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(7) ABSTRACT

A medical device performs a method for computing an
estimate of a physiological variable. The method includes
sensing a physiological signal and measuring an event of the
physiological signal. The device initializes a value of a
long-term metric of the event measurement, wherein the
long-term metric corresponds to a time interval correlated to
a response time of the physiological variable to changes in
the event. The estimate of the long-term metric is updated in
a memory of the medical device using a previous long-term
metric and a current measurement of the event. The device
detects a need for computing the physiological variable and
computes an estimate of the physiological variable using the
updated long-term metric.
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METHOD FOR CALCULATING AN
ESTIMATE OF A TIME-VARYING
PHYSIOLOGICAL VARIABLE

[0001] This application is a continuation of U.S. patent
application Ser. No. 13/664,544, filed Oct. 31, 2012, the
entire content of which is incorporated herein by reference.

TECHNICAL FIELD

[0002] The disclosure relates generally to medical devices
and, in particular, to an apparatus and method for calculating
an estimate of a physiological variable.

BACKGROUND

[0003] Implantable medical devices (IMDs) such as pace-
makers and implantable cardiovertor defibrillators (ICDs)
typically include sensors for monitoring physiological sig-
nals from a patient, such as cardiac electrodes for sensing
cardiac electrogram (EGM) signals. Using the sensed sig-
nals, the IMD may be configured to compute measurements
corresponding to a patient’s cardiac rhythm and use that
information in computing therapy parameters controlling an
automatically delivered therapy, such as a cardiac pacing
therapy, which may be a single chamber, dual chamber or
multi-chamber cardiac resynchronization therapy (CRT),
anti-tachycardia pacing (ATP) or other pacing therapies.
[0004] In some examples, control parameters determined
from a sensed signal may be computed from measurements
of a physiological variable taken over a relatively short
period of time, such as one cardiac cycle or several cardiac
cycles. In other examples, a parameter may be desired which
requires computation from a physiological variable that
requires measurements over a relatively longer period of
time, such as one minute, several minutes, hours, weeks or
more. A relatively large amount of IMD memory is required
for storing signal data as it is acquired for use in computing
of a physiological variable using long-term measurements of
a physiological signal. Computing a time varying physi-
ological variable from signal measurements may require
complex computational methods, such as differential, expo-
nential, logarithmic or other non-linear functions, which
require generally high processing power and time. Compu-
tation of therapy control parameters using measurements
obtained over long time periods and/or requiring high com-
putational complexity can be limited in an IMD because of
the overall size limitations, which limits battery size,
memory size, and processing power. A need remains, there-
fore, for IMD systems and associated methods that provide
efficient computation of an estimated or predicted value of
a physiological variable for use in setting a therapy control
parameter and/or for assessing a patient condition.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1 is a schematic diagram of an implantable
medical device system 8 according to one embodiment.
[0006] FIG. 2 is a functional block diagram of the IMD
shown in FIG. 1 according to one embodiment.

[0007] FIG. 3 is a flow chart of a method for computing a
therapy control parameter according to one embodiment.
[0008] FIG. 41s a flow chart of one method for computing
a therapy control parameter according to an illustrative
embodiment.
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[0009] FIG. 5 is a flow chart of a method for controlling
a drug therapy using the estimation techniques described
herein.

DETAILED DESCRIPTION

[0010] Inthe following description, references are made to
illustrative embodiments. It is understood that other embodi-
ments may be utilized without departing from the scope of
the disclosure.

[0011] FIG. 1 is a schematic diagram of an implantable
medical device system 8 according to one embodiment.
System 8 is provided for sensing cardiac events (e.g.
P-waves and R-waves) for detecting and classifying a car-
diac thythm and for treating cardiac arrhythmias. System 8
includes IMD 10 and leads 20 and 21. IMD 10 may be
embodied as an ICD capable of delivering pacing, cardio-
version and defibrillation therapy to the heart 16 of a patient
14. Ventricular lead 20 and atrial lead 21 are electrically
coupled to IMD 10 and extend into the patient’s heart 16 via
a vein 18. Ventricular lead 20 includes electrodes 22 and 24
shown positioned in the patient’s right ventricle (RV) for
sensing ventricular EGM signals and for delivering pacing
pulses in the RV. Atrial lead 21 includes electrodes 26 and
28 positioned in the patient’s right atrium (RA) for sensing
atrial EGM signals and delivering pacing pulses in the RA.
Lead 20 additionally carries high voltage coil electrodes 42
and 44 used to deliver cardioversion and defibrillation shock
pulses.

[0012] The leads 20 and 21 are used to acquire intracar-
diac EGM signals from the patient 14 and to deliver therapy
in response to the acquired data. IMD 10 is shown as a dual
chamber ICD, but in some embodiments, system 8 may be
embodied as a single chamber system or as a multi-chamber
system including a coronary sinus lead extending into the
right atrium, through the coronary sinus and into a cardiac
vein to position electrodes along the left ventricle (LV) for
sensing LV EGM signals and delivering pacing pulses to the
LV.

[0013] IMD circuitry configured for performing the meth-
ods described herein and associated battery(ies) are housed
within a sealed housing 12. Housing 12 may be conductive
so as to serve as an electrode for use as an indifferent
electrode during pacing or sensing or as an active electrode
during defibrillation. As such, housing 12 is also referred to
herein as “housing electrode” 12.

