a2 United States Patent

Frei et al,

US007976465B2

US 7,976,465 B2
Jul, 12, 2011

(10) Patent No.:
(45) Date of Patent:

(54) PHASE SHIFTING OF NEUROLOGICAL
SIGNALS IN A MEDICAL DEVICE SYSTEM

(75) Inventors: Mark G. Frei, Lawrence, KS (US);
Jonathan C. Werder, Corcoran, MN
(US); David L. Carlson, Fridley, MN
Us)

(73) Assignee: Medtronic, Inc, Minneapolis, MN (US)

(*) Notice:  Subject to any disclaimer, the term of this

patent is extended or adjusted under 35
U.S.C. 154(b) by 1083 days.

(21)  Appl. No.: 11/550,294

(22) Filed: Oct. 17, 2006
(65) Prior Publication Data
US 2007/0066915 Al Mar. 22, 2007

Related U.S. Application Data

(63) Continuation of application No. 10/687.570, filed on
Oct. 15, 2003, now Pat. No. 7,149,572.

(60) Provisional application No. 60/503,983, filed on Sep.
19, 2003, provisional application No. 60/418,527,
filed on Oct. 15, 2002.

(51) Int.CL

AG6IB 5/04 (2006.01)
(32) US.CL .o ... 600/301
(58) Field of Classification Search .................. 607/2-5,

600/300-301, 508-510
See application file for complete search history.

(56) References Cited

U.S. PATENT DOCUMENTS

3,522,811 A 8/1970 Schwartz et al.
3,735,756 A 5/1973 Richards
3,848,586 A 11/1974 Suzuki

3,850,161 A 11/1974 Liss
3,863,625 A 2/1975 Viglione et al.
3916923 A 11/1975 Branton
3,967,616 A 7/1976 Ross
3,993,046 A 11/1976 Fernandez et al.
4,019,518 A 4/1977 Maurer et al.
4,038,536 A 7/1977 Feintuch
4,279,254 A 7/1981 Boschetti
4,295474 A 10/1981 Fischell
4343311 A 8/1982 Markowitz
4,373,527 A 2/1983 Fischell
4,417,592 A 11/1983 John
4,539,993 A 9/1985 Stanton
4,566,464 A 1/1986 Piccone et al.
4,581,758 A 4/1986 Coker et al.
4,610,259 A 9/1986 Cohen et al.

(Continued)

FOREIGN PATENT DOCUMENTS
EP 0911061 4/1999
(Continued)

OTHER PUBLICATIONS

Oppenheimer, et al., “Digital Signal Processing,” Prentice-Hall, inc.,
Englewood Cliffs, New Jersey, 1975, p. 18-24.

(Continued)

Primary Examiner — Scott M Getzow
Assistant Examiner — Amanda Patton

(57) ABSTRACT

Method and apparatus for phase shifting neurological signals
received from monitoring elements of a medical device. The
medical device comprises a plurality of monitoring elements
eachreceiving a neurological signal. The device processes the
neurological signals and identifies a time shift of the neuro-
logical signal relative to each other. The neurological signals
are then time shifted according to the time shift upon which
the signals are utilized to provide closed-loop feedback con-
trol of a treatment therapy.

9 Claims, 33 Drawing Sheets




US 7,976,465 B2

Page 2

U.S. PATENT DOCUMENTS 6,459,936 B2  10/2002 Fischell et al.

