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(76) Inventor: Touby A. Drew, Minneapolis, MN (US) Methods and devices for performing division approximation
in implantable and wearable self-powered medical devices.
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FREDRIKSON & BYRON, P.A. where the methods are easily implemented in small, low
200 SOUTH SIXTH STREET power consumption devices as may be found in implantable
SUITE 4000 medical devices. One example of use is in rapidly deter-
MINNEAPOLIS, MN 55402 (US) mining the approximate ratio between foreground and back-
) ground activity in seizure detection algorithms. Some meth-
(21) Appl. No: 10/976,474 ods approximate the ratio of Numerator (N) to Denominator
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Publication Classification of D vs. N. Some methods may also pad bits to the right of
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(52) US. CLi oo 600/544 in firmware and/or in discrete logic.
/ 50
77
,f- i 73
T
59 ~_| ’\ /(
TELEMETRY
CONTROL REGISTERS <[> ANTENNA Q0
T VER
RANSCEIVE ’\/‘RF TELEM.
67 LINK TO
EXTERNAL
(SET OF 63 . 65
ELECTRODES) 61 ) DEVICE
51 —\
STIM LECG WAVEFORM AD P MICRO-
f BLANKING AMP ADC MEMORY [ | BUS * CONTROLLER
J : § 6o
53 | 57 Fs —»
(REFERENCE | |
ELECTRODE) | 1
! DIGITAL LOGIC CRYSTAL
| 79 — OSCILLATOR
1
|
! 55 N N~ 71
e STIMULATION
IC




Patent Application Publication May 4, 2006 Sheet 1 of 4 US 2006/0094973 A1




US 2006/0094973 Al

o | ____ i}
NOLLYTNWILS o g
W) < _
= ]
I
HOLYTIDSO __— 6L .
- IVLSANO O19017 V.LIDIa _
s | (300810313
~ " | 3ON3Y343Y)
3 <— s 1S | e
= 69 X
) / J | ﬁ
© Y3 TIO¥INOD sng | _| AMOW3W anv | [onminvig [T
= owoN  [*OT™ av [|waosaavm| | 2V 0031 WS |qY
¥ 1L
< I
= 301A30 eq 19 - |(s3004.10373
L REINE . T 59 - |\ g 40 139)
£ OLMNI
g “_mﬂ\\ ,m& VNNILNY T UINFISNvRIL SY31SI93Y TOHINOD
2 JRTENERED A
£ —— 65
g e / -+
.m mhu\ 1), l\ . \
T 05 ¢ b4
< .
m .
z
[~™



Patent Application Publication May 4,2006 Sheet 3 of 4 US 2006/0094973 A1

Fig. 3

METHODS TO APPROXIMATE R = N/D

102
ROUNDUPTHE |
SMALLER OF |

DENOMINATOR
(D) OR
NUMERATOR (N)

v 104
D_MSSB = /

NUMBER OF
ZEROS TO LEFT
OF D MSSB

v

N_MSSB = 106

NUMBER OF -

ZEROS TO LEFT
OF N MSSB

Y 108
R = 2MD_MSSB - N_MSSB) /

!

110
FILL IN M BITS TO /
RIGHT OF R
MSSBWITHM

BITS TO RIGHT
OF N MSSB




US 2006/0094973 Al

Patent Application Publication May 4, 2006 Sheet 4 of 4

(aanoyd 439919 1114 |
ANV d3aNNOY OILvY 8SW | —g0z
(@3A0YdW) ¥39918 T ——< | 4oz
A3ANNOY OV SN ———| 5|~
NOILLOWMLENS — — — |

OlLlvY aSW —c0¢
OlLvY INML |_||//8N
SNL

(QN3 LHOIY) 81 = @ HONOYHL (N3 L437) € = @ YO LNd.LNO NOILLYWIXOHddV OILvY -

i "B

0S¢

00e

OlLvY F1VIAIXOHddV




US 2006/0094973 Al

DIVISION APPROXIMATION FOR IMPLANTABLE
MEDICAL DEVICES

FIELD OF THE INVENTION

[0001] The present invention is related generally to
implantable medical devices. More specifically, the present
invention is related to software and/or hardware methods
that can be used to approximate division in implantable
medical devices.