[0014] EGM signal data, cardiac rhythm episode data, and
therapy delivery data acquired by IMD 10 can be transmitted
to an external device 30. External device 30 may be embod-
ied as a programmer, e.g. used in a clinic or hospital to
communicate with IMD 10 via wireless telemetry. External
device 30 may be coupled to a remote patient monitoring
system, such as Carelink®, available from Medtronic, Inc.,
Minneapolis, Minn. Device 30 is used to program com-
mands or operating parameters into IMD 10 for controlling
IMD function and to interrogate IMD 10 to retrieve data,
including device operational data as well as physiological
data accumulated in IMD memory. Examples of communi-
cation techniques used by IMD 10 and external device 30
include low frequency or radiofrequency (RF) telemetry,
which may be an RF link established via Bluetooth, WiFi, or
MICS, for example.

[0015] The techniques disclosed herein are useful in IMD
system 8, for example, in computing pacing control param-
eters such as anti-tachycardia pacing (ATP) interval used to
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control pacing delivered to terminate ventricular or atrial
tachycardia. System 8 is one example of an IMD system
used to acquire physiological signals, in this example car-
diac EGM signals, for measuring physiological variables
that are used to set adjustable therapy control parameters to
a value computed based on the measured physiological
variables in a closed-loop, automatic therapy delivery sys-
tem. However, the techniques disclosed herein may be
implemented in any medical device system that senses
physiological signals for use in calculating and reporting a
time-varying physiological variable or for calculating a
physiological variable used to compute a therapy delivery
control parameter. Such systems may include but are not
limited to cardiac monitors, respiration monitors, drug deliv-
ery devices, and neurostimulation devices. Systems employ-
ing the techniques described herein may be wholly external
systems or may include implantable devices as shown in the
illustrative embodiments.

[0016] FIG. 2 is a functional block diagram of IMD 10
according to one embodiment. IMD 10 includes a sensing
module 102, a therapy delivery module 104, a control unit
106 and associated memory 108, and telemetry module 118.
As used herein, the term “module” refers to an application
specific integrated circuit (ASIC), an electronic circuit, a
processor (shared, dedicated, or group) and memory that
execute one or more software or firmware programs, a
combinational logic circuit, or other suitable components
that provide the described functionality.

[0017] Sensing module 102 receives cardiac electrical
signals from electrodes carried by leads 20 and 21 for
sensing cardiac events attendant to the depolarization of
myocardial tissue, e.g. P-waves and R-waves. Sensing mod-
ule 102 may include a switch module for selectively cou-
pling electrodes 22, 24, 26, 28, 42, 44, and housing electrode
12 to sensing module 102 in order to monitor electrical
activity of heart 16. The switch module may include a switch
array, switch matrix, multiplexer, or any other type of
switching device suitable to selectively couple electrodes to
sensing module 102. In some examples, control unit 106
selects the electrodes to function as sense electrodes, or the
sensing vector, via the switch module within sensing module
102.

[0018] Sensing module 102 may include multiple sensing
channels, each of which may be selectively coupled to
respective combinations of electrodes 22, 24, 26, 28, 42. 44
and housing 12 to detect electrical activity of a particular
chamber of heart 16, e.g. an atrial sensing channel and a
ventricular sensing channel. FEach sensing channel may
comprise a sense amplifier that outputs an indication to
control unit 106 in response to sensing of a cardiac depo-
larization, in the respective chamber of heart 16. In this
manner, control unit 106 may receive sense event signals
corresponding to the occurrence of sensed R-waves and
P-waves in the respective chambers of heart 16. Sensing
module 102 may further include digital signal processing
circuitry for providing control unit 106 with digitized EGM
signals, which may be used for cardiac rhythm discrimina-
tion and for computing physiological variable values for
adjusting therapy control parameters.

[0019] Sensing module 102 is shown coupled to elec-
trodes for sensing cardiac EGM signals in FIG. 2. In other
embodiments, however, electrodes for sensing other neuro-
logical signals and/or other physiological sensors may be
coupled to sensing module 102. Other physiological sensors
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may include pressure sensors, oxygen sensors, pH sensors or
other blood chemistry sensors, accelerometers, acoustical
sensors, impedance sensors, flow sensors, or any other
sensors used for acquiring physiological signals over time.
[0020] Any physiological signals received by sensing
module 102 and acquired by IMD 10 may be used in the
techniques described herein for estimating a physiological
variable that varies in response to a changing physiological
condition(s), monitored by sensing module 102. In an illus-
trative embodiment described herein, myocardial action
potential duration (APD) varies with heart rate, i.e. RR
interval. The faster the heart rate (shorter RRI), the shorter
the APD, and the slower the heart rate (longer RRI) the
longer the APD. However this variation of APD does not
occur suddenly with changes in RRI but changes differen-
tially toward a stable setpoint over time. The APD can be
accurately computed as the solution of a finite difference
equation which is a function of the RRIs. This accuracy,
however, is at the cost of increased memory requirements for
storing RRIs over an extended period of time, e.g. one
minute or more, or of a higher processing demand and time
for computations.

[0021] By using a hierarchy of computationally simpler
metrics, for example a simple metric of the long-term RRI
behavior, and a perhaps more sophisticated metric of the
medium and/or short term RRI behavior, a good approxi-
mation of the differential behavior of the APD based on heart
rate history can be computed with reduced cost. This
approximation could require negligible processing time and
substantially reduced memory. The approximation can be
computed on demand when a need for therapy is detected
without requiring continuous computations when a therapy
is not needed.