4702254 A 10/1987 Zabara gjggggg g} }8@883 g,‘l’hn
. < ,466, 2 €ss

4844075 A 7/1989 Liss 6.473.639 Bl  10/2002 Fischell et al.
PRIV ;‘j}ggg QoL s 607/9 6480743 Bl 112002 Kirkpatrick et al.
S113.869 A /1992 Nappholz 6300774 B 22003 Cirecne
5,188,117 A 2/1993 Steinhaus B adrozny et al.
5269303 A 12/1993 Wernicke e al. g’ggg’ﬁgg g} ‘S‘gggg 85‘“!0 |
5299560 A 4/1994 Wernicke et al. (G sorio et al.
<’311’876 A 5/1994 Olsen 6,587,727 B2 7/2003 Qsorlo et al.
2’315’994 N ;/1994 Guibert 6,591,138 BI1 7/2003 Fischell et al.
5335657 A 8/1994 Terry, Jr. ct al. G5asa By 72003 Bteller |
5360437 A 11/1994 Thompson e 1088 ¢ %
3607 A 121004 Stone 6,609,030 Bl 82003 Rezai etal.
S A 7108 e Selsel B2 oA s
5487.754 A 1/1996 Snell et al. P ;
20681 A 711996 Stral 6,647,296 B2 11/2003 Fischell et al.
2945 186 A 31996 Olsen 6658287 Bl 122003 Litt
Te11350 A 31997 Tohn 6,671,556 B2 12/2003 Osorio
5,626,145 A 5/1997 Clappetal. 2’233’3‘7‘2 gé %883 ijhﬁuz
5626630 A 5/1997 Markowitz 6735470 B2 52004 Fagi;f
5,647,379 A 7/1997 Meltzer ........coovvevivenen. 128/897 6’782’292 B2 82004 Whitehurst
5683422 A 11/1997 Rise o
7300 A 211098 Kin 6,810,285 B2 10/2004 Pless
S703923 A 21008 Wasdetal 7079977 B2 7/2006 Osorio
SN e Rea
5,720,770 A 2/1998 Nappholz et al. 2001,6007’950 Al 72001 Noxth
5735885 A 4/1998 Howard, III ’ : :
CI1r S0 A 4/1008 Honedvetal 2001/0031930 Al  10/2001 Roizen
$757°096 A <1908 DLV?fﬁg:t :1' 2001/0034542 Al 10/2001 Mann
2769778 A £/1008 Abmms 2001/0049480 Al 12/2001 John
2797186 A 21998 Rise 200210013612 Al 1/200% Whitehurst
5795303 A * 81998 Swansonetal. ........ 600/509 %88%/88823 ‘2} %88; ¥§£§f
5,823,187 A 10/1998 Estes ¢ : " pson
833709 A 111998 Rise 2002/0016617 Al 2/2002 Oldham
3835503 A /1999 Olsn 2002/0038137 Al 3/2002 Stein
1837973 A 11999 Ma 2002/0038294 Al 3/2002 Matsugu
2921938 A 711099 Aqvama 2002/0049482 Al 4/2002 Fabian
SO0 A 111990 Ward 20020051335 AL 72005 Johm
o ! . // ! A (o]
SonsRes A LIS Dorfincister ctal. 2002/0183644 A1* 12/2002 Levendowski etal. ...... 600/544
QOIS ER A 12000 Rise : 2004/0015205 Al 1/2004 Whitehurst
C0o13% A 25000 Chasstonh 2004/0068195 Al 4/2004 Massicotte
C061503 A <5000 Fisc‘fle‘;f erson 2004/0127810 Al 7/2004 Sackellares
066163 A 32000 Jobn 2005/0197590 Al 9/2005 Osorio
6,083,248 A 7/2000 Thompson FOREIGN PATENT DOCUMENTS
6,094,593 A 7/2000 Karagueuzian
6,094,598 A 72000 Elsberry etal. EP 0923960 6/1999
6,117.066 A 9/2000 Abrams et al. EP 1145736 10/2001
6,128,537 A 10/2000 Rise GB 2304196 A 3/1997
6,128,538 A 10/2000 Fischell et al. GP 2307413 5/1997
6,134474 A 10/2000 Fischell etal. WO 9011718 Al 10/1990
6,161,044 A 12/2000 Silverstone WO 9617651 6/1996
6,185452 Bl 2/2001 Schulman WO 9726823 7/1997
6,200,265 Bl 3/2001 Walsh et al. WO 9750049 12/1997
6,205350 Bl 3/2001 Boveja WO 0007494 2/2000
6,208,894 Bl 3/2001 Schulman WO 0074753 12/2000
6223071 Bl  4/2001 Lundahl WO 0236003 572002
6,224,549 Bl 52001 Drongelen WO 0249500 6/2002
6,227,203 Bl 5/2001 Rise et al. WO 02058536 8/2002
6,230,049 Bl 5/2001 Fischell etal.
6,260,270 Bl 7/2001 Boveja OTHER PUBLICATIONS
6,304,775 Bl 10/2001 Ia_semld_is Gotman, et al., “Automatic Recognition and Quantification of
g,g(l)gé% gi i?gggi IS(l_erackl Interictal Epileptic Activity in the Human Scalp EEG.
6:337:997 Bl 1/2002 Rllgeg Flectroencephalography and Clinical Neurophysiology, 1976,
6341236 Bl 1/2002 Osorio et al. 41:513-520. o
6,353,754 Bl 3/2002 Fischell et al. Litt, et al., “Prediction of Epileptic Seizures,” 1 The Lancet Neurol-
6,354,299 Bl 3/2002 Fischell etal. ogy, May 22, 2002. _ _
6,356,784 Bl 3/2002 Lozano et al. Gotman, et al., “A Seizure Warning System For Long-Term Epilepsy
6,356,788 B2 3/2002 Boveja Monitoring,” 45 Neurology 2250, 1995.
6,360,122 Bl 3/2002 Fischell et al. Gotman, “Automatic Recognition of Epileptic Seizures in the EEG,”
6,366,813 Bl 4/2002 Dil.orenzo 54 Electroencephalography and Clinical Neurophysiology, 530-540,
6,366,814 Bl 4/2002 Boveja et al. 1982.
6,374,140 Bl 4/2002 Rise Lapkin, et al., “The Electroencephalogram in Childhood Basilar
6385479 Bl 5/2002 Sibbitt Artery Migraine,” 27 Neurology 580-583, Jun. 1977.
6,427,086 Bl 7/2002 Fischell Murro, et al., “Computerized Seizure Detection of Complex Partial
6,437,639 Bl 82002 Nguyen Seizures,” 79 Electroencephalography and Clinical Neurophysiol-
6,449,500 Bl 9/2002 Park ogy 330-333, 1991.



