bins
centered at 60, 70, 80, 90, 100, and 110 bpm. The his-
togram bin centered at 60 bpm can include about 33%
of the total number of beats recorded (e.g., including in-
trinsic and non-intrinsic beats). The bins centered at 70,
80, 90, 100, and 110, can include, respectively, about
38%, 20%, 6%, 2%, and 1%, of the total number of beats
recorded. A bin 321, centered at 70 bpm, can be the
most-populated bin of the histogram 300 because the
heart beat count corresponding to the bin 321 includes
the most number of beats.

[0037] A heart rate variation can be determined using
all or a portion of a heart rate variation histogram. For
example, in a heart rate variation histogram, a most-pop-
ulated histogram bin can be identified. That is, in a his-
togram where each histogram bin corresponds to a par-
ticular heart rate range and includes a count of heart
beats in that range, the histogram bin or bins correspond-
ing to the greatest count of heart beats can be identified.
A size, or population, of the most-populated histogram
bin(s) can be compared, such as to an overall population,
or to an overall distribution of the histogram bins. Infor-
mation about a relationship between the most-populated
histogram bin(s) and the other bins can be used to de-
termine a heart rate variation.

[0038] A heart rate variation can be determined (see,
e.g., FIG. 2 at 225) using anindex of a heart rate variation
histogram. For example, an index, such as a variation
index, of the variation histogram 300 can include infor-
mation about the most-populated histogram bin 321. An
index of the variation histogram 300 can include informa-
tion about the population of the bin 321 relative to the
total number of beats recorded. For example, the varia-
tion index of the heart rate variation histogram 300 can
be 0.38, or 38%.

[0039] Aheartrate variation can be determined in other
ways, such as using a characteristic of a heart rate var-
iation histogram. A histogram characteristic can include
amorphology characteristic, such as a characteristic that
describes a size or shape of the heart rate histogram. A
morphology characteristic can include an indication of a
relative size or shape of one or more specified histogram
bins. For example, a morphology characteristic can in-
clude an area of one or more histogram bins. A morphol-
ogy characteristic can include a characteristic of a histo-
graph, or frequency polygon, such as can be formed by
joining points of the histogram with one or more line seg-
ments (e.g., by joining the tops of the histogram bins). A
morphology characteristic can include a characteristic of
a function corresponding to the histograph or frequency
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polygon.

[0040] In the example of FIG. 3A, the heart rate varia-
tion histogram 300 can include a variation histograph
331. Acharacteristic of the variation histograph 331, such
as a maximum, minimum, or area under the curve, among
other characteristics, can be used to determine a heart
rate variation.

[0041] A function can correspond to a population of
one or more of the histogram bins. For example, the heart
rate variation histogram 300 can include a variation func-
tion 341 that can correspond to the populations of one
or more bins. The variation function 341 can be a function
of the populations of the three most-populated histogram
bins (e.g., the histogram bins centered at 60, 70, and 80
bpm). For example, the function 341 can be a parabolic
function of the form y = -0.12x2 + 15.45x - 480. A char-
acteristic of the function 341, such as a coefficient, max-
imum, minimum, integral, derivative, or inflection point,
among other characteristics, can be used to determine
the heart rate variation.

[0042] More than one histogram binin a heart rate var-
iation histogram can be used to determine a heart rate
variation. For example, a heart rate variation can be de-
termined using a combination of bins, such as using an
average of populations in the k most-populated bins. In
an example, a standard deviation of all heart beats in all
or a portion of the histogram can be used to determine
a heart rate variation.

[0043] A characteristic of a variation histogram can be
used or adjusted to determine a heart rate variation. A
peak histogram bin can be used, as described above,
and the peak bin can be compared to the next k largest
bins, such as to determine whether there is a significant
difference (e.g., greater than a specified threshold differ-
ence) in the bin populations. When adjacent or near-by
bins are found to have similar populations, one or more
bin widths or bin centers can be adjusted. For example,
where a 10-beat bin, such as centered at 60 bpm, in-
cludes 90 beats, and an adjacent 10-beat bin, such as
centered at 70 bpm, includes 100 beats, an adaptive al-
gorithm can be used to determine whether a 10-beat (or
other sized) bin centered at 65, for example, would in-
clude more than 100 beats. After the histogram is opti-
mized, such as by adjusting a bin center or bin width, the
heart rate variation or heart rate variability can be deter-
mined (e.g., at 220 or 225).

[0044] A characteristic of a variation histogram can be
monitored or trended over time. For example, a variation
histogram can correspond to a particular time interval or
number of beats. The particular time interval or number
of beats can be determined using a characteristic derived
from the histogram, such as using an indication of histo-
gram characteristic stability. For example, when a par-
ticular histogram characteristic changes by more than a
specified amount, a new histogram can be collected and
optionally compared to a previous histogram. Histogram
changes can be identified and correlated with clinical
events, behavioral events, or therapeutic interventions,

10

15

20

25

30

35

40

45

50

55

among other causes.

[0045] Other heart rate variations or variation indices
can be determined using a heart rate variation histogram.
For example, a heart rate variation can be determined
for different categories of heart beats, such as for each
of intrinsic and non-intrinsic beats. In an example, a heart
rate variation histogram can be determined using only
non-intrinsic heart beats. A heart rate variation corre-
sponding to the non-intrinsic beats can include a number
of non-intrinsic beats in a bin having a greatest number
of beats in the variation histogram. Information about
non-intrinsic heart beats can be included in a heart rate
variation histogram for a cardiac interval that begins with
a non-intrinsic beat, for a cardiac interval that ends with
a non-intrinsic beat, or for a cardiac interval that begins
and ends with a non-intrinsic beat.

[0046] Portions of a heart rate histogram can be ad-
justed or excluded, such as before determining a heart
rate variation. For example, when patient heart rate in-
formation includes information from a patient with a pace-
maker that uses a lower rate limit to regulate heart rate,
a heart rate variation can be determined after discarding
all beats at or below the lower rate limit. Arrhythmic beats
can be excluded. Rapid beats that occur more quickly
than a specified threshold rate can be excluded, such as
beats in the range of atrial fibrillation or frequent ectopic
beats. Beats above a specified age-related maximum
heart rate can be excluded. Beats during periods of phys-
ical activity, during one of daytime or nighttime, or during
known drug regimens, can be excluded, modified, or sin-
gled out for analysis. Portions of a histogram that have
a non-Gaussian distribution can be excluded from heart
rate variation analyses.

[0047] One or more histogram bins can be weighted
to determine a heart rate variation. For example, a spec-
ified histogram bin(s) corresponding to a specified heart
rate, or range of heart rates, can be weighted. For exam-
ple, a histogram bin that includes heart beat information
for 70-79 bpm can be weighted more heavily than a his-
togram bin that includes heart beat information for 40-49
bpm. Weighting a histogram bin can include adjusting a
histogram index or adjusting a characteristic of a histo-
gram.

[0048] Although a histogram is a convenient mecha-
nism to visually represent heart rate information, it is not
necessary to generate a histogram to provide a heart
rate variation or heart rate variability. For example, heart
rate information can be derived from a continuous signal.
Timing or frequency components of the continuous signal
can be analyzed to determine the heart rate variation or
heart rate variability. For example, a cardiac activity sig-
nal can have a frequency that corresponds to a patient
heart rate. Frequency changes of the signal, such as to-
gether with timing information about the frequency
changes, can be used to provide information about how
long or how often a patient experiences a particular heart
rate. For example, a particular cardiac activity signal can
have a first frequency f,, such as corresponding to a first



13 EP 2790 778 B1 14

heart rate, such as corresponding to a duration t;, and a
second frequency f,, such as corresponding to a second
elevated heart rate, such as corresponding to a duration
tr. An index of the frequency information can include a
ratio of the durations t; and t,. The index can be used to
provide the heart rate variation or heart rate variability.
[0049] The example of FIG. 3A is a heart rate variation
histogram 300 in which the histogram bins represent
ranges of heart rates. In an example, a heart rate varia-
bility histogram can include histogram bins that represent
a heart rate variability variable. FIG. 3B illustrates gen-
erally an example of a heart rate variability histogram 350
in which the histogram bins represent ranges of QT in-
tervals (e.g., an intra-beat variable). The histogram 350
can include information about the non-intrinsic beats 301
and information about the intrinsic beats 302. The histo-
grams 300 and 350 can illustrate the same underlying
cardiac activity information expressed in different ways.
[0050] A heartrate variability can be determined using
all or a portion of a heart rate variability histogram. For
example, similarly to the determination of the heart rate
variation described above in the example of FIG. 3A, a
most-populated histogram bin in a heart rate variability
histogram can be identified and used to provide informa-
tion about a heart rate variability. A size or population of
a histogram bin (e.g., a most-populated histogram bin)
can be compared, such as to an overall population, or to
an overall distribution of the variability histogram bins, to
determine the heartrate variability. In an example, aheart
rate variability index of a heart rate variability histogram
can be used, such as described above in the example of
FIG. 3A for the heart rate variation index. As illustrated
in the example of FIG. 3B, the variability index can be
0.42, or 42%, such as corresponding to the most-popu-
lated bin of the heart rate variability histogram 350.
[0051] A heartrate variability can be determined using
a characteristic of a heart rate variability histogram, such
as a morphology characteristic, such as including a
shape or area of a portion of the histogram. Bin widths,
locations, weights, or other characteristics of the bins in
a heart rate variability histogram can be adjusted, such
as described above in the example of FIG. 3A. A heart
rate variability can be determined using a histograph or
frequency polygon corresponding to a heart rate varia-
bility histogram, such as described herein.

[0052] A function can correspond to a population of
one or more of the variability histogram bins. For exam-
ple, the heart rate variability histogram 350 can include
a variability function 391 that can correspond to the pop-
ulations of all of the bins (or a subset of the bins). The
variability function 391 is a third degree polynomial func-
tion of the formy = -1.10x3 + 13.80x2 - 43.49x + 34.86. A
characteristic of the variability function 391, such as a
coefficient, maximum, minimum, integral, derivative, or
inflection point, among other characteristics, can be used
to determine the heart rate variability. For an illustrative
example, where a maximum of the variability function
391 is used as a variability index, the heart rate variability
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index corresponding to the heart rate variability histo-
gram 350 can be about 0.33 or 33%.

[0053] A patient metric can be computed (e.g., at 230
in the example of FIG. 2) using one or more of a heart
rate variability, variability index, heart rate variation, or
variation index. A patient health status metric, for exam-
ple, can be determined using one or more of the indices.
One or more thresholds can correspond to the indices.
A first variability threshold can be used to indicate a par-
ticular patient health status, and afirst variation threshold
can be used to indicate the same or a different patient
health status. A common threshold can be used with both
a variation index and a variability index to provide infor-
mation about a patient health status.

[0054] FIG. 4 illustrates generally an example of a
heart rate variation histogram 400. The heart rate varia-
tion histogram 400 includes a series of adjacent, fixed-
width, 10-beat histogram bins that are populated using
information aboutnon-intrinsic beats 401 and information
about intrinsic beats 402. In the illustrative example of
FIG. 4, about 32% of the total beats in the histogram 400
are non-intrinsic beats 401.

[0055] Inthe example of FIG. 4, the heartrate variation
histogram 400 caninclude, among others, histogrambins
centered at 60, 70, 80, 90, and 100 bpm. The histogram
bin centered at 60 bpm can include about 73% of the
total number of beats recorded (e.g., including sensed
and/or paced beats). The bins centered at 70, 80, 90,
and 100, can include, respectively, about 20%, 5%, 1%,
and 1%, of the total number of beats recorded. The bin
centered at 60 bpm can include the greatest number of
beats (73%) of any bin in the heart rate variation histo-
gram 400. In an illustrative example, an index of the his-
togram 400 can be about 0.73, or 73%, such as corre-
sponding to the most-populated bin 421.