[0022] Techniques described herein enable efficient data
storage and computational methods for estimating a physi-
ological variable, e.g. APD, based on a time-varying physi-
ological condition or repeating events, e.g. RRI. From the
physiological variable, e.g. APD, a therapy control param-
eter, e.g. a cardiac pacing interval, can be computed. In
various embodiments, the techniques described herein may
be used for estimating any physiological variable that is
challenging to measure directly or instantaneously for use in
monitoring a patient or controlling a therapy. The variable
may change in response to another physiological condition
in a non-linear manner. The variable therefore is estimated
using measurements of at least one time-varying physiologi-
cal condition or repeating event that influences the variable
over time and which can be measured from signals sensed by
sensing module 102.

[0023] Memory 108 may include computer-readable
instructions that, when executed by control unit 106, cause
IMD 10 to perform various functions attributed throughout
this disclosure to IMD 10 and control module 106. The
computer-readable instructions may be encoded within
memory 108. Memory 108 may comprise computer-read-
able storage media including any volatile, non-volatile,
magnetic, optical, or electrical media, such as a random
access memory (RAM), read-only memory (ROM), non-
volatile RAM (NVRAM), electrically-erasable program-
mable ROM (EEPROM), flash memory, or any other digital
media.

[0024] Control unit 106 may include any one or more of
a microprocessor, a controller, a digital signal processor
(DSP), an application specific integrated circuit (ASIC), a
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field-programmable gate array (FPGA), or equivalent dis-
crete or integrated logic circuitry or state machine. In some
examples, control unit 106 may include multiple compo-
nents, such as any combination of one or more micropro-
cessors, one or more controllers, one or more DSPs, one or
more ASICs, or one or more FPGAs, as well as other
discrete or integrated logic circuitry or state machines. The
functions attributed to control unit 106 herein may be
embodied as software, firmware, hardware or any combina-
tion thereof.

[0025] Control unit 106 includes a therapy control unit
that controls therapy delivery module 104 to deliver elec-
trical stimulation therapy, e.g., cardiac pacing, anti-tachyar-
rhythmia therapy, or shock pulses, to heart 16 according to
a selected one or more therapy programs, which may be
stored in memory 108. Therapy delivery module 104 is
electrically coupled to electrodes 22, 24, 26, 28, 42, 44 and
housing electrode 12 (all of which are shown in FIG. 1).
Therapy delivery module 104 is configured to generate and
deliver electrical stimulation therapy to heart 16 via selected
combinations of electrodes 22, 24, 26, 28, 42, 44, and
housing electrode 12.

[0026] Memory 108 stores intervals, counters, or other
data used by control unit 106 to control the delivery of
pacing pulses by therapy delivery module 104. Such data
may include intervals and counters used by control unit 106
to control the delivery of pacing pulses to heart 16. The
intervals and/or counters are, in some examples, used by
control unit 106 to control the timing of delivery of pacing
pulses relative to an intrinsic or paced event in another
chamber. Memory 108 also stores intervals for controlling
cardiac sensing functions such as blanking intervals and
refractory sensing intervals and counters for counting sensed
events for detecting cardiac rhythm episodes. Events sensed
by sense amplifiers included in sensing module 102 are
identified in part based on their occurrence outside a blank-
ing interval and inside or outside of a refractory sensing
interval. Events that occur within predetermined interval
ranges are counted for detecting cardiac rhythms.

[0027] Memory 108 is additionally used to store data used
for computing an estimate of a physiological variable and
optionally for computing a therapy control parameter using
the physiological variable. According to one embodiment
described herein, sensing module 102, memory 108, and
control unit 106 are configured to measure a current value of
a repeating physiological event or condition, use the current
value to update a long-term metric of the physiological
condition, and store the long-term metric of the condition. At
a time that therapy is needed, as determined by control unit
106 based on sensed signals from sensing module 102, the
long-term metric is used to compute an estimate of a
physiological variable that varies in response to changes in
the physiological condition. A therapy control parameter is
then computed based on the estimated physiological vari-
able. Next, the therapy control parameter is applied by
control unit 106 to control therapy delivered by therapy
delivery module 104.

[0028] Telemetry module 118 is used to communicate with
external device 30, for transmitting data accumulated by
IMD 10 and for receiving interrogation and programming
commands from external device 30. Examples of commu-
nication techniques used by IMD 10 include low frequency
or radiofrequency (RF) telemetry, which may be an RF link
established via Bluetooth, WiFi, or MICS. IMD 10 receives
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programming commands and algorithms from an external
device via telemetry module 118.

[0029] FIG. 3 is a flow chart 200 of a method for com-
puting a therapy control parameter according to one embodi-
ment. Flow chart 200 and other flow charts presented herein
are intended to illustrate the functional operation of the
medical device system, and should not be construed as
reflective of a specific form of software or hardware neces-
sary to practice the methods described. Methods described
in conjunction with flow charts presented herein may be
implemented in a non-transitory computer-readable medium
that includes instructions for causing a programmable pro-
cessor to carry out the methods described. A non-transitory
computer-readable medium includes but is not limited to any
volatile or non-volatile media, such as a RAM, ROM,
CD-ROM, NVRAM, EEPROM, flash memory, or other
computer-readable media, with the sole exception being a
transitory, propagating signal. The instructions may be
implemented as one or more software modules, which may
be executed by themselves or in combination with other
software.