US 7,976,465 B2
Page 3

Rajna, et al., “Sensory Stimulation for Inhibition of Epileptic Sei-
zures,” 30 (2) Epilepsia 168-174, 1989.

Lesser, et al., “Brief Bursts of Pulse Stimulation Terminate
Afterdischarges Caused by Cortical Stimulation,” Neurology 53,
Dec. 1999.

Webber, et al., “Automatic EEG Spike Detection: What Should the
Computer Imitate,” 87 Electroencephalography and Clinical
Neurophysiology 330-333, 1993.

Grassberger, et al., “Characterization of Strange Attractors,” vol. 50,
No. 5, The American Physical Society, Jan. 31, 1983.

Iasemidis, et al., “Chaos Theory and Epilepsy,” The Neuroscientist,
2:118-126, 1996.

FElger, et al., “Short Communication: Seizure Prediction by Non-
Linear Time Series Analysis of Brain Electrical Activity, "European
Journal of Neuroscience, vol. 10, pp. 786-789, 1998.

Gotman, “Seizure Recognition and Analysis,” Montreal Neurologi-
cal Institute and Department of Neurology and Neurosurgery, McGill
University, Montreal.

Vachtseranos, et al., “Neuro-Fuzzy Approaches to Decision Making:
A Comparative Study With An Application to Check Authorization,”
Journal of Intelligent and Fuzzy Systems, vol. 6, pp. 259-278, 1998.
Osorio, et al., “Real-Time Automated Detection and Quantitative
Analysis of Seizures and Short-Term Prediction of Clinical Onset,”
Epilepsia, vol. 39(6), pp. 615-627, 1998.

International Search Report dated Apr. 26, 2007, 3 pages.

Principe, J., et al., “Microcomputer-Based System for the Detection
and Quantification of Petit MAL Epilepsy”, Computers in Biology
and Medicine, New York, NY, vol. 12, No. 2, Jan. 1, 1982, pp. 87-95.
Osorio, I, et al.,, Performance Reassessment of a Real-Time Seizure-
Detection Algorithm on Long ECoG Series, Epilepsia, vol. 43, No.
12, Dec. 2002, pp. 1522-1535, presented in part at AES Annual
Meeting, Philadelphia 2001.

Weng, W.,, et al.. “An Adaptive Structure Neural Networks with
Application to EEG Automatic Seizure Detection”, Neural Net-
works, Elsevier Science Publishers, Barking, GB, vol. 9, No. 7, Oct.
1, 1996, pp. 1223-1240.