[0056] A high variation index (e.g., greater than a
threshold variation index, such as greater than about0.7)
can correspond to a heart rate that is substantially static,
or constant. Thus, a high variation index can correspond
to low heart rate variation. The heart rate variation histo-
gram 400 illustrates a low heart rate variation because
most of the heart beats (e.g., about 73%) occur within a
particular 10-beat window. A low variation index (e.g.,
less than about 0.7) can correspond to a high heart rate
variation because the low variation index corresponds to
a heart rate that is dynamic, or changing over time. For
example, the heart rate variation histogram 300 illus-
trates high heart rate variation because no particular 10-
beat window corresponds to more than a threshold per-
centage (e.g., 70%) of the total beats. An index threshold
for determining a high or low variation or variability index
(e.g., 0.7) can be adjusted, such as according to the
number of beats per window. For example, as the size
of the window is decreased (e.g., from 10-beats to 5-
beats), the index threshold can be correspondingly re-
duced.

[0057] Information about heart rate variation or heart
rate variability can indicate a patient survival probability.
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For example, FIG. 5 illustrates generally a chart 500 that
includes information about patient survival rate over time
for particular groups of patients with different heart rate
variation indices and who were treated with different
types of cardiac function management devices. The chart
500 includes information from devices implanted in actual
patients. The chart 500 includes first and second patient
mortality curves 501 and 502 that correspond to patients
treated with implantable cardioverter/defibrillator devices
(ICDs), and third and fourth patient mortality curves 503
and 504 that correspond to patients treated with cardiac
resynchronization and defibrillation devices (CRT-Ds).
[0058] The first and third patient mortality curves 501
and 503 correspond to patients who have a heart rate
variation index of less than about 0.7. The second and
forth patient mortality curves 502 and 504 correspond to
patients who have a heart rate variation index of greater
than about 0.7. The heart rate variation, or variation index
(or, e.g., heart rate variability, or variability index), can
be determined according to the discussion of FIGS. 2,
3A, 3B, or 4, herein. As shown in the example of FIG. 5,
some patients who have a particular heart rate variability
index and/or a particular device can be more likely to
survive than others.

[0059] In FIG. 5, the first and third patient mortality
curves 501 and 503 correspond to particular patients
whose heart rate variation index is less than about 0.7.
A survival probability for these patients can be greater
than a survival probability for patients whose heart rate
variation index is greater than about 0.7. Accordingly,
patients with a more dynamic heart rate (e.g., patients
who have a heart rate variation index less than about
0.7) can be more likely to survive than patients with a
less dynamic heart rate (e.g., patients who have a heart
rate variation index of greater than about 0.7). Thus, as
illustrated in the example of FIG. 5, a heart rate variation
index can be an indication of patient survival probability
for some groups of patients.

[0060] FIG. 6 illustrates generally an example 600 that
can include histograph information corresponding to sev-
eral actual patients. The example 600 illustrates a relative
percentage of atrial beats (e.g., heart beats) that corre-
spond to a particular range of heart rates (e.g., a 10-beat
histogram bin). The example 600 includes a first histo-
graph 601 corresponding to a first patient, a second his-
tograph 602 corresponding to a second patient, and a
third histograph 603 corresponding to a third patient. The
example 600 further includes a heart rate variation
threshold index 604. In the example of FIG. 6, the first
histograph 601 can correspond to a heart rate variation
index of about 0.95. The third histograph 603 can corre-
spond to a heart rate variation index of about 0.94. Ac-
cordingly, because the first and third histographs 601 and
603 correspond to elevated heart rate variation indices
(e.g., heartrate variability indices that exceed the thresh-
old index 604), the first and third patients can have a
reduced survival probability (see, e.g., FIG. 5 showing
that an elevated heart rate variation index can corre-
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spond to reduced survival probability). In the example of
FIG. 6, the second histograph 602 can correspond to a
heart rate variation index of about 0.4. Because the sec-
ond histograph 602 corresponds to a heart rate variation
index that does not exceed the threshold index 604, the
second patient can have a better survival probability than
the first and third patients.

[0061] Heartrate variability information can be used to
provide a suitability indication for a therapy, such as a
rate-responsive pacing therapy. In the example of FIG.
6, the first patient, corresponding to the first histograph
501, can have a low heart rate variation, or a high heart
rate variation index. However, the first patient’s heartrate
can be concentrated at a low heart rate (e.g., at about
60 bpm). Because the first patient’s heart rate is concen-
trated atthe low heartrate, the first patient’s survival prob-
ability can be improved using a rate-responsive pacing
mode to change the first patient’s heart rate variation
index. The rate-responsive pacing mode can be used to
vary the first patient’s heart rate and decrease the pa-
tient’s heart rate variation index. If the first patient’s heart
rate variation index can be sufficiently decreased (e.g.,
below the threshold index 604), then the first patient’s
survival probability can be improved (see, e.g., FIG. 5,
explaining that heart rate variation can be an indication
of patient survival probability).

[0062] In the example of FIG. 6, the second patient,
corresponding to the second histograph 602, has a rel-
atively nominal heart rate variation and variation index.
Because the second patient has a relatively healthy, or
dynamic, heart rate, a pacing mode change can be con-
traindicated. For example, if the second patient does not
have a rate-responsive pacing mode enabled, the sec-
ond patient’s nominal heart rate variation index suggests
that the patient’s survival probability will not be improved
by enabling a rate-responsive pacingmode. If the second
patient already has a rate-responsive pacing mode en-
abled, the relatively nominal heart rate variation index
can be confirmation that the rate-responsive pacing
mode is properly adjusting the second patient’s heartrate
and improving the patient’s survival probability.

[0063] Inthe example of FIG. 6, the third patient, cor-
responding to the third histograph 603, can have a low
heart rate variation or a high variation index. Because
the third patient’s heart rate is concentrated at a relatively
high heart rate (e.g., at about 80 bpm), enabling a rate-
responsive pacing mode may not be effective to reduce
the patient’s heart rate variation index or to reduce the
patient’s risk of death. If the third patient already has a
rate-responsive pacing mode enabled, adjusting a pac-
ing parameter, such as the lower rate limit (e.g., to a
lesser limit), may help to reduce the patient’s heart rate
variation index.

[0064] FIG. 7 illustrates generally an example 700 of
a study that shows rate-responsive pacing can be used
to influence patient survival probability. The example 700
includes patient data for particular populations of
matched patients. The matched patients share similar
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characteristics, such as sex, device-type, device operat-
ing mode, patient age, or time since device implant,
among other characteristics.

[0065] Inthe example of FIG. 7, all of the patients were
matched at the beginning of the study, and all of the pa-
tients had previously-implanted pacemaker devices that
initially operated in a non-rate-responsive, dual chamber
pacing mode (e.g., in a "DDD pacing mode"). All of the
patients received pacing (e.g., atrial pacing) atleast 30%
of the time. During the course of the study, a portion of
the patients had pacemaker devices that were re-pro-
grammed to enable a rate-responsive pacing mode (e.g.,
a "DDDR pacing mode").

[0066] In the example of FIG. 7, first and second sur-
vival probability curves 701 and 702 correspond to first
and second populations that were initially matched. In
the example of FIG. 7, the first population remained in a
non-rate-responsive pacing mode throughout the study.
In addition, the first population had a heart rate variation
index that exceeded a heart rate variation threshold index
(e.g., the heart rate variation index for each patient in the
first population was greater than about 0.7). That is, pa-
tients in the first population had relatively constant heart
rates.

[0067] A survival probability of the particular patients
in the first population can be improved, such as by re-
programming the patients to a rate-responsive pacing
mode. FIG. 7 illustrates this improvement using the sec-
ond survival probability curve 702. As described above,
the second survival probability curve 702 corresponds to
the second population that was initially matched to the
first population. At the beginning of the study, the first
population and the second population had relatively con-
stant heart rates (e.g., the first and second populations
had patients with heart rate variation indices that exceed-
ed a heart rate variation index threshold). Patients in the
second population were re-programmed to a rate-re-
sponsive pacing mode. After the re-programming to the
rate-responsive pacing mode, patients in the second
population were matched with patients in the first popu-
lation except for the pacing mode. As illustrated by the
first and second survival probability curves 701 and 702,
patients in the second population had an improved sur-
vival probability relative to patients who remained in a
non-rate-responsive pacing mode. Because the first and
second populations included initially matched patients,
the improved survival probability can be attributed to the
particular rate-responsive pacing mode used.

[0068] FIG. 7 illustrates generally third and fourth sur-
vival probably curves 703 and 704 that correspond, re-
spectively, to third and fourth populations. The third and
fourth populations included patients who had heart rate
variation indices that were less than a heart rate variation
threshold index (e.g., the heart rate variation index for
each patient in the third and fourth populations was less
than about 0.7). Accordingly, patients in the third and
fourth populations had relatively dynamic heart rates.
The third and fourth populations included particular
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groups of patients who were initially matched to the first
and second populations except for the heartrate variation
indices of the patients.

[0069] In the example of FIG. 7, the third population
remained in a non-rate-responsive pacing mode through-
out the study, and the fourth population was re-pro-
grammed to a rate-responsive pacing mode. As illustrat-
ed in the example of FIG. 7, patient survival probability
for particular patients with sufficiently dynamic heartrates
can be about the same whether or not a rate-responsive
pacing therapy is used.

[0070] To summarize, the example of FIG. 7 illustrates
generally that particular patient populations with relative-
ly high heart rate variation (e.g., corresponding to a rel-
atively low heart rate variation index) can have a greatest
survival probability. In particular high heart rate variation
populations, rate-responsive pacing can be of little or no
benefit to patient survival probability, although patients
in such populations can benefit from rate-responsive pac-
ing in other ways. Particular populations with relatively
low heartrate variation (e.g., corresponding to arelatively
high heartrate variation index) can generally have alower
survival probability than the particular populations with
higher heart rate variation. Outcomes of particular pop-
ulations with relatively low heart rate variations can
sometimes be improved, however, such as by using a
rate-responsive pacing therapy.

[0071] A survival probability can be improved for some
patients who have low heart rate variability, such as by
providing a rate-responsive pacing therapy. Enabling a
rate-responsive pacing mode caninfluence particular pa-
tient outcomes by changing a patient’s heart rate in re-
sponse to a physiologic need. For example, a patient’s
heart rate and cardiac output can be increased in re-
sponse to a physiologic need using a rate-responsive
pacing mode. Enabling the rate-responsive pacing mode
can, in some cases, increase a patient’s heart rate vari-
ation and decrease the patient’s heart rate variation in-
dex. Because higher heart rate variation and lower heart
rate variation indices can be correlated with improved
patient survival probability (see, e.g., the example of FIG.
7), the survival probability of some patients who receive
rate-responsive pacing therapy can be improved.
[0072] FIGS. 8 and 9 illustrate generally examples of
actual patient data that show some distinct groups of pa-
tients receive no mortality benefit from a rate-responsive
pacing mode, and some distinct groups of patients may
possibly be negatively impacted by enabling a rate-re-
sponsive pacing mode.

[0073] FIG. 8 illustrates generally an example 800 of
a study that shows rate-responsive pacing may possibly
have a negative effect on patient survival for a particular
population of patients. The example 800 includes infor-
mation about particular fifth and sixth populations that
were initially matched. The fifth and sixth populations in-
cluded patients who had high heart rate variation (e.g.,
the patients had heart rate variation indices less than
about 0.3).
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[0074] In the example of FIG. 8, a fifth survival proba-
bility curve 805 corresponds to the fifth population, and
a sixth survival probability curve 806 corresponds to the
sixth population. The fifth population remained in a non-
rate-responsive pacing mode throughout the study, and
the sixth population was re-programmed to a rate-re-
sponsive pacing mode at the beginning of the study. Both
the fifth and sixth populations received atrial pacing less
than 30% of the time during the study. That is, less than
30% of the total number of heart beats were non-intrinsic
beats. In this particular study, survival probability was
negatively impacted for the particular patients who were
re-programmed to the rate-responsive pacing mode as
compared to the survival probability for the patients who
remained in the non-rate-responsive pacing mode. Ac-
cordingly, to improve patient survival probability among
patients who receive less than a threshold amount of
pacing (e.g., less than a specified threshold number of
paced beats), rate-responsive pacing can be contraindi-
cated for patients with high heart rate variation. Patients
with high heart rate variation can be identified by moni-
toring patient heart rate variation or patient heart rate
variability, such as using a heart rate variability histogram
or heart rate variation histogram to identify changes in
patient heartrate over periods oftime thatexceed a single
heart beat. Patients with high heart rate variation expe-
rience heart rates that are dynamic and change over time
(see, e.g., the heart rate variation histogram 300 of FIG.
3A and the corresponding discussion herein).