[0030] At block 201, an initial estimate of a long-term
metric of a physiological condition is established. A long-
term metric may be any statistical metric of measurements
of a physiological condition. For example, a long-term
metric may be a mean (average), median, mode or other
measurement of the central tendency of a distribution of
measurements of the physiological condition obtained from
a sensed signal. The initialized estimate of the long-term
metric is stored in memory 108. Examples of physiological
conditions that may be measured include, but are not limited
to, cardiac conditions, metabolic conditions and respiratory
conditions. The measurement of the condition may be an
amplitude, a time interval, a slope, an integral, a dose, a
waveform morphology, or other aspect of the physiological
signal.

[0031] The physiological condition may be any event for
which repeated measurements are obtained and may be a
cyclical event, such as a cardiac event, respiratory event, or
circadian event. To illustrate, a repeating event may be an
RR interval (RRI) measured as the interval between
R-waves consecutively sensed from a cardiac EGM signal.
An initial long-term estimate of a central tendency or
“centeredness” of the RRI distribution may be an average
RRI initialized as a currently measured RRI, a short-term
average, e.g. a five to ten beat average, or a nominal RRI
value.

[0032] At block 202, the physiological signal used to
measure the physiological condition is sensed by the IMD.
The next measurement of the physiological event is per-
formed at block 204. This measurement may be of the next
occurrence of a repeating event. At block 206, the long-term
estimate of the metric of the physiological condition is
updated using the next measurement and the new long-term
estimate is stored in memory 108. The actual value of the
current event measurement does not need to be accumulated
in memory 108. In contrast to methods that accumulate
measurements of a physiological condition or repeating
event over time to enable computation of a long-term
average or other measure of centeredness of the repeating
measurements, only the updated long-term estimate needs to
be stored at block 206, significantly reducing memory
requirements.
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[0033] The “long-term” metric refers to a metric corre-
lated to the central tendency of the physiological condition
over a period of time corresponding to a response time of a
physiological variable to changes in the condition. An
example of this relation is the APD that changes differen-
tially with changes in RR interval. The response time of
APD to changes in RR interval may be on the order of
approximately one minute such that a long-term metric of
RR interval is intended to correlate to a one-minute average
RR interval in one embodiment, without having to store one
minute of RR interval measurements.

[0034] At block 208, the IMD control unit 106 determines
if a therapy is needed. This determination may be made
according to any detection algorithm implemented in the
IMD 10 for detecting a need for therapy. Examples include
cardiac event interval tachyarrhythmia detection algorithms,
which may utilize a prioritized set of rules, event patterns,
signal morphology criteria or other detection criteria in
addition to measurements and counts of RR and/or PP, and
PR intervals for detecting tachyarrhythmias.

[0035] If no condition or episode is detected by the IMD
requiring therapy at block 208, the control unit 106 contin-
ues to measure the physiological condition at block 204 and
updating the long-term estimate of the physiological condi-
tion at block 206, which is stored in memory.

[0036] If therapy is needed (block 208), a physiological
variable is computed at block 210 upon demand for use in
controlling the therapy. The physiological variable is a
variable that depends on the long-term behavior of the
physiological condition, which may be a repeating event,
and therefore cannot be computed from only a currently
measured value or a relatively short-term measurement of
the physiological condition. Normally, a large amount of
memory and processing would be required to compute the
physiological variable from a large amount of accumulated
event measurements. Instead, upon determining that a
therapy is needed. an estimate of the physiological variable
is computed using the long-term metric of the physiological
condition. Additionally a current value of the condition
measurement and/or another short- or medium-term mea-
surement of the condition may be used in the computation of
the physiological variable to estimate the variable as a
function of the physiological condition.

[0037] At block 212, a therapy control parameter that is
automatically adjusted as a function of the physiological
variable is computed by the control unit 106. The therapy
control parameter is applied by the therapy control portion
of control unit 106. Therapy is applied according to the
control parameter at block 214. After delivering the therapy,
the process may return to block 204 to continue measuring
the physiological event and updating the long-term metric of
the event.

[0038] In some cases, the therapy is an urgent therapy,
such as a tachyarrhythmia therapy, and accordingly mini-
mum processing time for computing a therapy control
parameter is desired. By storing a long-term metric of the
physiological condition needed to compute an estimate of
the physiological variable, processing time for computing
the therapy control parameter upon detecting a need for
therapy is minimized, enabling prompt therapy delivery.
[0039] As will be described in an illustrative embodiment
below, a pacing interval used for delivering ATP in response
to detecting a tachycardia episode may be computed as a
function of an estimate of APD. In one embodiment, the

Apr. 6,2017

APD is estimated using a long-term metric of the RRI.
Accordingly, upon detecting a need for ATP, the pacing
interval can be computed on demand using the long term
metric of the RRI for estimating the APD, which in turn is
used to compute the ATP interval. While the estimated APD
may be somewhat less accurate than an action potential
duration computed using the full computational method of
differentially processing all RRI measurements accumulated
and stored over a long-term interval, the efliciency gained in
reducing processing time and memory requirements by
using the updated long-term metric of RRIs provides a more
feasible technique for implementation in an IMD system.
[0040] In some embodiments, the estimated physiological
variable itself may be stored and reported as part of a
monitoring algorithm. In this case, the physiological vari-
able estimate may be computed on a periodic basis and
stored in memory 108 or on demand, e.g. in response to an
interrogation command from programmer 30, and transmit-
ted via telemetry module 118. A therapy control parameter
need not be computed in all applications of the disclosed
techniques; in some embodiments an estimated physiologi-
cal variable is computed, from a long-term metric of a
repeating physiological event or condition that influences
the variable, for patient monitoring purposes, without
therapy delivery.