Gotman, et al., “Automatic Seizure Detection in the Newborn: Meth-
ods and Initial Evaluation”, Elsevier Science Ireland, Ltd.,
Electroencephalography and Clinical Neurophysiology, 103 (1997)
Pp. 356-362.

Supplementary European Search Report for European Patent Appli-
cation No. 03809096.5 dated Jan. 5, 2009, 3 pages.

Furopean Examination Report for FEuropean Application No.
03779099.5 dated Dec. 4, 2008, 4 pages.

Furopean Examination Report for FEuropean Application No.
03779116.7 dated Dec. 23, 2008, 5 pages.

Furopean Examination Report for European Application No.
03809097.3 dated Dec. 5, 2008, 4 pages.

Supplemental European Examination Report of European Applica-
tion No. 03779123 dated Nov. 19, 2008, 5 pages.

Furopean Search Report mailed Feb. 6, 2009 for Furopean Applica-
tion No. 03781340.9, 3 pages.

Supplemental European Search Report mailed Sep. 18, 2008 for
Furopean Application No. 03777649.9, 6 pages.

Supplemental European Search Report mailed Sep. 8, 2008 for Euro-
pean Application No. 03809097.3, 3 pages.

Supplemental European Search Report mailed Sep. 12, 2008 for
European Application No. 03809129.4, 3 pages.

Supplementary Furopean Search Report mailed Sep. 10, 2008 for
European Application No. 03779116.7, 5 pages.

Furopean Examination Report for European Patent Application No.
03781337.5 mailed Aug. 5, 2008, 8 pages.

Furopean Examination Report for European Patent Application No.
03809112.0 mailed Aug. 13, 2008, 5 pages.

Supplemental European Search Report mailed Sep. 2, 2008 for Euro-
pean Application No. 03779099.5, 3 pages.

Furopean Office Action mailed Jan. 29, 2010 for EP 03 768 532.8-
1265, 4 pages.

Furopean Office Action mailed Jan. 29, 2010 for EP 03 777 649.9-
1265, 4 pages.

International Search Report for PCT/US03/32941 mailed Apr. 14,
2004, 7 pages.

International Search Report for PCT/US(03/32941 mailed Aug. 13,
2004, 6 pages.

Furopean Office Action mailed Apr. 9, 2010 in EP Application No.
03809096.5, 8 pages.

Furopean Office Action mailed Sep. 2, 2009 in Application No.
03779123.3, 3 pages.

Furopean Office Action mailed Apr. 23, 2009 for EP Application No.
03809096.5, 5 pages.

Furopean Office Action mailed May 17,2010 for EP Application No.
03781340.9, 5 pages.

Furopean Office Action mailed Dec. 18,2008 for EP Application No.
03809129 4, 6 pages.

* cited by examiner



US 7,976,465 B2

Sheet 1 of 33

Jul. 12, 2011

U.S. Patent

01

(uoneinByuod SOF-HD) L 'Old

7 ]
VAN

JowweiBoid

Jsy||dweaid
nN3

wolsAs
uoo9j|Cd ejep NINI

oo1A8( epispeg

81qe) jeues
biL
ol
oL
44
L0l
S2po09|H




US 7,976,465 B2

Sheet 2 of 33

Jul. 12, 2011

U.S. Patent

(uoneinbBiyuod aojAsp apispag) Z 'Oid

60¢
/

Jossaooud
aoBHaIU) JOSN

Jossso0id
jeubtg

ooz

SOJUONOBIS
Ajiddns jemod

:N\

Josseooud
soeuSIUl
aeMpIEeH

Y

oo’

sng aleisul

—

i

SOIU0J08|D
uoneINWING

€0¢ \

402

RN

SOIUONDB|S
asusg




US 7,976,465 B2

Sheet 3 of 33

Jul. 12, 2011

U.S. Patent

uoneInbiuod soiU0L09)e asusg
¢ Old

(o1g11o4)
Ao Buydwesg

FALY
<
i

|

oy
UoloU ZH 09/0S
50€

Joijidwe
[enusisyiq
g0t

\ Aninosd Bunuerg

10¢g




US 7,976,465 B2

Sheet 4 of 33

Jul. 12, 2011

U.S. Patent

TN RN LS TR g e

HBOLTAMDY

EMAIUE g T

AN WG TGl

O LR TG p

BN WIS THwegf >

N WS T ig( .