[0075] FIG. 9 illustrates generally an example 900 of
a study that shows rate-responsive pacing can have a
neutral effect on patient survival for a particular popula-
tion of patients. The example 900 includes information
about particular seventh and eighth populations thatwere
initially matched. The seventh and eighth populations in-
cluded patients who had moderate heart rate variation
(e.g., the patients had heart rate variation indices be-
tween about 0.3 and 0.7).

[0076] In the example of FIG. 9, a seventh survival
probability curve 907 corresponds to the seventh popu-
lation, and an eighth survival probability curve 908 cor-
responds to the eighth population. The seventh popula-
tion remained in a non-rate-responsive pacing mode
throughout the study, and the eighth population was re-
programmed to a rate-responsive pacing mode at the
beginning of the study. Survival probability for the pa-
tients who were re-programmed to the rate-responsive
pacing was not significantly impacted compared to the
survival probability for the patients who remained in the
non-rate-responsive pacing mode. Accordingly, survival
probability among patients with moderate heart rate var-
iation can be substantially unaffected by rate-responsive
pacing.

[0077] Multiple ranges of heart rate variation or heart
rate variability can be used to provide a patient metric,
such as can be used to indicate a particular patient ther-
apy. For example, three heart rate variation ranges can
be used: a low heart rate variation (e.g., corresponding
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to heart rate variation indices greater than about 0.7), a
high heart rate variation (e.g., corresponding to heartrate
variation indices less than about 0.3), and a moderate
heart rate variation (e.g., corresponding to heart rate var-
iation indices between about 0.3 and 0.7). A different or
individualized therapy indication, or therapy recommen-
dation, can correspond to one or more of the heart rate
variation ranges.

[0078] FIG. 10 illustrates generally an example 1000
that shows changes in heart rate variation when rate-
responsive pacing is enabled for patients who receive
any pacing therapy. The example 1000 includes a heart
rate variation index along the x-axis, and a percent
change in heartrate variation index along the y-axis. FIG.
10 illustrates a low heart rate variation index range 1010,
a moderate heart rate variation index range 1011, and a
high heart rate variation index range 1012.

[0079] Intheexample of FIG. 10, firstand second heart
rate variation trendlines 1001 and 1002 indicate average
changes in heart rate variation index corresponding to
different patient populations (e.g., each population com-
prises multiple patients). The first trendline 1001 corre-
sponds to a population of patients whose pacemaker de-
vices used accelerometer information to provide rate-re-
sponsive pacing therapies ("accelerometer patients").
The second trendline 1002 corresponds to a population
of patients whose pacemaker devices used accelerom-
eter and thoracic impedance information to provide rate-
responsive pacing therapies ("blended patients").
[0080] Inthe low heartrate variation index range 1010
(e.g., corresponding to a heartrate variation index of less
than about 0.3), both populations of patients experienced
an increase in heart rate variation index. The blended
patients experienced a greater increase in heart rate var-
iation index throughoutthisrange. For example, ata heart
rate variation index of 0.20, the accelerometer patients
experienced a variation index increase of about 4%, and
the blended patients experienced a variation index in-
crease of about 9%. Thus, the patients in the low heart
rate variation index range 1010 experienced a decrease
in heart rate variation (e.g., corresponding to poorer pa-
tient outcomes), although the decrease was relatively
small. For example, even if an initial heart rate variability
index of 0.20 changes by +9%, the resulting index of
about 0.22 can be insignificant enough that a therapy
change can be contraindicated.

[0081] Throughout the moderate heart rate variation
index range 1011 (e.g., corresponding to a heart rate
variation index of less than about 0.7 and greater than
about 0.3), changes in heart rate variation index can be
relatively small (e.g., less than about 10%). In the mod-
erate heart rate variation index range 1011, no statisti-
cally significant difference is observed between the ac-
celerometer patients and blended patients.

[0082] Inthe high heartrate variation indexrange 1012
(e.g., corresponding to a heart rate variation index of
greater than about 0.7), however, there can be a signif-
icant difference between the accelerometer patients and
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the blended patients. For example, at a heart rate varia-
tion index of about 0.80, the accelerometer patients can
experience a decrease in the index by about 10%. The
blended patients, however, can experience a decrease
in the index by about 18%. Accordingly, the accelerom-
eter patients can have a resulting index of about 0.72,
which can still be in the high heart rate variation index
range 1012. The blended patients, however, can have a
resulting index of about 0.66, which can be in the mod-
erate heart rate variation index range 1011. Although
both the accelerometer patients and the blended patients
can benefit from rate-responsive pacing, the heart rate
variation of the blended patients can be improved more
than the heart rate variation of the accelerometer pa-
tients.

[0083] Overall, in the example of FIG. 10, the acceler-
ometer patients experienced an average heart rate var-
iation index improvement of about 7%. The blended pa-
tients experienced an average heart rate variation index
improvement of about 15%. Thus, FIG. 10 shows that
different types of sensors can effect different changes in
heart rate variation index. When metabolic need is prop-
erly assessed, such as using one or more sensors, heart
rate variation can be more effectively managed using a
rate-responsive pacing therapy. In addition, FIG. 10 dem-
onstrates that a magnitude of a heart rate variation re-
sponse to rate-adaptive pacing can depend on a baseline
heart rate variation index.

[0084] FIG. 11 illustrates generally an example 1100
of a relationship between an amount of pacing, a heart
rate variation, and a patient survival probability. Along
the horizontal axis, the example 1100 illustrates an initial
heart rate variation index, such as corresponding to a
patient who initially receives a non-rate-responsive pac-
ing therapy. Along the vertical axis, the example 1100
illustrates a percentage of paced events or beats (e.g.,
paced atrial events). Several areas of the example 1100
correspond to different survival probabilities of particular
patients who were reprogrammed from a non-rate-re-
sponsive pacing mode to a rate-responsive pacing mode
after an initial time versus particular patients who re-
mained in a non-rate-responsive pacing mode before and
after the initial time.

[0085] The example 1100 illustrates generally that
some particular patients or patient populations may re-
ceive a survival benefit by enabling and using a rate-
responsive pacing mode, while other particular patients
or patient populations may be negatively impacted by
enabling and using a rate-responsive pacing mode. For
example, as described in the example of FIG. 5, as a
heart rate variation index increases, outcomes may be
negatively impacted. As a heart rate variation index de-
creases, outcomes may be positively impacted. As de-
scribed in the discussion of FIG. 10, enabling and using
arate-responsive pacing mode can have a greatest effect
on a heart rate variation index (e.g., to increase or de-
crease a heartrate variationindex) when a patientinitially
has a high heart rate variation index (e.g., in the example
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of FIG. 10, foraninitial heartrate variation index of greater
than about 0.7, a patient’s heart rate variation index can
be decreased by up to about 30% in response to enabling
and using a rate-responsive pacing mode). Thus, the ex-
ample 1100 shows that some particular patients can re-
ceive a positive survival benefit (see, e.g., second and
third areas 1102 and 1003) by enabling a rate-responsive
pacing mode, and other particular patients can be neg-
atively impacted (see, e.g., the first area 1101) by ena-
bling a rate-responsive pacing mode.

[0086] A first area 1101 of the example 1100 corre-
sponds to a particular population of patients who have
an initial heart rate variation index less than 0.3, and re-
ceive pacing less than 30% of the time. Patients in this
population who received a rate-responsive pacing ther-
apy after the initial time can have a lower survival prob-
ability relative to patients who remained in a non-rate-
responsive pacing mode before and after the initial time.
[0087] A second area 1102 of the example 1100 cor-
responds to a particular population of patients who have
an initial heart rate variation index greater than 0.7, and
receive pacing more than 30% of the time. Patients in
this population who received a rate-responsive pacing
therapy after the initial time can have a substantially high-
er survival probability relative to patients who remained
in a non-rate-responsive pacing mode before and after
the initial time. Thus, a patient who has a high initial heart
rate variation index and receives high amounts of atrial
pacing (e.g., a patient whose heart rate is often at or near
a lower rate limit of the patient’s pacing therapy) can re-
ceive a benefit from a rate-responsive pacing therapy
(see, e.g., FIG. 6 at 601 for an example of a particular
patient whose survival probability can possibly be im-
proved by providing a rate-responsive pacing therapy).
[0088] As illustrated in the example of FIG. 11, other
particular populations can have intermediate survival
probabilities. For example, a third area 1103 can corre-
spond to a particular population of patients who have an
initial heart rate variation index greater than 0.7, and re-
ceive pacing less than 30% of the time. Patients in the
population corresponding to the third area 1103 and who
received a rate-responsive pacing therapy after the initial
time can have better outcomes than the particular pa-
tients corresponding to the firstarea 1101. However, pa-
tients in the population corresponding to the third area
1103 and who received a rate-responsive pacing therapy
after the initial time can have a lower survival probability
than the particular patients corresponding to the second
area 1102 who also received a rate-responsive pacing
therapy after the initial time. Thus, a patient who has a
high initial heart rate variation index and receives low
amounts of atrial pacing (e.g., a patient whose heart rate
is often above a lower rate limit of the patient’s pacing
therapy) can receive a moderate benefit from a rate-re-
sponsive pacing therapy (see, e.g., FIG. 6 at 603).
[0089] Areas 1104, 1105, or 1106 of the example 1100
can similarly correspond to intermediate survival proba-
bilities of particular patients who received a rate-respon-
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sive pacing therapy relative to patients who did not. In
the areas corresponding to intermediate survival proba-
bilities, pacing can be based on other methods or infor-
mation, such as patient symptoms.

[0090] A heart rate variation can be used to identify
particular patients at an increased risk of a cardiac ar-
rhythmia or to identify a likelihood of a defibrillation shock
therapy. FIG. 12 illustrates generally an example 1200
of a study of particular patients who had pacing and de-
fibrillation devices that were operable for over one million
beats (e.g., including intrinsic and non-intrinsic beats). In
the example of FIG. 12, about the same number of pa-
tients who received a rate-responsive pacing therapy
(DDDR patients) had high heart rate variation indices
(e.g., indices greater than 0.7) as had lower heart rate
variationindices (e.g., indices less than 0.7). In this study,
the patients with high heart rate variation indices who
had devices that operated in a rate-responsive pacing
mode were not significantly more or less likely to receive
a defibrillation shock than patients with low heart rate
variation indices who had devices that operated in arate-
responsive pacing mode.

[0091] In the example of FIG. 12, about 3000 patients
who received a non-rate-responsive pacing therapy
(DDD patients) had low heart rate variation indices, and
about 750 patients using non-rate-responsive pacing had
high heart rate variation indices. However, the patients
who received non-rate-responsive pacing therapy and
had high heart rate variation indices received about 5%
more defibrillation shocks than patients who received
non-rate-responsive pacing therapy and had low heart
rate variation indices. Thus, in some cases, patients with
high heart rate variation indices can be more likely to
receive a defibrillation shock therapy. Because shock
therapy is generally provided in response to an identified
arrhythmia, such as a tachycardia or fibrillation episode,
low heart rate variation (e.g., corresponding to a high
heart rate variation index) can be correlated with an in-
creased risk of arrhythmias and treatment shocks. Thus,
shock frequency can be reduced for some patients by
pacing in a rate-responsive pacing mode based on heart
rate variation information.

[0092] Various systems or devices, such as cardiac
function management devices, can be used to identify a
heart rate variability or a heart rate variation. An implant-
able device, such as an implantable cardiac function
management device, such as can be configured to detect
one or more type of cardiac arrhythmia, such as an atrial
or ventricular fibrillation or tachycardia, can be further
configured to identify a heart rate variability or a heart
rate variation. In an example, a suitable implantable med-
ical device caninclude an implantable defibrillator, pace-
maker, or other cardiac rhythm or function management
device with a defibrillation energy delivery mode.
[0093] FIG. 13 illustrates generally an example of a
portion of a system 1300 that can include an implantable
medical device (IMD) 1305. The IMD 1305 can be con-
figured to be implanted in a patient 1301. The system
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1300 can include an external module 1330. The system
1300 can be configured to determine or use information
abouta heartrate variation or a heart rate variability, such
as to provide a patient therapy or monitor a patient health
status. The external module 1330 can include a local or
remote programmer, such as can be used to process or
share heart rate variability or heart rate variation infor-
mation. The external module 1330 can include a hand-
held programmer or other programmer communicatively
coupled to the IMD 1305. The external module 1330 can
be configured to communicate with the IMD 1305 directly
or indirectly (e.g., using another device such as a router,
network repeater, etc.). The external module 1330 can
be configured to communicate with or store information
from multiple implanted or external devices.