[0041] FIG. 4 is a flow chart 300 of one method for
computing a therapy control parameter according to an
illustrative embodiment. At block 302, an EGM signal is
sensed. For example a ventricular EGM signal is sensed
using electrodes 22 and 24. At bock 304, a current RRI is
measured. A long-term metric of an average RRI is initial-
ized to the current RRI value.

[0042] At block 306, the next RRI is measured. The next
RRIis compared to a predefined physiological limit or range
of RRIs at block 308. In one embodiment, the RRI is
required to be greater than a minimum RRI limit, for
example greater than 150 ms. If the next RRI is not
determined to be physiological based on predetermined
acceptability criteria, the next RRI is measured at block 306.
In some cases, non-cardiac noise or oversensing of signals
that are not true R-waves may cause false R-wave detections
resulting in non-physiological RRI measurements. These
non-physiological RRI measurements are rejected for use in
updating an estimate of the long-term average RRI.

[0043] The next RRI measurement that is determined to be
physiological is used, along with the initialized long-term
metric, to update the metric of the long-term average RRI at
block 310. An updated metric of a long-term average may be
computed by the control unit 106 as a weighted sum of the
stored metric of the long-term average and the currently
measured RRI. In one embodiment, the metric is computed
as:

LTAvg(updated)={(»-1)*LTAvg}/n+RRUn

wherein LTAvg is the stored long-term average estimate,
RRI is the currently measured RRI value, and n is a selected
weighting factor. The weighting factor n is chosen to be 256
in one embodiment. The weighting factor may be selected
based on a fastest event rate expected to occur over a time
interval needed to accurately estimate the physiological
variable. In other words, the weighting factor may be
established based on an expected number of event measure-
ments during a response time of the physiological variable
to changes in the event. The long-term metric is correlated
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to a centeredness measurement of the event over the
response time in one embodiment. Additionally, the weight-
ing factor may be selected to enable straightforward hard-
ware or firmware implementation in fixed point math.

[0044] For example, the APD may be estimated with an
acceptable accuracy based on approximately one minute of
RRI measurements. Approximately one minute may include
between 50 seconds and 70 seconds of measurements for
example. During a fast heart rate, the tachycardia rate may
be greater than 200 bpm, normally requiring storage of the
200 or more RRIs to determine an average RRI from which
the APD could be computed. Instead of requiring this large
amount of data storage, only the long-term metric of average
RRIis stored and a currently measured RRI is used to update
the metric. A maximum event rate in an expected time
interval required to estimate APD with acceptable accuracy
may be set at a rate greater than approximately 200 bpm,
corresponding to an expected maximum ventricular rate
during the one minute time interval used to estimate APD.
In the illustrative embodiment, a maximum event rate is
selected as 256, since this rate is close to an expected
maximum ventricular rate if VT is detected, is computation-
ally convenient to use in hardware/firmware implementa-
tions, and provides an acceptable resolution of a final APD
estimate.

[0045] This established maximum event rate is used to set
the weighting factor applied to the long-term metric and the
currently measured RRI. A weighting of 255 is applied to the
long-term metric and a weighting of one is applied to the
currently measured RRI in computing the updated metric of
long-term average RRI over an assumed maximum number
of events, i.e. 256. For example, for computing the metric of
the long-term average RRI the following equation may be
used:

LTAvg(updated)={(255)*LTAvg }/256+RR1/256

[0046] The above equation may be generalized to a long-
term average metric of any repeated event measure where
the long-term average (or other centeredness) metric is
updated as a sum of a weighted combination of the stored
long-term average metric and a current measurement of the
repeating event. The weighting factor may be chosen based
on modeling of real clinical data to provide a best approxi-
mation of the actual long-term average computed from
accumulated measurements of a repeating event, e.g. RRIs
in the illustrative embodiment. For example, the weighting
factor applied to a current event measurement may be higher
if a greater dependency on very recent events compared to
less recent historical events is observed.

[0047] The updated long-term average metric is stored in
memory 108 at block 310. The long-term average metric is
updated in memory 108 continuously upon each RRI mea-
surement such that every RRI measured (within physiologi-
cal limits) contributes to the calculation of the historical,
long-term average metric. Being continuously updated upon
each measurement means that the number of RRI measure-
ments contributing to the long-term average metric is not
limited to a predetermined number of RRIs and RRIs need
not be counted for computing the long-term average. It is
recognized that the metric of the long-term average could be
reinitialized, for example by a clinician using programmer
30, which would restart computation of the long-term met-
ric, effectively clearing the contribution of historical RRIs to
the metric.
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[0048] A relatively shorter, medium term metric of recent
RRIs is computed and stored at block 312. This medium
term measure may be a running average, a mean, median,
mode or other measure of a predetermined number of the
most recent, consecutively measured repeating events, e.g.
RRIs (rejecting non-physiological RRIs) in the illustrative
embodiment. For example, the median RRI of the most
recent 10 or 12 RRIs may be determined and stored at block
312. Generally, the medium term measure could be com-
puted as a mean or median value of a predetermined number
of the most recently measured and stored event measure-
ments, but any moment with mathematically desirable prop-
erties could be used, and the moment could in general be
chosen based on the characteristics of the difference equa-
tion being solved.