[IN- IV TV 11 1 i

N.oj,

oM WILS MR >

ogare (212 (24 v 7nU T
MY,
ﬁ/\ 5 o Il o - T o
o9en (L i} 4 [l oy T 5E0
305117 MW%/ m
5 . c - - e T 2O
w w0 BI0
0 HIOLZADY 2
_ e Fees -
csavor T 7~ B .I%k/« mt!wi!.
».
7 ‘a s W37
A A, T
ova oen FEF E¥iY] z Wmh/n Z papes] bega—-
oo
:V T ' R “TTows
+Zn
{(Aninosto Bupjuelg) v 'Ol
HgYsamDY
- TV 505 ¥ |~«_m,7m_U 7 LAvTnus
¥ ronl )
Cloa
Sevurl_/ ¢ 5= i Nkmh/m ﬂ K
]I i el ] gLt
_.\\ tzn
2ain HITERMOY
TOE e P
3 e ! EHOLTT T e £:00
sovaHs, AT 3 %u/nd z .@
a|7/ 6T [ ok . - a2} MO IV Y ..l.u!llB o
W\\ rzZA rir
astn HBY MDY VHO (T ..I.I.IB Vi
~ Tir
~ G L 1 v %,w/ m_U s T oMo 784 =4
o ir
-~ ¥ N ; £0
e NN R s --
caovOr.lm// INME/QM - B ol
& ‘.\\ ) 3 tarar L L ) BHD
e t vie
Jein HAPLIMOY F B ZNJ
T -y air
(0 453 O b o e — U T LS | ~ i
,7M_ !
15;.;%3.:5 SR -
: ° T o
€& T ¥ e '
osavIHEd~~ %u/ i S o
5 r\ - i 7 st B T oM “‘O
gsin

moq\ -



US 7,976,465 B2

Sheet 5 of 33

Jul. 12, 2011

U.S. Patent

(Jossoo0l.d aoepouUl 81BMPIEH) G "O]H

— | 10SS820.d [BUBIS

Y

(2£4719101d)
18J10U00 CIIN

£0S \

A N aoELIB)UI

1 sngajejs-u|

L0G \\

SOILUONIOB|T BSUSS

uw)
4



US 7,976,465 B2

Sheet 6 of 33

Jul. 12, 2011

U.S. Patent

L09
N

(1ossaooud [eubis) 9 9|4

Alowatu
ysey joog

—

109
I

sulbus Buisseo0id

= T~

~._

Alowswi
yselj pue WvydS

¥O0[0 aw jesy

€09 \

7

g0%




US 7,976,465 B2

Sheet 7 of 33

Jul. 12, 2011

U.S. Patent

Jayiell
usned psiejosi
Alleowoa)3

(10sseoo0ld soepaiul 19sN) L '9id

SUOUNG J8sN

€0 \

104 N

L/

\\

L0L

/

10$s900.4 ( )

Aeldsip 01

sorUSlUl 262-CY

S0L \




US 7,976,465 B2

Sheet 8 of 33

Jul. 12, 2011

U.S. Patent

UoLIBILIO

uonosIa(

Joisnipe Bumebioy
|eiuauodxy

(wyiuobie uonoslep ainzes) ¢ 'Ol

—

.

14%°]
L]

JNPON
BUBIID UoRIsiag

anpouwi
(og/94)xe

JojeullLIRlep
punoufijoeg

N

L08

el8 \

b8 \

608
JojeUiLII9IEP
H punolbsalo
Go8
B2 did
008 cog
L08
\_Biep mey




U.S. Patent Jul. 12, 2011 Sheet 9 of 33 US 7,976,465 B2

950

951

FIG. 9




US 7,976,465 B2

Sheet 10 of 33

Jul. 12, 2011

U.S. Patent

(weibeip 8oi1nep [Bulexd Asdepdl) 0L "Oid

KxowdayA] gsey yoedwo)) €201
M\H Aaney
/10l ajqeaoe|day
LLOL 001
\ - Vi /31qeaBaeyday
JawwelBold L - »
ueloisAyd ROBLINU] P /mmo L
clnoN (245
OJITJA]
\ A1 saonng <—»  OId T[0T D
L20ol L0} Hurusmog
asa d odI
LLEED B > Amen Ny Asdopidy
A o1 = TP | Oy oo
S10% \h&ﬁ&@g A\\\ﬂ(hﬁ g-rL
QA TIS ¢ pieog
6001 — 1001
1701 €001
T AS'E =Mwswum gseld S L/
AST 4 1°A oog | |- Suisnol
6LO" 1001~ ¢ pleog pazIs J138ed