BACKGROUND OF THE INVENTION

[0002] People in the industrialized world are living longer
and healthier lives on average than previously possible.
People do still become ill and fall victim to various illnesses
however. Modern medicine utilizes various treatments, sub-
stances, and devices for treating people. Some methods
include the use of implantable medical devices (IMDs).
IMDs include pacemakers, cardioverters, drug pumps, neu-
rological stimulators, and other devices well known to those
skilled in the art. Some other devices are ambulatory or
wearable devices, allowing the patients to wear the devices
external to the body, but may have a lead and/or delivery
catheter implanted in the body. Examples of wearable
devices include insulin pumps and spinal neurological
devices to alleviate pain. IMDs and wearable devices have
been increasingly used to treat neurological disorders.

[0003] Nervous system disorders affect millions of people,
causing death and a degradation of life. Nervous system
disorders include disorders of the central nervous system,
peripheral nervous system, and mental health and psychiat-
ric disorders. Such disorders include, for example without
limitation, epilepsy, Parkinson’s disease, essential tremor,
dystonia, and multiple sclerosis (MS). Additionally, nervous
system disorders include mental health disorders and psy-
chiatric disorders which also affect millions of individuals
and include, but are not limited to, anxiety (such as general
anxiety disorder, panic disorder, phobias, post traumatic
stress disorder (PTSD), and obsessive compulsive disorder
(OCD), mood disorders (such as major depression, bipolar
depression, and dysthymic disorder), sleep disorders (nar-
colepsy), obesity, and anorexia. As an example, epilepsy is
the most prevalent serious SENT VIA EXPRESS MAIL
POST OFFICE TO ADDRESSEE neurological disease
across all ages. Epilepsy is a group of neurological condi-
tions in which a person has or is predisposed to recurrent
seizures. A seizure is a clinical manifestation resulting from
excessive, hypersynchronous, abnormal electrical or neu-
ronal activity in the brain. (A neurological event is an
activity that is indicative of a nervous system disorder. A
seizure is a type of a neurological event.) This electrical
excitability of the brain may be likened to an intermittent
electrical overload that manifests with sudden, recurrent,
and transient changes of mental function, sensations, per-
ceptions, and/or involuntary body movement. Because the
seizures are unpredictable, epilepsy affects a person’s
employability, psychosocial life, and ability to operate
vehicles or power equipment. It is a disorder that occurs in
all age groups, socioeconomic classes, cultures, and coun-
tries. In developed countries, the age-adjusted incidence of
recurrent unprovoked seizures ranges from 24/100,000 to
53/100,000 person-years and may be even higher in devel-
oping countries. In developed countries, age specific inci-
dence is highest during the first few months of life and again
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after age 70. The age-adjusted prevalence of epilepsy is 5 to
8 per 1,000 (0.5% to 0.8%) in countries where statistics are
available. In the United States alone, epilepsy and seizures
affect 2.3 million Americans, with approximately 181,000
new cases occurring each year. It is estimated that 10% of
Americans will experience a seizure in their lifetimes, and
3% will develop epilepsy by age 75.

[0004] There are various approaches in treating nervous
system disorders. Treatment therapies can include any num-
ber of possible modalities alone or in combination including,
for example, electrical stimulation, magnetic stimulation,
drug infusion, and/or brain temperature control. Each of
these treatment modalities can be operated using closed-loop
feedback control. Such closed-loop feedback control tech-
niques receive from a monitoring element a neurological
signal that carries information about a symptom or a con-
dition or a nervous system disorder. Such a neurological
signal can include, for example, electrical signals (such as
EEG, ECOG, and/or EKG), chemical signals, other biologi-
cal signals (such as change in quantity of neurotransmitters),
temperature signals, pressure signals (such as blood pres-
sure, intracranial pressure or cardiac pressure), respiration
signals, heart rate signals, pH-level signals, and peripheral
nerve signals (cuff electrodes on a peripheral nerve). Moni-
toring elements can include, for example, recording elec-
trodes or various types of sensors.