[0049] The number of recent event measurements used to
compute the medium term metric may be based on a
minimum number of events expected to occur over the time
interval required to estimate APD with acceptable accuracy.
For example, a minimum heart rate during one minute may
be expected to be approximately 40 beats per minute. If the
weighting of the long-term average is high, e.g. based on a
maximum event rate of 256, but the heart rate is relatively
slow or near a minimum expected rate, the long-term metric
is heavily weighted on historical RRI values that extend
well-beyond the one minute time interval over which RRI
changes are expected to impact APD. RRIs occurring more
than one minute earlier would have little or no influence on
the behavior of the current APD. Accordingly, an estimate of
the APD computed using a weighted long-term average
metric can be corrected for error arising when a heart rate is
slower than a maximum expected rate by determining and
appropriately weighting a medium term metric in a compu-
tation of APD. A weighted contribution of the medium term
metric will be used to offset a long-term metric heavily
weighted on historical RRIs in computing the final APD
estimate.

[0050] In one embodiment, a median value of the most
recent 12 RRIs is determined at block 312, and updated beat
by beat. This median value requires storage of only 12 RRIs,
which generally does not require an excessive amount of
memory and is not computationally burdensome to compute.
The number of most recent events used to compute a
medium term metric may be based on the minimum number
of events expected over a time interval required to make
event measurements for computing an acceptably accurate
estimate of a physiological variable. In other words, the
number of most recent events used to compute a medium-
term metric may be based on a minimum number of event
measurements expected to occur in the response time of the
physiological variable to a change in the event. The number
of most recent events used may additionally be adjusted
from this expected minimum number of events based on
available memory capacity, computational convenience, and
acceptable accuracy of the estimated APD, which may be
based on comparisons to empirical measurements.

[0051] The long-term RRI metric and the medium term
RRI measurement continue to be updated beat-by-beat until
a tachycardia is detected at block 314. The long-term metric
is stored without having to accumulate RRI measurements in
memory 108 for computing a long-term average RRI. Only
the current long-term metric is stored and is updated using
a current RRI measurement, resulting in substantial memory
and processing savings as opposed to storing all RRIs over
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a selected time interval, such as one minute, and computing
an average of all of those RRIs. Computation of the medium
term measure of RRIs does not require a large amount of
memory or processing time since only a selected number of
the most recent events are used. Accordingly, a predeter-
mined number of recently measured RRIs meeting the
physiological interval requirement are stored in a memory
buffer to enable computation of the medium-term RRI
measurement on a beat-by-beat basis.
[0052] If a tachycardia is detected at block 314, an esti-
mated APD is computed at block 316 using the currently
stored value for the long-term RRI metric, the medium term
RRI metric, and a currently measured RRI. The ventricular
refractory period changes as a function of heart rate (RRIs).
In order to effectively terminate a detected tachycardia
episode using anti-tachycardia pacing (ATP), the ATP pacing
pulses must be properly timed. A proper pacing interval will
result in a pacing pulse shortly after the ventricular APD and
associated physiological refractory period but before the
next intrinsic tachycardia depolarization. An ATP therapy
will fail to terminate a tachycardia episode when the ATP
pulses occur at a time outside of the proper time interval. For
example, an ATP therapy applied during the APD will fail to
capture the heart due to the physiological refractory period
of the myocardial tissue. ATP pulses applied too close to
intrinsic tachycardia depolarizations, may accelerate the
tachycardia leading to fibrillation. Therefore, the ATP inter-
val may be set based on an estimate of the APD to properly
time the pacing pulses just after physiological refractory.
Setting the pacing interval of the ATP pulses based on an
estimated APD increases the ability of IMD 10 to terminate
the detected tachycardia, reducing the likelihood that the
tachycardia will degrade into fibrillation, reducing the num-
ber of pulses delivered to the patient’s heart 16, and increas-
ing the battery life of IMD 10.
[0053] The differential behavior of the APD as a function
of heart rate can be approximated using a long-term,
medium-term, and immediate measure of RRIs. By properly
weighting each of the long-term, medium-term and imme-
diate components, a close approximation of the behavior of
the APD can be achieved. In one embodiment, the APD is
computed on demand at block 314 using a weighted com-
bination of the long-term RRI metric currently stored in
memory, a medium-term RRI average currently stored in
memory, and the currently measured RRI as follows:

APD=MAX(E, C*(S1*LTAvg+52*MTmedian+

S3*RRI,,, e +D)

current!

wherein the values S1, S2 and S3 are scaling or weighting
factors applied to each of the respective estimated long term
average RRI metric (LTAvg), medium term median RRI
(MTmedian), and currently measured RRI_,...... C and D
are constants. C, S1, S2, S3 and D are selected to provide a
best fit approximation of the differential behavior of the APD
curve as a function of RRI. C, S1, S2 and S3 can also be
selected to provide efficient implementation. In one embodi-
ment, C, S2 and S3 are selected to be 0.25 and S1 is selected
to be 0.5. C is a scaling factor that converts the overall RRI
metric computed using the long-term, medium term and
current RRI metrics to the APD portion of the RRI. S1 is
selected to give greater weight to the long-term metric than
the medium term metric and the current RRI measurement.
However the medium term metric and the current RRI
contributions offset any error due to contributions of more
distant past historical values.
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[0054] D is an offset selected as approximately 130 ms,
corresponding to a minimum APD and provides a safety
margin to ensure pacing outside of the vulnerable period. E
is a maximum for the system and is approximately 350 ms
in one example. In any given application, the equation used
to compute an estimate of a physiological variable may be
determined by fitting estimated data to empirical measure-
ments such that selection of scaling factor(s), weighting
factors, offset, and a maximum or minimum limit provides
acceptable accuracy and resolution of the estimate.