[0094] The external module 1330 can be configured to
send information to or receive information from the IMD
1305. The information can include programming infor-
mation, subject data, device data, or instructions, alerts,
or other information. The external module 1330 can be
configured to communicate the sent or received informa-
tion to a user or physician, such as by sending an alert
(e.g., via email) of the status of the patient 1301 or the
system 1300 components.

[0095] TheIMD 1305 can be coupled to a patient heart
1307, such as using an implantable lead system 1308.
The IMD 1305 can be coupled to the patient heart 1307
using wireless electrodes, subcutaneously placed elec-
trodes, or other intravascularly-leadless systems. The
IMD 1305 can include an electrostimulation therapy de-
livery circuit that can be coupled to the implantable lead
system 1308 or other energy delivery system, such as
to provide a rate-responsive pacing therapy to the heart
1307.

[0096] FIG. 14 illustrates generally an example of a
system 1400 that can be configured to identify a heart
rate variability or a heart rate variation. In an example,
all or a portion of the system 1400 can be included in or
coupled to the IMD 1305 or the external module 1330.
The system 1400 can include a processor circuit 1410,
such as can be coupled to a data input circuit 1412. The
datainputcircuit 1412 can be configured to receive phys-
iologic information about a patient. For example, the data
input circuit 1412 can be configured to receive physio-
logic information including, among other information,
heart rate information from a heart rate detector 1401,
impedance information from an impedance detector
1403, physical activity level information from a physical
activity level detector 1405, physiologic activity informa-
tion from a physiologic activity detector 1407, or posture
information from a posture detector 1409.

[0097] The heart rate detector 1401 can include one
or more electrodes disposed in or on a patient body and
configured to provide an electrical signal representative
of cardiac activity (e.g., an ECG signal). The heart rate
detector 1401 can use the electrical signal representative
of cardiac activity to determine a heartrate. For example,
the heart rate detector 1401 can use an R-wave detection
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algorithm to identify R-wave peaks in an ECG. The data
input circuit 1412 or the processor circuit 1410 can inter-
pret the R-wave peaks and determine a patient heart
rate. The heart rate detector 1401 can include other sen-
sors or analysis modules configured to receive a physi-
ologic signal and identify a heart rate. For example, the
heart rate detector 1401 can include an accelerometer
configured to provide information about mechanical car-
diac activity.

[0098] Theimpedance detector 1403 caninclude a cir-
cuit configured to be coupled to one or more electrodes,
such as disposed in or on a patient body. In an example,
the electrodes can be placed in a patient thorax. The
impedance detector 1403 can be configured to receive
thoracic impedance information, such as can be used to
determine information about, among other things, cardi-
acorrespiratory activity. Information from the impedance
detector 1403 can be interpreted by the processor circuit
1410, such as to determine a heart rate variability or a
heart rate variation. For example, heart rate information
can be determined using information received from the
impedance detector 1403.

[0099] The physical activity level detector 1405 can in-
clude one or more sensors configured to receive infor-
mation about a patient physical activity level. For exam-
ple, the physical activity level detector 1405 can include
an accelerometer, such as disposed in or on a patient
body, and configured to sense patient movement. The
physical activity level detector 1405 can provide an elec-
trical signal representative of patient physical activity to
the processor circuit 1410, such as via the data input
circuit 1412. Information received from the physical ac-
tivity level detector 1405 can be used to provide an indi-
cation of a patient metabolic need, such as can be used
to initiate or adjust a rate-responsive pacing mode.
[0100] The physiologic activity detector 1407 can in-
clude one or more sensors configured to receive infor-
mation about a patient physiologic activity. For example,
the physiologic activity detector 1407 can be configured
toreceive information about neural activity, hemodynam-
ics, or other physiologic changes in a patient body. Infor-
mation from the physiologic activity detector 1407 can
be used to determine a patient metabolic need, or to de-
termine a heart rate variability or heart rate variation.
[0101] The posture detector 1409 can be configured
to receive information about a posture status or posture
change. For example, the posture detector 1409 can in-
clude one or more of an accelerometer or an impedance
sensor that can be used to identify a particular patient
posture (e.g., upright, supine, left supine, etc.). Informa-
tion from the posture detector 1409 can be used to adjust
a patient therapy, or can be used to determine a heart
rate variability or heart rate variation. For example, a
heart rate variability can be adjusted (e.g., weighted by
a specified amount) when a patient is in a specified pos-
ture.

[0102] Inthe example of FIG. 14, the system 1400 can
include one or more of a memory circuit 1420, a therapy
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circuit 1422, or a telemetry circuit 1424. The memory
circuit 1420 can be configured to receive information
about patient physiologic activity, such as information
about a heart rate or other physiologic variable (e.g., a
cardiac cycle interval, ECG morphology characteristic,
etc.). In an example, the memory circuit 1420 can be
configured to store information in a histogram (e.g., in a
heart rate variation histogram).

[0103] The therapy circuit 1422 can include, among
others, a pacing therapy circuit, a defibrillation therapy
circuit, a neural modulation therapy circuit, or other circuit
configured to provide an electrostimulation or other ther-
apy to a patient body. The therapy circuit 1422 can in-
clude a combination of at least one of a right ventricular
sensing channel, a right ventricular pacing channel, a left
ventricular sensing channel, a left ventricular pacing
channel, or an atrial sensing channel. A sensing channel
can include a sense amplifier, and a pacing channel can
include a pulse generator. Sensing and pacing chan-
nel(s) can be coupled to one or more electrodes, such
as disposed on an electrode lead or elsewhere, such as
disposedinoron apatientbody. A lead can be configured
to electrically couple a sense amplifier or pulse generator
to an electrode, which can be configured to be located
in a right ventricle, such as in the septal region, the free
wall region, or another region of a right ventricle.
[0104] The therapy circuit 1422 can include one or
more other pacing or sensing channels, such as an in-
ternal thoracic pacing or sensing channel configured to
couple the processor circuit 1410 to an internal thoracic
location external to the heart (e.g., using one or more
leads, electrodes, pulse generators, or sense amplifiers).
The internal thoracic pacing or sensing channel can be
configured to send or receive information to or from a
housing can electrode, located on the exterior housing
of an implantable medical device in the internal thoracic
location.

[0105] The processor circuit 1410, the memory circuit
1420, orthe detectors 1401, 1403, 1405, 1407, and 1409,
can be implantable or external components, or a combi-
nation of implantable and external components. For ex-
ample, when at least a portion of the processor circuit
1410 is external, then the processor circuit 1410 can be
communicatively coupled with the other components in
the system 1400, such as using the telemetry circuit
1424. The telemetry circuit 1424 can be configured to
communicate (e.g., wirelessly) with other devices or
modules external to the system 1400. For example, the
telemetry circuit 1424 can be configured to communicate
information from the processor circuit 1410 to the exter-
nal module 1330. The processor circuit 1410 can advan-
tageously include an external processor circuit, such as
for performing complex operations, such as to compute
avariability index or a variation index. The memory circuit
1420 can advantageously include an external memory
portion, such as for storing heart rate information or other
physiologic variable information over time.

[0106] The processor circuit 1410, or an external por-
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tion of the processor circuit 1410 (e.g., in the external
module 1330), can be configured to receive physiologic
patient information and determine a heart rate variability
or a heart rate variation. The processor circuit 1410 can
receive heartrate information from the heart rate detector
1401. The processor circuit 1410 can use the heart rate
information to determine a variability index or a variation
index. The processor circuit 1410 can report the heart
rate variability, the heart rate variation, or the indices,
such as using an external module, or the processor circuit
1410 can use information about the heart rate variability,
the heart rate variation, or the indices, to configure the
therapy circuit 1422, such as by updating a therapy pa-
rameter. For example, the processor circuit 1410 can use
information about a heart rate variation index to enable
the physical activity level detector 1405 and adjust the
therapy circuit 1422, such as to initiate a rate-responsive
pacing mode.

[0107] FIG. 15 illustrates generally an example that
can include using the therapy circuit 1322 with a therapy
parameter. The processor circuit 1410 and/or the therapy
circuit 1422 can use information about a determined
heart rate variability or heart rate variation to adjust a
therapy parameter. Using an adjusted therapy parame-
ter, the therapy circuit 1422 can provide an updated pa-
tient therapy. For example, the processor circuit 1410
can update a maximum pacing rate 1501 using informa-
tion about the determined heart rate variability. The max-
imum pacing rate can control a maximum rate at which
a pacemaker provides a pacing energy to a heart (e.g.,
100 electrostimulations per minute). The therapy circuit
1422 can use the updated maximum pacing rate to pro-
vide a pacing therapy. In an example, when information
about a patient heart rate variation indicates a high pa-
tient heart rate variation (e.g., corresponding to a low
heart rate variation index), then the maximum pacing rate
1501 can be increased, such as by an amount corre-
sponding to the patient heart rate variation index (e.g.,
the maximum pacing rate 1501 can be a function of a
heart rate variation index or a heart rate variability index).
[0108] Using information about the determined heart
rate variability or heartrate variation, the processor circuit
1410 can update alowerrate limit 1502, such as to control
a rate at which a pacemaker begins to provide a pacing
therapy to the heart 1307. For example, when the lower
rate limit 1502 is 60 bpm, the therapy circuit 1422 can
provide a pacing therapy when a patient heart rate is less
than about 60 bpm (e.g., such as determined automati-
cally using the heart rate detector 1401). In an example,
when information about a patient heart rate variation in-
dicates a low patient heart rate variation (e.g., corre-
sponding to a high heart rate variation index), then the
lower rate limit 1502 can be decreased, such as by an
amount corresponding to the patient heart rate variation
index (e.g., the lower rate limit 1502 can be a function of
a heart rate variation index or a heart rate variability in-
dex).

[0109] Using information about the determined heart
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rate variability or heartrate variation, the processor circuit
1410 can update a physical activity level threshold 1503.
The physical activity level threshold 1503 can control a
patient physical activity level at which a pacing energy is
initiated or adjusted. For example, in a rate-responsive
pacing mode, the therapy circuit 1422 can use the phys-
ical activity level threshold 1503 to determine when to
provide an increased pacing rate. For example, physical
activity level information (e.g., received using the physi-
cal activity level detector 1405) can be used to determine
an increased metabolic need for cardiac output. The
processor circuit 1410 and/or the therapy circuit 1422
can interpret the increased metabolic need and the phys-
ical activity level threshold 1503 to determine whether a
pacing rate can be adjusted.

[0110] Inanexample, wheninformation abouta patient
heart rate variation indicates a low patient heart rate var-
iation (e.g., corresponding to a high heart rate variation
index), then the physical activity level threshold 1503 can
be decreased, such as to initiate a pacing therapy in re-
sponse to lower levels of patient physical activity. The
physical activity level threshold 1503 can be increased
or decreased by an amount corresponding to the patient
heart rate variation index (e.g., the physical activity level
threshold 1503 can be a function of a heart rate variation
index or a heart rate variability index).

[0111] Using information about the determined heart
rate variability or heartrate variation, the processor circuit
1410 can update a rate-response reaction time 1504.
The rate-response reaction time 1504 can control how
quickly a pacing rateincreases. Forexample,inresponse
to a need for additional cardiac output, the therapy circuit
1422 can initiate rate-responsive pacing at a rate that
gradually increases over time. For example, the therapy
circuit 1422 can control a patient pacing transition from
60 bpmto 100 bpm using the rate-response reactiontime,
such as in response to a detected change in a patient
physical activity level.