[0005] For example, U.S. Pat. No. 5,995,868 discloses a
system for the prediction, rapid detection, warning, preven-
tion, or control of changes in activity states in the brain of
a patient. Use of such a closed-loop feed back system for
treatment of a nervous system disorder may provide signifi-
cant advantages in that treatment can be delivered before the
onset of the symptoms of the nervous system disorder.

[0006] Inthe management of a nervous system disorder, it
may be important to determine an extent of a neurological
event, a location of the neurological event, a severity of the
neurological event, and the occurrence of multiple neuro-
logical events in order to provide a delivery of a treatment
or otherwise manage the neurological disorder. A patient, for
example, would not benefit from a medical device system if
the patient experienced a neurological event but was not
administered treatment because the medical device system
did not detect the neurological event. On the other hand, the
patient may have adverse effects if the patient were sub-
jected to a degree of treatment corresponding to multiple
neurological events, such as seizures, even though the
patient had only one neurological event in actuality. The
field of medical device systems in the treatment of nervous
system disorders would benefit from methods and apparatus
that determine the extent, location, severity, and time of a
neurological event or a plurality of neurological events.

[0007] Algorithms, methods, and systems for seizure
detection and other neurological detection have been devel-
oped. Many such algorithms rely on modern computers, as
may be expected. Sophisticated signal processing methods
may be employed and digital signal processing (DSP) hard-
ware may be used. Software engineers have become accus-
tomed to using currently available computers, having ever
faster processors and ever increasing memory. At the time of
filing the present application, for example, Pentium 4 pro-
cessors running at 3 GHz are not uncommon, even for
personal use. Attempts or suggestions to shave clock cycles
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off algorithms, for example division algorithms, may seem
quaint and somewhat antiquated.

[0008] Both floating point and fixed point division algo-
rithms are commonly used. While precision and range are
certainly sacrificed, fixed point division is far faster than
floating point division. Take for example the MC68HC11
processor, a very powerful and capable single-chip micro-
controller, used by Medtronic in some IMDs including
implantable neurostimulators. A fixed point integer division
takes 41 clock cycles, while a floating point division takes
2911 clock cycles in the worst case. The fixed point routine
is built into the circuitry of the microprocessor and returns
a result and a remainder value. The floating point routine,
being much more complicated, requires a subroutine that is
about 209 bytes in size and returns a floating value or error
indication. This subroutine further calls several other float-
ing point subroutines, requiring more space, and adding 11
bytes to the stack.

[0009] Approximation of floating point division is far
faster than floating point division but slower or about the
same as fixed point division. While again something is
certainly sacrificed, approximate floating point division is
far faster than floating point division. This “approximation”
can be done in numerous ways often involving fixed point
division with a number that has been shifted or multiplied
up, to allow for some precision retention at the cost of range
or bit-width in fixed point.

[0010] In implantable medical devices, the clock speed is
often severally restricted due to the need for long battery life
in these self-powered devices, which can be measured in
years. The space available for circuitry may also be severely
limited. For these reasons, implantable devices have often
used fixed point math.

[0011] Such implantable devices may nonetheless be
required to do a great deal of computation in real time. In
one example, a device sampling 8 electrical signals at 200
Hz, and running a detection algorithm that involves division,
could require that once every 200" of a second the device
needs to perform division on at least eight samples. A seizure
detection algorithm can require just such a large number of
divisions per second. It may not even be possible to perform
the required number of divisions in the allotted time, using
current methods, in implanted devices.

[0012] What would be desirable are methods for perform-
ing division approximation that require fewer clock cycles
than current implanted medical device methods. What
would be advantageous are division approximation methods
that can be implemented on simple microprocessors and/or
discrete logic, and that can be operated at the low power
consumption levels most suited for implanted medical
devices.