[0055] Using the estimated APD based on the metric of the
long term RRI and more immediate RRI measurements, a
pacing interval for ATP is computed at block 318. The ATP
interval may be computed by multiplying the APD by a
constant and/or adding a constant to the computed APD. A
maximum upper limit to the ATP interval may be set and
used in place of a computed ATP interval if it exceeds the
maximum limit. The computed ATP interval is used by the
therapy control unit included in control unit 106 for con-
trolling therapy delivery unit 104. The ATP therapy is
delivered to heart 16 at the computed ATP interval. After
delivering the therapy to successfully terminate the detected
tachycardia, the process returns to block 306 to continue
measuring RRIs on a beat-by-beat basis and updating the
long-term RRI metric and the medium term RRI metric.
[0056] In other examples, a physiological variable that
may be estimated using the techniques disclosed herein may
include any variable, e.g. that relating to cardiac function,
respiratory function, neurological function, endocrine func-
tion, or digestive function, that varies non-linearly in
response to changes in a physiological event or condition. A
metric of the physiological event or condition is determined
over different time intervals including at least one relatively
longer time interval. The long time interval metric is esti-
mated using a weighted function of a previous long term
estimate and a current measurement of the event or physi-
ological condition. This long-term metric is combined with
at least one metric measured or estimated over a relatively
shorter time interval, for example a current event measure-
ment and/or a metric of a predetermined number of most
recent event measurements. The weighted combination of
these metrics is used to approximate the non-linear behavior
of the physiological variable that depends on the behavior of
physiological condition or event over a given time interval.
[0057] An event or physiological condition measured
repeatedly for estimating the long term metric may corre-
spond to cyclical events such as circadian events, respiratory
cycles, or cardiac cycles or non-cyclical events such as
changes in body fluids, changes in activity, changes in
digestive activity etc. The measurement of the event or
physiological condition may be an electrical, mechanical
(e.g. pressure, acoustical, motion or activity), chemical (e.g.
pH, oxygen saturation, or other blood parameters), or optical
measurement. The physiological variable estimate may be
used for patient monitoring purposes and/or for computing
a therapy control parameter as described herein.

[0058] FIG. 5 is a flow chart 400 of a method for control-
ling a drug therapy using the estimation techniques
described herein. If a drug is being administered in response
to detecting a pathological event or worsening physiological
condition, at equal or varying time intervals and/or dosages,
the drug in the patient’s system will be present in various
pharmacokinetic states corresponding to the uptake charac-
teristics of the drug, e.g. an exponential decay of each
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administered dosage. Historical dosages will have a smaller
remaining effect than more recent dosages. Historical dos-
ages could be estimated as long-term average using the
techniques described above for computing a long-term met-
ric of drug delivery. A new dosage could then be computed
using a weighted combination of a long-term metric of
delivered dosages and a medium and/or short term dosage
measurement. In this example, the physiological variable
being estimated is a residual drug effect, and the physiologi-
cal condition or event used to estimate the physiological
variable is the drug administrations or dosages delivered
over time. A “sensed physiological signal” in this example
is therefore a measurement of the drug delivery, which may
be sensed or tracked by the IMD.

[0059] In FIG. 5, a long-term metric of drug delivery is
initialized to a selected value, which may be a currently
delivered dosage, at block 402. Upon detecting a need for
drug administration at block 404, a residual drug metric is
computed at block 406 using the long-term metric computed
at block 406. A dosage is then computed at block 408 based
on the residual drug metric and delivered. Initially, a dosage
may be a nominal, minimal, or maximal dosage until enough
dosages have been delivered to compute a dosage based on
a formula for calculated a residual drug metric as described
below. The dosage may be delivered in response to auto-
matically detecting a pathological condition or worsening
physiological condition based on sensed signals received by
a sensing module 102 of IMD 10. In some embodiments, the
need for drug administration may be detected as a patient or
clinician command. The dosage may be delivered automati-
cally by a therapy delivery module 104 including a drug
delivery pump under the control of a control unit 106 of
IMD 10.

[0060] The currently delivered dosage is used to update
the long-term metric at block 410 by computing a weighted
combination of the long-term metric and the current dosage.
The weighted combination may be computed using the
general formula given previously for a long-term metric,
which includes a weighting of the previous long-term metric
corresponding to a maximum number of dosages expected to
occur during a decay period of the drug. In other words, the
weighting of the previous long-term metric used in comput-
ing an updated metric may be based on a maximum number
of dosages expected to be delivered during a response time
over which the drug would decay.

[0061] At block 412, a medium-term drug delivery metric
may be computed and may be an average of a predetermined
number of the most recent administered dosages. The pro-
cess then waits until a need for drug administration is
detected and computes a residual drug metric at block 406.
The residual drug metric may taken into account how long
ago the most recent dosage was delivered. A metric of
residual drug effects may be computed based on a weighted
combination of the long-term metric, medium-term metric,
and most recent delivered dosage. The metric of residual
drug effect may be computed according to a formula of the
general form given above for estimating a physiological
variable from metrics of a physiological condition or event.
In this case, the residual drug effect is computed from a
long-term metric and medium term metric of drug delivery
and a most recent dosage, each with appropriate weighting
factors.