[0112] Inanexample, wheninformation abouta patient
heart rate variation indicates a low patient heart rate var-
iation (e.g., corresponding to a high heart rate variation
index), then the rate-response reaction time 1504 can be
decreased, such as to more rapidly initiate a pacing ther-
apy, such as ata higher pacingrate, inresponse to patient
physical activity. The rate-response reaction time 1504
can be increased or decreased by an amount corre-
sponding to the patient heart rate variation index (e.g.,
the rate-response reaction time 1504 can be a function
of a heart rate variation index or a heart rate variability
index).

[0113] Using information about the determined heart
rate variability or heartrate variation, the processor circuit
1410 can update a rate-response response factor 1505
to control a pacing rate as a function of a patient physical
activity level. For example, the rate-response response
factor 1505 can control how aggressively a heart rate is
paced in response to a specified physical activity level.
In an example, when information about a patient heart
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rate variation indicates a low patient heart rate variation
(e.g., corresponding to a high heart rate variation index),
then the rate-response response factor 1505 can be in-
creased, such as to more aggressively pace a patient
heart in response to patient physical activity. The rate-
response response factor 1505 can be increased or de-
creased by an amount corresponding to the patient heart
rate variation index (e.g., the rate-response response
factor 1505 can be a function of a heart rate variation
index or a heart rate variability index).

[0114] In an example, the processor circuit 1410 can
update a rate-response recovery time 1506. The rate-
response recovery time can control a rate at which a pac-
ing rate decreases from an elevated pacing rate (e.g., a
maximum pacing rate) to a lower or nominal pacing rate
(e.g., a lower rate limit). For example, the processor cir-
cuit 1410 can identify a reduced need for cardiac output,
and in response, the therapy circuit 1422 can use the
rate-response recovery time 1506 to control a transition
from a higher heartrate to a lower heart rate. The therapy
circuit 1422 or the processor circuit 1410 can use the
rate-response recovery time 1506 to control a heart rate
transition when a patient physical activity level falls below
a specified threshold physical activity level.

[0115] Inanexample, when information about a patient
heart rate variation indicates a low patient heart rate var-
iation (e.g., corresponding to a high heart rate variation
index), then the rate-response recovery time 1506 can
be increased, such as to decrease the rate at which an
elevated pacing rate returns to a lower or nominal pacing
rate, such as after a period of increased patient physical
activity. The rate-response recovery time 1506 can be
increased or decreased by an amount corresponding to
the patient heart rate variation index (e.g., the rate-re-
sponse recovery time 1506 can be a function of a heart
rate variation index or a heart rate variability index).
[0116] The systems 1300, 1400, or 1500, among oth-
ers, can be used to determine a heart rate variation or a
heart rate variability. FIG. 16 illustrates generally an ex-
ample 1600 that can include using a preliminary filter at
1610 to decide whether to determine a heart rate varia-
bility or a heart rate variation. In example 1600, at 202,
intrinsic cardiac activity information can be obtained,
such as according to the discussion of FIG. 2 at 202, and
at 204, non-intrinsic cardiac activity can be obtained,
such as according to the discussion of FIG. 2 at204. The
intrinsic and non-intrinsic cardiac activity information can
be obtained using, among other things, the systems
1300, 1400, or 1500, such as using the heart rate detector
1401, the impedance detector 1403, the physiologic ac-
tivity detector 1407, or some other detector or sensor
configured to provide cardiac activity information to the
processor circuit 1410.

[0117] Determining a heart rate variability or heart rate
variation can be an intensive task because, for example,
the determination can consume device resources (e.g.,
in the IMD 1305). In addition, referring to FIG. 11, various
patient health outcomes can be expected depending, for
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example, on whether a patient receives a specified
amount of pacing therapy. Accordingly, at 1610, the ob-
tained cardiac activity information can be assessed to
decide whether to determine a heart rate variability or a
heart rate variation.

[0118] At 1610, information about intrinsic and non-
intrinsic cardiac activity can be used to determine wheth-
er a heart rate variability or heart rate variation should be
determined. When a count of non-intrinsic patient heart
beats exceeds a threshold percentage of a total number
of counted patient heart beats, a heart rate variability or
a heart rate variation can be determined, such as using
the processor circuit 1410. For example, if the count of
non-intrinsic beats exceeds the threshold percentage of
the total beats (e.g., 30%), then a heart rate variability
can be determined at 1620, or a heart rate variation can
be determined at 1625. Other preliminary filters can be
applied at 1610. For example, if a count of a specified
QT interval (e.g., a QT interval that corresponds to a
paced event) exceeds a threshold count, then a heart
rate variability can be determined at 1620.

[0119] At 1620 or 1625, a heart rate variability or heart
rate variation can be determined, such as using the proc-
essor circuit 1410. The heart rate variability or heart rate
variation can be determined using stored information
about cardiac activity, such as stored in the memory cir-
cuit 1420. The heart rate variability can be determined
at 1620 using stored cardiac activity information indica-
tive of a patient heart rate. For example, decreasing QT
interval can be correlated with increasing heartrate. The
processor circuit 1410 can use information about a pa-
tient QT interval (e.g., received using one or more elec-
trodes coupled to the implantable medical device 1305)
to determine the heartrate variability at 1620. Other intra-
beat variables can be used as well. An intrinsic QT inter-
val can be distinguished from a non-intrinsic QT interval,
such as by identifying outliers among adjacent QT inter-
vals or in QT interval trends.

[0120] At1630,informationaboutthe determined heart
rate variability or heart rate variation can be used to com-
pute a patient metric. The patient metric can include,
among other things, a patient health status, a patient risk
profile, a patient therapy indication, or a patient survival
probability. The patient metric can include a heart rate
variability index or a heart rate variation index. A patient
metric can be computed at 1630 at regular intervals, or
upon an occurrence of a specified event (e.g., after or
during a drug therapy regimen, at night time, etc.). A se-
ries of patient metrics can be compared, such as to pro-
vide an indication of whether a patient health status has
changed. For example, a worsening heart rate variability
(e.g., corresponding to a heartrate variability that is less-
ening over time) can be an indication that an intervention
is required, such as a change in a patient therapy.
[0121] At 1640, a rate-responsive pacing mode suita-
bility is determined, such as using the processor circuit
1410 to interpret the patient metric. The processor circuit
1410 can use a patient metric to provide a rate-respon-
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sive pacing mode suitability indication. The processor
circuit 1410 can provide an indication to initiate a rate-
responsive pacing mode when a heart rate variability in-
dex is high, such as greater than about 0.7. The proces-
sor circuit 1410 can provide an indication to terminate or
suspend a rate-responsive pacing mode when a heart
rate variability index is low, such as less than about 0.3.
An operating mode of the IMD 1305 can be programmed
using the suitability information. For example, the proc-
essor circuit 1410 can use the suitability to provide in-
structions to the therapy circuit 1422 about whether to
use a rate-responsive pacing mode.

[0122] Pacing therapies other than rate-responsive
pacing can be used to affect a heart rate variability or a
heart rate variation. For example, if a variability index or
a variation index exceeds a specified threshold index, a
pacing rate can be intermittently increased, such as until
the variability index or the variation index is reduced to
a sub-threshold level. Pacing can be varied, such as by
mimicking natural patient circadian or like rhythms to im-
prove a heartrate variability or heart rate variation. These
therapy techniques, among others, can be used to im-
prove a heart rate variation or heart rate variability, and
can be applied such as to prevent arrhythmias (e.g., after
a first shock), or after a detected ischemic event.
[0123] Information about a heart rate variation or heart
rate variability can be used to initiate or adjust other ther-
apies that can impact heart rate variation or heart rate
variability. For example, a drug therapy can be initiated
orupdated (e.g., adosage can be changed) when a heart
rate variation or heart rate variability does not change in
response toaninitial therapy (e.g., arate-adaptive pacing
therapy). In an example, a neural stimulation therapy
(e.g., a vagus nerve electrostimulation therapy) can be
initiated or adjusted using information about a heart rate
variation or heart rate variability.

[0124] FIG. 17 illustrates generally an example 1700
that can include using a patient metric. At 1630, a patient
metric can be computed, such as using the processor
circuit 1410, such as described herein, such as with re-
spect to the example of FIG. 16. The patient metric can
include, among other things, a heart rate variability or
variability index, or a heart rate variation or variation in-
dex.

[0125] At 1751, the patient metric can be used to rec-
ommend a patient therapy. For example, at 1751, a rate-
responsive pacing recommendation can be provided.
The patient therapy can be recommended and imple-
mented automatically, such as using the processor circuit
1410 and the therapy circuit 1422. At 1751, recommend-
ing the patient therapy can include reporting the recom-
mendation to a patient, clinician, or other caregiver, such
as using the external module 1330. The clinician or other
caregiver, or patient, can use the external module 1330
to respond to the therapy recommendation, such as by
providing therapy parameters or other instructions to the
IMD 1305. A specified pacing protocol, or pacing therapy
parameter, can be implemented and/or executed, such

10

15

20

25

30

35

40

45

50

55

17

as automatically in response to the computed patient
metric.

[0126] At 1751, recommending a patient therapy can
include recommending a cardiac function management
device, such as a CRT or ICD device. For example, a
heart rate variation can be determined at 1625 or 225,
such as using a Holter monitor or other medical device
configured to monitor a patient heart rate over time. The
processor circuit 1410 can receive information about the
patient heart rate, compute and interpret a patient metric,
and recommend the patient therapy at 1751, such as
including a therapy recommendation that the Holter pa-
tientreceive a pacemaker (e.g., a pacemaker with a rate-
responsive pacing mode).

[0127] At 1752, the patient metric computed at 1630
can be used to adjust a patient therapy. For example,
the metric can be used to adjust a pacing mode for a
cardiac pacing therapy, such as by enabling or disabling
a rate-responsive pacing mode. Adjusting a patient ther-
apy at 1752 can include adjusting a patient therapy pa-
rameter. For example, a maximum pacing rate 1501, a
lower rate limit 1502, a physical activity level threshold
1503, a rate-response reaction time 1504, a rate-re-
sponse response factor 1505, a rate-response recovery
time 1506, or a therapy electrostimulation parameter,
among other therapy parameters, can be adjusted, such
as using information about the computed metric. One or
more other therapies or therapy parameters can be ad-
justed using the heart rate variability, such as an elec-
trostimulation electrode configuration, or a therapy re-
porting parameter.

[0128] A feedbackloop can be established to compute
or update a patient metric, such as after adjusting a pa-
tient therapy at 1752. A heart rate variability or heart rate
variation can be determined, a patient metric can be com-
puted (e.g., at 1630), and a patient therapy parameter
can be adjusted (e.g., at 1752). After a specified duration,
or in response to an observed change in patient physio-
logic activity, a patient metric can be re-computed or up-
dated. The re-computed or updated patient metric can
be used to further adjust the patient therapy, such as
using the same therapy parameter or a different therapy
parameter.

[0129] When a low heart rate variability or low heart
rate variation is determined, one or more therapy param-
eters can be updated or adjusted. For example, adjusting
a patient therapy at 1752 can include toggling a rate-
response response factor 1505 to optimize a pacing ther-
apy (e.g., to increase a heart rate variability or variation),
such as using the feedback loop. The rate-response re-
action time 1504 can be decreased, the rate-response
response factor 1505 can be increased, or a rate-re-
sponse recovery time 1506 can be increased, such as
to increase or otherwise improve the heart rate variability
or heart rate variation.

[0130] Physiologic patient information (such as de-
scribed below in the example of FIG. 18) can be used to
assess a patient therapy or further adjust a patient ther-
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apy parameter in a feedback loop. For example, a res-
piration sensor can be used to provide information about
respiration trends or apnea events. Such information can
be used to adjust or update the patient therapy at 1752.
For example, a reduction in a number of apnea events
can confirm that a rate-responsive pacing mode is effec-
tive, or an increase in a number of apnea events can
indicate a need to adjust a therapy parameter.

[0131] At 1753, the patient metric computed at 1630
can be used to provide a predictive patient mortality in-
dication. For example, information about the patient met-
ric and information about a device operating mode can
be used (see, e.g., FIG. 7). A predictive patient mortality
indication can include a patient survival probability. A
high patient survival probability can correspond to a par-
ticular patient metric, such as a high heart rate variability
(e.g., or a low heart rate variability index). A high patient
survival probability can be associated with high heart rate
variability, such as when a patientreceives arate-respon-
sive pacing therapy. A low patient survival probability can
be associated with a low heart rate variability (e.g., or a
high heart rate variability index). A low patient survival
probability can be associated with low heart rate varia-
bility, such as when a patient receives a non-rate-respon-
sive pacing therapy.