SUMMARY OF THE INVENTION

[0013] The present invention provides methods and appa-
ratus for performing approximation of fixed point division.
These methods can be performed in a smaller number of
clock cycles than conventional fixed point division methods.
While methods according to the present invention may not
be as accurate as conventional methods, the accuracy is
suitable for many applications. Some embodiments of the
inventions can be implemented in discrete logic and/or in
microprocessor machine code.
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[0014] Embodiments of the present invention may be used
in dividing numbers derived from physiological sources in
determining or analyzing signal to noise ratios. Some
embodiments of the present invention can be used to per-
form multiple divisions per second as part of neurological
seizure detection algorithms.

[0015] One embodiment of the invention provides an
apparatus and method to determine a detection cluster that is
associated with a neurological event, such as a seizure, of a
nervous system disorder. A set of neurological signals, in
which each neurological signal corresponds to a monitoring
element, such as an electrode, is received and analyzed. A
measure, such as a ratio that relates a short-term value to a
long-term value, can be calculated for each neurological
signal. The maximal ratio is the largest ratio for the set of
neurological signals at an instance of time. The occurrence
of the detection cluster is determined when the maximal
ratio exceeds an intensity threshold for at least a specific
duration. If the maximal ratio drops below the intensity
threshold for a time interval that is less than a time threshold
and subsequently rises above the intensity threshold, the
subsequent time duration is considered as being associated
with the same detection cluster rather than being associated
with a different detection cluster. Consequently, treatment of
the nervous system disorder during the corresponding time
period is in accordance with one detection cluster.

[0016] Some embodiments of the present invention pro-
vide a method for detecting a seizure in an implantable
medical device (IMD) utilizing an algorithm (in one
example, an Osorio-Frei type algorithm) having a plurality
of ratio determinations of foreground seizure energies
divided by background seizure energies. The method can use
a ratio estimation in place of fixed point division to deter-
mine a majority of the ratios. The ratio estimation can
include estimating a Numerator (N) divided by a Denomi-
nator (D), where the estimating includes obtaining a result as
a function of 2 raised to the power of the difference between
the most significant set bit position (MSSB) of the D and the
MSSB of the N. Some such methods further include setting
a bit just to the right of the ratio MSSB to equal the value
of a bit just to the right of the N MSSB. Methods may also
include first rounding up the smaller of N or D and using the
N or D in the ratio approximation. After estimating the ratio,
an indication of seizure detection can be generated at least
in part as a function of the ratio estimating. The indication
can be a set or cleared bit or flag, a changed memory location
value, or any other changed state, depending on the embodi-
ment.

[0017] Some methods according to the present invention
can be used to detect a seizure in an implantable medical
device by obtaining a first plurality of electrical signal
samples indicative of seizure energy over a time first time
window, and obtaining a second plurality of electrical signal
samples indicative of seizure energy over a second time
window, where the second time window is longer in duration
and extends further into the past relative to the first window.
The method can include approximating a ratio by raising 2
to the power of the difference in most significant set bit
positions of the first signal and the second signal.

[0018] Some embodiments of the present invention pro-
vide a method for determining a ratio approximation in a
self-powered implantable or wearable medical device. The
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method can include obtaining a first fixed point number (N)
indicative of a first physiological parameter measurement,
obtaining a second fixed point number (D) indicative of a
second physiological parameter measurement, and calculat-
ing the ratio of N/D by using a method consisting essentially
of raising 2 to the power of the difference between the most
significant set bit positions of the first number and the
second number. In some such methods the first and second
physiological parameter measurements are both derived
from the same physiological source, but the first physiologi-
cal parameter is indicative of a background level and the
second physiological parameter is indicative of a more
recent measurement than the first. The first and second
physiological parameters may both be derived from the
same source but over different time periods.