[0062] At block 408, a new dosage is computed based on
the residual drug metric, which may include applying a
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scaling factor and offset to the residual drug effect metric,
along with a maximum dosage limit. The coefficients and
other constants used in computing a dosage may be based on
fitting empirical data with a resolution needed according to
particular drug characteristics. In this way, an appropriate
dosage may be computed to maintain the patient within an
acceptable total drug load without having to compute com-
plex half-life behavior of multiple dosages over time.
[0063] Thus, a medical device system and associated
method for computing an estimate of a physiological vari-
able have been presented in the foregoing description with
reference to specific embodiments. It is appreciated that
various modifications to the referenced embodiments may
be made without departing from the scope of the disclosure
as set forth in the following claims.

1. A medical device coniprising:

a sensing module configured to receive a physiological

signal and measure an event of the physiological signal;

a memory configured to store a long-term metric of the

event measurement, wherein the long-term metric cor-
responds to a time interval correlated to a response time
of the physiological variable to changes in the event;
and

a control unit configured to:

initialize a value of the long-term metric of the event

measurement;

update the long term metric in the memory using a

previous long-term metric of the event measurement
and a current measurement of the event;

detect a need for computing the physiological variable;

compute an estimate of the physiological variable using

the updated long-term metric.

2. The device of claim 1, wherein the long-term metric is
correlated to a centeredness measurement of the event over
the response time.

3. The device of claim 1, wherein the memory stores a first
weighting factor corresponding to the previous long-term
metric and a second weighting factor corresponding to the
current event measurement, the first weighting factor estab-
lished based on an expected number of event measurements
during the response time of the variable to a change in the
event;

the control unit configured to compute the estimate of the

variable as a weighted combination of the previous
long-term metric and the current measurement of the
event.

4. The device of claim 3, wherein the first weighting
factor corresponds to a maximum number of expected event
measurements occurring during the response time.

5. The device of claim 1, wherein the control unit is
further configured to:

compute a medium-term metric using a predetermined

number of measurements of the event;

wherein computing the physiological variable estimate

comprises computing a weighted combination of the
updated long-term metric and the medium-term metric.

6. The device of claim 5, wherein the predetermined
number of the event measurements is based on a minimum
number of event measurements expected to occur in the
response time of the physiological variable to a change in the
event.

7. The device of claim 1, wherein computing the physi-
ological variable estimate comprises approximating a non-
linear response of the physiological variable as a function of
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the event by computing a weighted combination of the
updated long-term metric, a medium term metric of the
event computed from a predetermined number of recent
event measurements, and a current measurement of the
event.

8. The device of claim 1, wherein detecting the need for
computing the physiological variable estimate comprises
detecting a need for therapy delivery.

9. The device of claim 8, further comprising:

a therapy control unit configured to determine a therapy
control parameter using the physiological variable esti-
mate; and

a therapy delivery unit controlled by the control unit to
deliver the therapy using the determined therapy con-
trol parameter.

10. The device of claim 8, further comprising:

a therapy control unit configured to determine a therapy
control parameter using the physiological variable esti-
mate; and

atelemetry module configured to transmit the determined
therapy control parameter.

11. The device of claim 1, further comprising a telemetry
module configured to transmit the estimate of the physi-
ological variable computed using the updated long-term
metric.

12. The device of claim 1, wherein measuring the event
comprises measuring

a cardiac cycle interval;

the physiological variable being an action potential dura-
tion computed using an updated long-term metric of
cardiac cycle intervals.

13. The device of claim 9, wherein detecting the need for

therapy delivery comprises detecting a tachycardia,

the therapy control parameter being an anti-tachycardia
pacing interval,

the physiological variable being an action potential dura-
tion computed using an updated long-term metric of
cardiac cycle intervals,

wherein the therapy delivery unit is controlled to deliver
anti-tachycardia pacing pulses at the pacing interval
computed using the estimated action potential duration.

14. The device of claim 1, wherein measuring the event
comprises measuring a delivered dosage of a drug;
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the physiological variable being a residual drug effect
computed using an updated long-term metric of deliv-
ered dosage.

15. A method for computing an estimate of a physiologi-
cal variable in a medical device, the method comprising:

enabling the medical device to sense a physiological

signal;
measuring an event of the physiological signal;
initializing a value of a long-term metric of the event
measurement, wherein the long-term metric corre-
sponds to a time interval correlated to a centeredness
measurement of the event over a response time of the
physiological variable to changes in the event;

updating the long-term metric in a memory of the medical
device using a previous long-term metric and a current
measurement of the event;

detecting a need for computing the physiological variable;

and

enabling a processor of the medical device to compute an

estimate of the physiological variable using the updated
long-term metric.

16. The method of claim 15, further comprising estab-
lishing a first weighting factor corresponding to the previous
long-term metric and a second weighting factor correspond-
ing to the current event measurement, the first weighting
factor established based on an expected number of event
measurements during the response time of the variable to a
change in the event:

computing the estimate as a weighted combination of the

previous long-term metric and the current measurement
of the event.

17. The method of claim 16, wherein the first weighting
factor corresponds to a maximum number of expected event
measurements occurring during the response time.

18. The method of claim 15, further comprising transmit-
ting the estimate of the physiological variable computed
using the updated long-term metric.

19. The method of claim 15, wherein detecting the need
for computing the physiological variable estimate comprises
detecting a need for therapy delivery, the method further
comprising:

computing a therapy control parameter using the physi-

ological variable estimate; and

transmitting the computed therapy control parameter.
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