[0132] At 1754, the patient metric computed at 1630
can be used to identify a patient risk for a cardiac arrhyth-
mia. For example, heart rate variability, such as in com-
bination with one or more other patient variables (e.g.,
pacing mode), can be used to identify an elevated risk
for a cardiac arrhythmia. In an example, such as illustrat-
edin FIG. 12, patients with low heart rate variability (e.g.,
patients with high heart rate variability indices) who re-
ceive non-rate-responsive pacing therapy can be at an
elevated risk for a cardiac arrhythmia as compared to
patients with high heart rate variability who receive non-
rate-responsive pacing therapy.

[0133] At1755,analertcan be provided, such as using
the IMD 1305 or the external module 1330. Providing the
alert at 1755 can include providing information about the
patient metric, or about one or more other patient char-
acteristics, such as a patient heart rate variability, varia-
bility index, heart rate variation, or variation index. The
alert can be provided using an IMD interrogator or pro-
grammer, or using the IMD itself, such as to alert a patient
or caregiver of a change in a patient health status, or to
indicate a need for a particular therapy.

[0134] In addition to cardiac activity information, other
physiologic information can be used or considered when
determining a heart rate variability, a heart rate variation,
or when computing a patient metric. FIG. 18 illustrates
generally an example 1800 that can include determining
aheartrate variability, a heart rate variation, or computing
a patient metric, such as using other physiologic infor-
mation.

[0135] In the example 1800, physiologic information
1801 can include physiologic patient information, such
as can be received or determined using the detectors
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1401, 1403, 1405, 1407, or 1409, among others. For ex-
ample, the physiologic information 1801 can include pa-
tient posture information, such as received using the pos-
ture detector 1409.

[0136] At 1820, a heart rate variability can be deter-
mined, such as according to the discussion of FIG. 16 at
1620, such as using the physiologic information 1801. At
1825, a heart rate variation can be determined, such as
according to the discussion of FIG. 16 at 1625, such as
using the physiologic information 1801. At 1830, a patient
metric can be computed, such as according to the dis-
cussion of FIG. 16 at 1630, such as using the physiologic
information 1801.

[0137] At 1820, the heart rate variability can be deter-
mined using the physiologic information 1801 to validate
or stratify the heart rate variability. For example, a par-
ticular determined heart rate variability can be valid for
specified patient postures. Accordingly, the processor
circuit 1410 can use physiologic information 1801 about
a patient posture (e.g., received using the posture detec-
tor 1409) to determine a validity of a determined heart
rate variability. A heart rate variation, such as determined
at 1825, can be similarly validated or stratified using the
physiologic information 1801. A series of heart rate var-
iations can be determined at 1825, such as correspond-
ing to different patient postures. For example, afirst heart
rate variation can be determined at 1825 for a patient in
an upright posture (e.g., during daytime activities), and
a second heart rate variation can be determined at 1825
for the same patient in a supine posture (e.g., during
sleep periods).

[0138] Information from one or more other detectors
or sensors can additionally or alternatively be used to
validate or stratify a heart rate variation or a heart rate
variability. For example, information about patient auto-
nomic tone can be used, including information about
baroreflex sensitivity (BRS) or muscle sympathetic nerve
activity (MSNA). Information about a patient physical ac-
tivity level or respiratory rate can be used.

[0139] At 1830, the patient metric can be computed
using the patient posture information. For example, a first
patient metric (e.g., a first variability index) can be com-
puted that corresponds to a determined heart rate vari-
ability and to a first patient posture. A second patient
metric (e.g., a second variability index) can be computed
that corresponds to the same determined heart rate var-
iability and to a second patient posture. In an example,
a patient metric can include a heart rate variability index
threshold, and the threshold can be differently valued
depending on the patient’s posture. For example, a first
heart rate variability index threshold can be used when
the patient is in a first posture (e.g., an upright posture),
and a second heart rate variability index threshold can
be used when the patient is in a second posture (e.g., a
supine posture).

[0140] At 1840, a rate-responsive pacing mode suita-
bility can optionally be determined using the physiologic
information 1801. For example, a rate-responsive pacing
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mode suitability can be determined using the heart rate
variability determined at 1620 and posture information,
such as provided using the posture detector 1409. In an
example, a rate-responsive pacing mode suitability can
vary with patient posture. For example, a rate-responsive
pacing mode can be indicated in a first patient posture
(e.g.,inanupright posture), and arate-responsive pacing
mode can be contraindicated in a second patient posture
(e.g., in a supine posture).

[0141] Identifying a rate-responsive pacing mode suit-
ability can include assessing a magnitude of heart rate
variability or heart rate variation. FIG. 19 illustrates gen-
erally an example that can include comparing a heart
rate variability or heart rate variation to a threshold vari-
ability or variation, such as using the processor circuit
1410. At 1630, a patient metric can be computed, such
as including a heart rate variability or variability index, or
a heart rate variation or variation index. At 1950, the met-
ric can be assessed to determine whether a heart rate
variability or heart rate variation exceeds a threshold var-
iability or variation. For example, a heart rate variability
index can be compared to a first threshold variability in-
dex (e.g., 0.7). If the heart rate variability index exceeds
the first threshold variability index, a greater suitability
for a rate-responsive pacing mode can be identified at
1951. If the heart rate variability index is less than the
first threshold variability index, a lesser suitability for the
rate-responsive pacing mode can be identified at 1952.
[0142] The patient metric threshold, heart rate varia-
bility or variability index thresholds, or the heart rate var-
iation or variation index thresholds described in this doc-
ument can be pre-determined or default thresholds, or
can be population-specific thresholds. For example, dif-
ferent thresholds can be used for patients with different
disease characteristics, or for patients of different ages,
among other distinguishing characteristics. A threshold
can be a patient-specific threshold, such as can be au-
tomatically or iteratively determined using a therapy feed-
back loop, or determined manually by a physician or other
caregiver (e.g., such as can be provided to the processor
circuit 1410 using the external module 1330).

[0143] At1970, if the lesser suitability was identified at
1952, the metric can be compared to a second threshold.
If the metric is less than the second threshold, a contrain-
dication for a rate-responsive pacing mode can be iden-
tified at 1971. For example, referring again to FIG. 10,
when a heart rate variation index is less than a threshold
index (e.g., corresponding to the low heart rate variation
indexrange 1010), a heart rate variation can be worsened
by using a rate-responsive pacing mode. If, at 1970, the
metric is less than the first threshold and more than the
second threshold, no determination can be made about
a suitability for a rate responsive-pacing mode.

[0144] Information about a patient metric, such as in-
cluding information about a heart rate variability or vari-
ability index, or a heart rate variation or variation index,
can be used to identify a patient mortality risk or a patient
survival probability. FIG. 20 illustrates generally an ex-

10

15

20

25

30

35

45

50

55

19

ample 2000 that can include using a patient metric to
identify a patient mortality rate.

[0145] In the example of FIG. 20, at 1630, a patient
metric can be computed, such as including a heart rate
variability or variability index, or a heart rate variation or
variation index, such as according to the discussion of
FIG. 16, above. At 2050, the metric can be assessed to
determine whether a heart rate variability or heart rate
variation exceeds a threshold variability or variation. For
example, if the metric (e.g., a heart rate variability) ex-
ceeds the threshold variability, a lesser patient mortality
rate can be identified at 2061. A lesser patient mortality
rate can correspond to an improved patient survival prob-
ability. If the metric is less than the threshold variability,
a greater patient mortality rate can be identified at 2062.
In an example, in response to the identified greater or
lesser mortality rate, a patient therapy can be initiated or
adjusted at 2080. For example, a rate-responsive pacing
mode can be initiated or terminated, or a pacing therapy
parameter can be adjusted, such as described above in
the discussion of FIG. 17 at 1752.

[0146] The above detailed description includes refer-
ences to the accompanying drawings, which form a part
of the detailed description. The drawings show, by way
of illustration, specific embodiments in which the inven-
tion can be practiced. These embodiments are also re-
ferred to herein as "examples." Such examples can in-
clude elements in addition to those shown or described.
However, the present inventors also contemplate exam-
ples in which only those elements shown or described
are provided. Moreover, the present inventors also con-
template examples using any combination or permuta-
tion of those elements shown or described (or one or
more aspects thereof), either with respect to a particular
example (or one or more aspects thereof), or with respect
to other examples (or one or more aspects thereof)
shown or described herein.

[0147] Inthisdocument, the terms"a" or"an" are used,
as is common in patent documents, to include one or
more than one, independent of any other instances or
usages of "at least one" or "one or more." In this docu-
ment, the term "or" is used to refer to a nonexclusive or,
such that "A or B" includes "A but not B," "B but not A,"
and "A and B," unless otherwise indicated. In this docu-
ment, the terms "including" and "in which" are used as
the plain-English equivalents of the respective terms
"comprising" and "wherein." Also, in the following claims,
the terms "including" and "comprising" are open-ended,
that is, a system, device, article, composition, formula-
tion, or process that includes elements in addition to
those listed after such a term in a claim are still deemed
to fall within the scope of that claim. Moreover, in the
following claims, the terms "first," "second," and "third,"
etc. are used merely as labels, and are not intended to
impose numerical requirements on their objects.

[0148] Method examples described herein can be ma-
chine or computer-implemented at least in part. Some
examples can include a computer-readable medium or
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machine-readable medium encoded with instructions op-
erable to configure an electronic device to perform meth-
ods as described in the above examples. An implemen-
tation of such methods can include code, such as mi-
crocode, assembly language code, a higher-level lan-
guage code, or the like. Such code can include computer
readable instructions for performing various methods.
The code may form portions of computer program prod-
ucts. Further, in an example, the code can be tangibly
stored on one or more volatile, non-transitory, or non-
volatile tangible computer-readable media, such as dur-
ing execution or at other times. Examples of these tan-
gible computer-readable media can include, but are not
limited to, hard disks, removable magnetic disks, remov-
able optical disks (e.g., compact disks and digital video
disks), magnetic cassettes, memory cards or sticks, ran-
dom access memories (RAMs), read only memories
(ROMs), and the like.

[0149] The above description is intended to be illustra-
tive, and not restrictive. For example, the above-de-
scribed examples (or one or more aspects thereof) may
be used in combination with each other. Other embodi-
ments can be used, such as by one of ordinary skill in
the art upon reviewing the above description.

Claims
1. An apparatus comprising:

a data input circuit (1412) configured to receive
information indicative of a patient heart rate in-
cluding information about both intrinsic and non-
intrinsic patient heart beats;

a memory circuit (1420) configured to store in-
formation about the patient heart rate over time;
and

a processor circuit (1410), coupled to the mem-
ory circuit (1420), the processor circuit (1410)
configured to:

determine a heart rate variation which de-
scribes changes in heart rate over multiple
cardiac cycles using the stored information
about the patient heart rate over time, the
determined heart rate variation indicative of
a number of both intrinsic and non-intrinsic
patient heart beats within a specified heart
rate range;

compute a patient metric using the deter-
mined heart rate variation indicative of a
number of both the intrinsic and non-intrin-
sic patient heart beats within the specified
heart rate range; and

determine a rate-responsive pacing mode
suitability indication for the patient using the
computed patient metric.
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The apparatus of claim 1, wherein the processor cir-
cuit (1410) is configured to identify a lesser suitability
for the rate-responsive pacing mode for the patient
when the heart rate variation is at a first heart rate
variation value, and identify a greater suitability for
the rate-responsive pacing mode for the patient
when the heart rate variation is at a second heart
rate variation value that is less than the first heart
rate variation value.

The apparatus of any one of claims 1 or 2, wherein
the processor circuit (1410) is configured to deter-
mine whether a count of the patient’s non-intrinsic
heart beats exceeds a specified portion of a total
count of the patient’s intrinsic and non-intrinsic heart
beats during a specified period, and, when the count
of the patient’s non-intrinsic heart beats exceeds the
specified portion of the total count of the patient’s
intrinsic and non-intrinsic heart beats during the
specified period, determine the rate-responsive pac-
ing mode suitability indication for the patient.