[0019] Methods according to the present invention can be
used generally for performing a division approximation of a
denominator by a numerator as a function of determining a
first number of zero bits more significant than the Most
Significant Set Bit (MSSB) of the denominator, determining
a second number of zero bits more significant than the
numerator MSSB, and raising the difference between the
first number and the second number to the second power.
The method of may further include filling a least one bit to
the right of the MSSB of the ratio approximation result with
at least one corresponding bit to the right of the MSSB of the
denominator. In some methods, the smaller of the denomi-
nator or numerator may be rounded up before being used in
the ratio approximation. In one view of some methods of the
invention, determining the MSSB position of the numerator
and/or denominator constitutes an approximation of the
numerator and/or denominator, respectively.

[0020] The present invention also includes computer read-
able media having executable instructions for executing
methods according to the present invention. The present
invention further includes implantable and wearable medical
devices having executable logic or programs within for
executing methods according to the present invention. Some
devices can include microprocessors executing machine
code embodying a method according to the present inven-
tion, other devices include discrete logic formed according
to such methods, and still other devices include both
machine code programs and discrete logic.

DESCRIPTION OF THE DRAWINGS

[0021] FIG. 1 is a front view of a neurological Implant-
able Medical Device (IMD) that can include the present
invention;

[0022] FIG. 2 is a schematic view of one IMD for epilepsy
detection that can include the present invention;

[0023] FIG. 3 is a flowchart of method(s) for approximat-
ing fixed point division that can be executed in the IMDs of
FIGS. 1 and 2; and

[0024] FIG. 4 is a plot of results for the fixed point
division approximation methods of FIG. 3.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0025] Approximation of fixed point division can take
several forms. One choice to replace division, to determine
how much larger or smaller a potential numerator is than a
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potential denominator, is subtraction. Subtraction takes
somewhere from 2 to 7 clock cycles and doesn’t require one
to operate on anything but a single number, e.g. no remain-
der to worry about, and no division by zero problems.
Subtraction, however does not track the slope of the division
curve very well. That is, subtraction really isn’t that good an
approximation of division, and while it may seem compa-
rably simple at a fraction of the clock-cycles, it’s still
somewhat complicated when it comes to having to “carry
the one” and so forth.

[0026] Another way to approach approximating division is
to think of the numbers in binary; that is to think of them as
a string of 1’s and 0’s representing a value. For the purpose
of this discussion we will consider the Least Significant Bit
(LSB) as the bit shown the farthest to the right. The LSB
determines whether the number is even or odd. If the LSB
is set (1) and no other bits are set the value will be “1” in
decimal numbers; if the L.SB is not set (0) and no other bits
are set the value will be zero. The next bit to the left of the
LSB is the “two’s place”; for example the number “11” is 3,
the number “10” is 2, and as we know the numbers “01” and
“00” are 1 and O respectively. We will view the Most
Significant Bit (MSB) as the number farthest to the left.
There may not a “left” and “right” in memory, but such
descriptions make visualizing the present invention easier.

[0027] Now it may not be apparent, but by determining
how far apart the Most Significant Set (1) Bits (MSSBs) are
in a potential numerator and denominator is a useful reflec-
tion of their ratio. The MSSB value may be viewed as the
number of left shifts required to remove the MSSB from the
number. Other views and methods are also possible. One
example of using this approximation is given below.

[0028] If the numerator is “0000 0101” (which is 5 in
decimal), the MSSB of the numerator is 6, and the denomi-
nator is “0000 1000 (which is 8 in decimal), the MSSB of
the denominator is 5. Thus we could say that the ratio is
approximately 2
" (Denominator_ MSSB—Numerator_MSSB)=2"(5-6=)=2
"(~1=) 0.5. We get the —1 because of the number of binary
digits the MSSBs are apart and the negative sign because the
denominator MSSB is left of the numerator MSSB. This
coarse, power of two approximations, is okay and is
extremely fast, but may provide the desired quality. This and
other approximations are described below in more practical
terms.

[0029] One method can include left shifting the numerator
until the MSSB is determined by incrementing a counter,
then doing the same to the denominator.

EXAMPLE
[0030] MSSB-—Most significant set bit
[0031] N-—numerator
[0032] D-—denominator
[0033] For example:
[0034] N=8=0000 1000b
[0035] D=5=0000 0101b
[0036] D_MSSB=5
[0037] N_MSSB=4


