The apparatus of any one of claims 2 or 3, comprising
a physiologic sensor (1407) configured to provide a
signal indicative of the patient's metabolic need for
a particular level of cardiac output, wherein the rate-
responsive pacing mode is capable of automatically
adjusting a patient pacing rate as a function of a var-
iation in the signal indicative of the patient’'s meta-
bolic need for the particular level of cardiac output.

The apparatus of any one of claims 1-4, wherein the
memory circuit (1420) is configured to store the in-
formation about the patient heart rate in a heart rate
histogram bin corresponding to a patient heart rate
range.

The apparatus of claim 5, wherein the processor cir-
cuit (1410) is configured to determine the heart rate
variation using information about the heart rate his-
togram.

The apparatus of any one of claims 1-6, wherein the
processor circuit (1410) is configured to compute,
as the patient metric, a predictive patient mortality
indication using the determined heart rate variation,
wherein the processor circuit (1410) is configured to
identify a lesser patient mortality rate for the patient
when the heart rate variation is at a first heart rate
variation value, and identify a greater patient mortal-
ity rate for the patient when the heart rate variation
is at a second heart rate variation value that is less
than the first heart rate variation value.

The apparatus of any one of claims 1-7, wherein the
data input circuit (1412) is configured to receive a
cardiac activity signal thatincludes information about
atrial contractions of the patient’s heart; and
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wherein the processor circuit is configured to deter-
mine the heart rate variation using the received car-
diac activity signal that includes information about
atrial contractions.

The apparatus of any one of claims 1-8, wherein the
processor circuit (1410) is configured to adjust a pa-
tient therapy using the computed patient metric.

The apparatus of any one of claims 1-9, wherein the
processor circuit (1410) is configured to initiate or
adjust arate-responsive pacing mode in a pacemak-
erin response to the determined heart rate variation.

The apparatus of any one of claims 1-10, wherein
the processor circuit (1410) is configured to adjust,
in response to the determined heart rate variation,
at least one of:

amaximum pacing rate that controls amaximum
rate at which a pacemaker supplies pacing en-
ergy to a heart;

alower rate limit that controls at which heart rate
a pacemaker begins to supply pacing energy to
a heart;

a patient exertion level threshold that controls
at which patient physical activity level a pacing
energy is initiated or adjusted;

a rate-response reaction time that controls how
quickly a pacing rate increases;

a rate-response response factor that controls a
pacing rate as a function of a patient exertion
level; or

a rate-response recovery time that controls a
rate at which a pacing rate decreases from a
maximum pacing rate to a lower rate limit when
a patient exertion level is less than a specified
threshold physical activity level.

The apparatus of any one of claims 1-11, comprising
a patient posture sensor (1409), wherein the proc-
essor circuit (1410) is configured to adjust the com-
puted patient metric using the determined heart rate
variation and information received from the patient
posture sensor (1409).

The apparatus of any one of claims 1-12, wherein
the processor circuit (1410) is configured to auto-
matically provide a recommendation for a cardiac
rhythm management device using the determined
heart rate variation.

The apparatus of claim 6, wherein the processor cir-
cuit (1410) is configured to determine the heart rate
variation using a morphology characteristic of the
heart rate histogram.

A method comprising:
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obtaining patientheart rate information including
information about both intrinsic and non-intrinsic
patient heart beats;

determining a heart rate variation which de-
scribes changes in heart rate over multiple car-
diac cycles using the patient heart rate informa-
tion including information about both intrinsic
and non-intrinsic patient heart beats, the heart
rate variation indicative of a number of both in-
trinsic and non-intrinsic patient heart beats with-
in a specified heart rate range;

computing a patient metric using the determined
heart rate variation indicative of anumber of both
intrinsic and non-intrinsic patient heart beats
within a specified heart rate range;

and

determining, using the patient metric, a rate-re-
sponsive pacing mode suitability indication for
the patient, the rate responsive pacing mode ca-
pable of automatically adjusting a pacing rate in
response to a variation in a physiologic sensor
output indicating a variation in the patient’'s met-
abolic need for a particular level of cardiac out-
put.

Patentanspriiche

Vorrichtung, welche aufweist:

eine Dateneingangsschaltung (1412), die kon-
figuriert ist zum Empfangen von Informationen,
die eine Patientenherzfrequenz anzeigen, ent-
haltend Informationen Uber sowohl intrinsische
als auch nichtintrinsische Patientenherzschla-
ge;

eine Speicherschaltung (1420), die konfiguriert
ist zum Speichern von Informationen Uber die
Patientenherzfrequenz im Zeitverlauf; und
eine Prozessorschaltung (1410), die mit der
Speicherschaltung (1420), gekoppelt ist, wel-
che Prozessorschaltung (1410) konfiguriert ist
zum:

Bestimmen einer Herzfrequenzvariation,
die Anderungen der Herzfrequenz iber
mehrere Herzzyklen beschreibt, unter Ver-
wendung der gespeicherten Informationen
Uber die Patientenherzfrequenz Uber den
Zeitverlauf, wobei die bestimmte Herzfre-
quenzvariation eine Anzahl von sowohl in-
trinsischen als auch nichtintrinsischen Pa-
tientenherzschlagen innerhalb eines be-
stimmten Herzfrequenzbereichs anzeigt;

Berechnen einer Patientenmetrik unter Ver-
wendung der bestimmten Herzfrequenzva-
riation, die eine Anzahl sowohl von intrinsi-
schen als auch von nichtintrinsischen Pati-
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entenherzschlagen innerhalb des bestimm-
ten Herzfrequenzbereichs anzeigt; und
Bestimmen einer auf die Frequenz anspre-
chenden Eignungsanzeige fiir einen
Schrittgabemodus fiir den Patienten unter
Verwendung der berechneten Patienten-
metrik.

Vorrichtung nach Anspruch 1, bei der die Prozessor-
schaltung (1410) konfiguriert ist zum Identifizieren
einer geringeren Eignung fir den auf die Frequenz
ansprechenden Schrittgabemodus fiir den Patien-
ten, wenn die Herzfrequenzvariation bei einem ers-
ten Herzfrequenz-Variationswert ist, und zum lden-
tifizieren einer gréBeren Geeignetheit fir einen auf
die Frequenz ansprechenden Schrittgabemodus fir
den Patienten, wenn die Herzfrequenzvariation bei
einem zweiten Herzfrequenz-Variationswert ist, der
kleiner als der erste Herzfrequenz-Variationswert ist.

Vorrichtung nach einem der Anspriiche 1 oder 2, bei
der die Prozessorschaltung (1410) konfiguriert ist
zum Bestimmen, ob ein Zahlwert fir die nichtintrin-
sischen Herzschlage des Patienten einen bestimm-
ten Anteil eines Gesamtzahlwerts der intrinsischen
und nichtintrinsischen Herzschlage des Patienten
wahrend einer bestimmten Periode Uberschreitet,
und wenn der Zahlwert der nichtintrinsischen Herz-
schlage des Patienten den bestimmtem Anteil des
Gesamtzahlwerts der intrinsischen und nichtintrinsi-
schen Herzschlage des Patienten wahrend der be-
stimmten Periode liberschreitet, Bestimmen der Eig-
nungsanzeige fir den auf die Frequenz ansprechen-
den Schrittgabemodus fiir den Patienten.

Vorrichtung nach einem der Anspriiche 2 oder 3, auf-
weisend einen physiologischen Sensor (1407), der
konfiguriert ist zum Bereitstellen eines Signals, das
einen metabolischen Bedarf des Patienten flir einen
besonderen Pegel der Herzausgangsleistung an-
zeigt, wobei der auf die Frequenz ansprechende
Schrittgabemodus in der Lage ist, die Schrittgabe-
frequenz eines Patienten automatisch als eine Funk-
tion einer Variation des den metabolischen Bedarf
des Patienten fiir den besonderen Pegel der Herz-
ausgangsleistung anzeigenden Signals einzustel-
len.

Vorrichtung nach einem der Anspriiche 1 bis 4, bei
der die Speicherschaltung (1420) konfiguriert ist
zum Speichern der Informationen Uber die Herzfre-
quenz des Patienten in einem Herzfrequenz-Histo-
grammfach entsprechend einem Herzfrequenzbe-
reich des Patienten.

Vorrichtung nach Anspruch 5, bei der die Prozessor-
schaltung (1410) konfiguriertist zum Bestimmen der
Herzfrequenzvariation unter Verwendung von Infor-
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42
mationen Uber das Herzfrequenzhistogramm.

Vorrichtung nach einem der Anspriiche 1 bis 6, bei
der die Prozessorschaltung (1410) konfiguriert ist
zum Berechnen, als die Patientenmetrik, einer vor-
hersagenden Patientensterblichkeitsanzeige unter
Verwendung der bestimmten Herzfrequenzvariati-
on, wobei die Prozessorschaltung (1410) konfigu-
riert ist zum ldentifizieren einer geringeren Patien-
tensterblichkeitsrate fiir den Patienten, wenn die
Herzfrequenzvariation bei einem ersten Herzfre-
quenz-Variationswert ist, und zum Identifizieren ei-
ner gréReren Patientensterblichkeitsrate fur den Pa-
tienten, wenn die Herzfrequenzvariation bei einem
zweiten Herzfrequenz-Variationswert ist, der kleiner
als der erste Herzfrequenz-Variationswert ist.

Vorrichtung nach einem der Anspriiche 1 bis 7, bei
der die Dateneingangsschaltung (1412) konfiguriert
ist zum Empfangen eines Herzaktivitatssignals, das
Informationen Uber atriale Kontraktionen des Her-
zens des Patienten enthélt; und

wobei die Prozessorschaltung konfiguriert ist zum
Bestimmen der Herzfrequenzvariation unter Ver-
wendung des empfangenen Herzaktivitatssignals,
das Informationen Uber atriale Kontraktionen ent-
halt.

Vorrichtung nach einem der Anspriiche 1 bis 8, bei
der die Prozessorschaltung (1410) konfiguriert ist
zum Einstellen einer Patiententherapie unter Ver-
wendung der berechneten Patientenmetrik.

Vorrichtung nach einem der Anspriiche 1 bis 9, bei
der die Prozessorschaltung (1410) konfiguriert ist
zum Initiieren oder Einstellen eines auf die Frequenz
ansprechenden Schrittgabemodus in einem Herz-
schrittmacher als Antwort auf die bestimmte Herz-
frequenzvariation.

Vorrichtung nach einem der Anspriiche 1 bis 10, bei
der die Prozessorschaltung (1410) konfiguriert ist
zum Einstellen, als Antwort auf die bestimmte Herz-
frequenzvariation, von zumindest einer/einem von:

einer maximalen Schrittgabefrequenz, die eine
maximale Frequenz steuert, bei der ein Herz-
schrittmacher eine Schrittgabeenergie zu einem
Herzen liefert;

einer unteren Frequenzgrenze, die steuert, bei
welcher Herzfrequenz ein Herzschrittmacher
beginnt, Schrittgabeenergie zu einem Herzen
zu liefern;

einen Patientenanstrengungspegel-Schwellen-
wert, der steuert, bei welchem Pegel der korper-
lichen Aktivitdt des Patienten eine Schrittgabe-
energie initiiert oder eingestellt wird;

eine aufdie Frequenz ansprechende Reaktions-
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zeit, die steuert, wie schnell eine Schrittgabefre-
quenz zunimmt;

ein auf die Frequenz ansprechender Ansprech-
faktor, der eine Schrittgabefrequenz als eine
Funktion eines Anstrengungspegels des Pati-
enten steuert; oder

eine auf die Frequenz ansprechende Erho-
lungszeit, die eine Frequenz steuert, beider eine
Schrittgabefrequenz von einer maximalen
Schrittgabefrequenz zu einer unteren Fre-
quenzgrenze abnimmt, wenn ein Patientenan-
strengungspegel geringer ist als ein bestimmter
Schwellenwert des korperlichen Aktivitatspe-
gels.

Vorrichtung nach einem der Anspriiche 1 bis 11, auf-
weisend einen Patientenstellungssensor (1409),
wobei die Prozessorschaltung (14 10) konfiguriert ist
zum Einstellen einer berechneten Patientenmetrik
unter Verwendung der bestimmten Herzfrequenzva-
riation und von Informationen, die von dem Patien-
tenstellungssensor (1409) empfangen wurden.

Vorrichtung nach einem der Anspriche 1 bis 12, bei
der die Prozessorschaltung (1410) konfiguriert ist
zum automatischen Bereitstellen einer Empfehlung
fur eine Herzrhythmus-Managementvorrichtung un-
ter Verwendung der bestimmten Herzfrequenzvari-
ation.

Verfahren nach Anspruch 6, bei dem die Prozessor-
schaltung (1410) konfiguriertist zum Bestimmen der
Herzfrequenzvariation unter Verwendung einer Mor-
phologiecharakteristk des Herzfrequenzhisto-
gramms.

Verfahren, welches aufweist:

Erhalten von Informationen Uber die Herzfre-
quenz eines Patienten enthaltend Informatio-
nen sowohl Uber intrinsische als auch
nichtintrinsische Herzschlage des Patienten;
Bestimmen einer Herzfrequenzvariation, die
Anderungen der Herzfrequenz iber mehrere
Herzzyklen beschreibt, unter Verwendung der
Informationen Uber die Herzfrequenz des Pati-
enten enthaltend Informationen Gber sowohl in-
trinsische als auch nichtintrinsische Herzschla-
ge des Patienten, wobei die Herzfrequenzvari-
ationen eine Anzahl von sowohlintrinsischen als
auch nichtintrinsischen Herzschlagen des Pati-
enten innerhalb eines bestimmten Herzfre-
quenzbereichs anzeigt;

Berechnen einer Patientenmetrik unter Verwen-
dung der bestimmten Herzfrequenzvariation,
die eine Anzahl von sowohl intrinsischen als
auch nichtintrinsischen Herzschlagen des Pati-
enten innerhalb eines bestimmten Herzfre-
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quenzbereichs anzeigt; und

Bestimmen, unter Verwendung der Patienten-
metrik, einer Eignungsanzeige fir den auf die
Frequenz ansprechenden Schrittgabemodus
fir den Patienten, wobei der auf die Frequenz
ansprechende Schrittgabemodus in der Lage
ist, eine Schrittgabefrequenz als Antwort auf ei-
ne Variation in einem physiologischen Sensor-
ausgangssignal, das eine Variation des meta-
bolischen Bedarfs des Patienten fiir einen be-
sonderen Pegel der Herzausgangsleistung an-
zeigt, automatisch einzustellen.

Revendications

Appareil comprenant:

un circuit d’entrée de données (1412) qui est
configuré de maniére a ce qu’il regoive une in-
formation qui estindicative d’'une fréquence car-
diaque de patient, laquelle information inclutune
information qui concerne des battements car-
diaques de patient a la fois intrinseques et non
intrinséques;

un circuit de mémoire (1420) qui est configuré
de maniére a ce qu'il stocke une information qui
concerne la fréquence cardiaque de patient en
fonction du temps; et

un circuit de processeur (1410), qui est couplé
au circuit de mémoire (1420), le circuit de pro-
cesseur (1410) étant configuré de maniére a ce
qu’il:

détermine une variation de fréquence car-
diaque qui décrit des modifications en ter-
mes de fréquence cardiaque sur de multi-
ples cycles cardiaques en utilisant I'infor-
mation stockée qui concerne la fréquence
cardiaque de patient en fonction du temps,
la variation de fréquence cardiaque déter-
minée étant indicative d’'un nombre de bat-
tements cardiaques de patient a la fois in-
trinséques et non intrinséques a l'intérieur
d’'une plage de fréquences cardiaques spé-
cifiée;

calcule une mesure de patient en utilisant
la variation de fréquence cardiaque déter-
minée qui est indicative d’'un nombre de bat-
tements cardiaques de patient a la fois in-
trinséques et non intrinséques a l'intérieur
de la plage de fréquences cardiaques spé-
cifiée; et

détermine une indication de pertinence de
mode de stimulation cardiaque en réaction
a la fréquence pour le patient en utilisant la
mesure de patient calculée.
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Appareil selon la revendication 1, dans lequel le cir-
cuit de processeur (1410) est configuré de maniére
a ce qu'il identifie une pertinence plus faible pour le
mode de stimulation cardiaque en réaction a la fré-
quence pour le patient lorsque la variation de fré-
quence cardiaque est a une premiére valeur de va-
riation de fréquence cardiaque et de maniére a ce
qu’il identifie une pertinence plus importante pour le
mode de stimulation cardiaque en réaction a la fré-
quence pour le patient lorsque la variation de fré-
quence cardiaque est a une seconde valeur de va-
riation de fréquence cardiaque qui est inférieure ala
premiére valeur de variation de fréquence cardia-
que.

Appareil selon I'une quelconque des revendications
1 ou 2, dans lequel le circuit de processeur (1410)
est configuré de maniére a ce qu’il détermine si oui
ou non un comptage des battements cardiaques de
patient non intrinséques excéde une partie spécifiée
d’'un comptage total des battements cardiaques de
patientintrinseéques et nonintrinséques pendant une
période spécifiée et, lorsque le comptage des batte-
ments cardiaques de patient non intrinséques exce-
de la partie spécifiée du comptage total des batte-
ments cardiaques de patient intrinséques et non in-
trinséques pendant la période spécifiée, de maniére
ace qu'il détermine l'indication de pertinence de mo-
de de stimulation cardiaque en réaction ala fréquen-
ce pour le patient.

Appareil selon I'une quelconque des revendications
2 ou 3, comprenant un capteur physiologique (1407)
qui est configuré de maniére a ce qu'il fournisse un
signal qui est indicatif du besoin métabolique du pa-
tient pour un niveau particulier de sortie cardiaque,
dans lequel le mode de stimulation cardiaque en
réaction a la fréquence dispose de la capacité de
régler de maniére automatique une fréquence de sti-
mulation cardiaque de patient en fonction d’une va-
riation du signal qui est indicatif du besoin métabo-
liqgue du patient pour le niveau particulier de sortie
cardiaque.

Appareil selon I'une quelconque des revendications
1 a 4, dans lequel le circuit de mémoire (1420) est
configuré de maniére a ce qu'’il stocke l'information
quiconcerne lafréquence cardiaque de patient dans
une classe d’histogramme de fréquence(s) cardia-
que(s) qui correspond a une plage de fréquences
cardiaques de patient.

Appareil selon la revendication 5, dans lequel le cir-
cuit de processeur (1410) est configuré de maniére
a ce qu'il détermine la variation de fréquence car-
diaque en utilisant une information qui concerne
I’histogramme de fréquence(s) cardiaque(s).
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Appareil selon 'une quelconque des revendications
1 a6, dans lequel le circuit de processeur (1410) est
configuré de maniere a ce qu'’il calcule, en tant que
mesure de patient, une indication de mortalité de
patient prédictive en utilisant la variation de fréquen-
ce cardiaque déterminée, dans lequel le circuit de
processeur (1410) est configuré de maniére a ce qu'’il
identifie un taux de mortalité de patient plus faible
pour le patient lorsque la variation de fréquence car-
diaque est a une premiére valeur de variation de
fréquence cardiaque et de maniere a ce qu'il identifie
un taux de mortalité de patient plus important pour
le patientlorsque la variation de fréquence cardiaque
est a une seconde valeur de variation de fréquence
cardiaque qui est inférieure a la premiéere valeur de
variation de fréquence cardiaque.

Appareil selon I'une quelconque des revendications
1 a 7, dans lequel: le circuit d’entrée de données
(1412) est configuré de maniere a ce qu'il recoive
un signal d’activité cardiaque qui inclut une informa-
tion qui concerne des contractions d’oreillette du
coeur du patient ; et dans lequel:

le circuit de processeur est configuré de maniere
a ce qu'il détermine la variation de fréquence
cardiaque en utilisant le signal d’activité cardia-
que regu qui inclut une information qui concerne
des contractions d’oreillette.

Appareil selon 'une quelconque des revendications
1 a 8, dans lequel le circuit de processeur (1410) est
configuré de maniére a ce qu’il régle une thérapie
de patient en utilisant la mesure de patient calculée.

Appareil selon I'une quelconque des revendications
1a9, dans lequel le circuit de processeur (1410) est
configuré de maniére a ce qu'il initie ou régle un mo-
de de stimulation cardiaque en réaction a la fréquen-
ce dans un stimulateur cardiaque en réaction a la
variation de fréquence cardiaque déterminée.

Appareil selon I'une quelconque des revendications
1 a 10, dans lequel le circuit de processeur (1410)
est configuré de maniére a ce qu'il régle, en réponse
a la variation de fréquence cardiaque déterminée,
au moins un parameétre pris parmi:

une fréquence de stimulation cardiaque maxi-
mum qui commande une fréquence maximum
a laquelle un stimulateur cardiaque applique de
I’énergie de stimulation cardiaque sur un coeur;
une limite de fréquence inférieure qui comman-
de a quelle fréquence cardiaque un stimulateur
cardiaque commence a appliquer de I'énergie
de stimulation cardiaque sur un coeur;

un seuil de niveau d’exercice de patient qui com-
mande a quel niveau d’activité physique de pa-
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tient une énergie de stimulation cardiaque est
initiée ou réglée;

un temps de réponse en réaction a la fréquence
qui commande le degré de rapidité selon lequel
une fréquence de stimulation cardiaque aug-
mente;

un facteur de réponse en réaction alafréquence
qui commande une fréquence de stimulation
cardiaque en fonction d’'un niveau d’exercice de
patient; ou

un temps de restauration en réaction a la fré-
quence qui commande une fréquence selon la-
quelle une fréquence de stimulation cardiaque
diminue depuis une fréquence de stimulation
cardiaque maximum jusqu’a une limite de fré-
quence inférieure lorsqu’un niveau d’exercice
de patient estinférieur a un niveau d’activité phy-
sique de seuil spécifié.

Appareil selon I'une quelconque des revendications
1a 11, comprenant un capteur de posture de patient
(1409), dans lequel le circuit de processeur (1410)
est configuré de maniere a ce qu'’il regle la mesure
de patient calculée en utilisant la variation de fré-
quence cardiaque déterminée et une information qui
est regue depuis le capteur de posture de patient
(1409).

Appareil selon I'une quelconque des revendications
1 a 12, dans lequel le circuit de processeur (1410)
est configuré de maniere a ce qu’il fournisse de fagon
automatique une recommandation pour un dispositif
de gestion de rythme cardiaque en utilisant la varia-
tion de fréquence cardiaque déterminée.

Appareil selon la revendication 6, dans lequel le cir-
cuit de processeur (1410) est configuré de maniére
a ce qu'il détermine la variation de fréquence car-
diaque en utilisant une caractéristique de morpho-
logie de I'histogramme de fréquence(s) cardia-

que(s).
Procédé comprenant:

I'obtention d’une information de fréquence car-
diaque de patient qui inclut une information qui
concerne des battements cardiaques de patient
a la fois intrinséques et non intrinséques;

la détermination d’une variation de fréquence
cardiaque qui décrit des modifications entermes
de fréquence cardiaque sur de multiples cycles
cardiaques en utilisant I'information de fréquen-
ce cardiaque de patient qui inclut une informa-
tion qui concerne des battements cardiaques de
patient a la fois intrinséques et non intrinséques,
la variation de fréquence cardiaque étant indi-
cative d’'un nombre de battements cardiaques
de patient a la fois intrinséques et non intrinsé-
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ques al’intérieur d’'une plage de fréquences car-
diaques spécifiée;

le calcul d’'une mesure de patient en utilisant la
variation de fréquence cardiaque déterminée
qui est indicative d’'un nombre de battements
cardiaques de patient a la fois intrinseques et
non intrinséques a l'intérieur d’une plage de fré-
quences cardiaques spécifiée; et

la détermination, en utilisant la mesure de pa-
tient, d’'une indication de pertinence de mode de
stimulation cardiaque en réaction a la fréquence
pour le patient, le mode de stimulation cardiaque
en réaction a la fréquence disposant de la ca-
pacité de régler de maniere automatique une
fréquence de stimulation cardiaque en réponse
a une variation d’'une sortie de capteur physio-
logique qui indique une variation du besoin mé-
tabolique du patient pour un niveau particulier
de sortie cardiaque.
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