US 7,976,465 B2

Sheet 11 of 33

Jul. 12, 2011

U.S. Patent

(welbelp soinep s|geluedw Asdepdy) L1 914

0L
\\i

sunjuelg €
NWILS |«

(

Ia[jo3u0d sng AIOWIRJA]

-0INIAl <0 av [} waojeaes 2av

| SO—

. ) |
wogenugg [T TTTTTTTTTTTTT w
<z_G0LL i
i
{
I01B[[PSO 1
1410 ZHINT ™7, vivod m
. | (eponjose
YD/ ZH0ST=5d { | @auausyal)
S 115
i
|

056 f
3513 —— e \
od ZiLy Sk SLLL bbb I LOLL
[eurayxg N
03 ur GLil Ammuobumvwo
- g JO 185
43 &L/ o ISA190SUBI | >
% W M BUUUY LIIYM \m..ﬂmEEo.H SI33SIBIY [0NUOD) g
I sz - i c0LL
el
/&.N Ll



U.S. Patent Jul. 12, 2011 Sheet 12 of 33 US 7,976,465 B2

FIG. 12

=

PROGRAMMER




US 7,976,465 B2

Sheet 13 of 33

Jul. 12, 2011

U.S. Patent

€l 'oid




US 7,976,465 B2

Sheet 14 of 33

Jul. 12, 2011

U.S. Patent

L 'Old
inding
olpny gl
‘\ Aljewsis ]
10859001 (eubiS ane M Apog Buisn
a|qeleap) (BUISIXT Z uondo
eyl T
BUUDIUY W LZbl
R / isjsoog M/
/ Aljewsis | /A/ BUUDIUY
0Z¥1L UDIBM ISUAA //
S oLyl
= sewwelBold
ueoisAyd
apIsing apIsu|
sevh mmmwmm



US 7,976,465 B2

Sheet 15 of 33

Jul. 12, 2011

U.S. Patent

(epop unyy) uonelado 4
aw-[eay YIm snuiuon m_

ov N6t

SY201D
BZIUCIYIUAS

$puooes
b < BHA A0

SN0y Z1 Alead
S®00[D 8lelglieD
‘\ b

_/

LLGL

Sl Ol

£isi

gLGl

(epop uny) veis
Wa)sAg Yiim pssoold

/|

LIGL *
SeA

0CS¢

JInjsseoang
BZIUOIYOUAS

ON

. SHI0IS

SZIUCIUOUAS N JosL

A

sigjsueIed dnies
g0s! a

Apnig szijeniul

g€0st —

LOSL

veis



9l 'Oid s

mM\/ /mdww

US 7,976,465 B2

(088 | => 1V
m PU3 PU3 yoyew: sawli}
1 N
6291 6LoL 4081
[t}
m a4 0} palols 8]l 0} paloys w‘_mnww_mofo\nw .
= S BHd S yua LmEcw_nEm_on\,._Mquo
= ry N~ y
g 7291 S ol opispeg wm_,: a:m\,
7 °N 5091
Jawwelafiold aum
WO S} PICoSY joexa sy} 1 uonng Bl yoeXs siy] je uonng
= y < L9RIglED, SS8ld ,BZIUOIYDUAG, SSBid
(=] & /. y
R seot 5191 \
o 0oL
_ 3JlA8Q apispes awy pue 9jep
= WO} Bl BA1D8Y ANT 2imny Jelu3 o awy pue
y ep NAZ sinyny Jajug
\ ML
21 elol T e

sajnuw 0} Alsa3

(sinoy g\ Aaaz)

yels
HElS uels
uoneqie) CO_wN._D__mO N
arwIoINy jenuepy UCHEZILUOIUSUAS

U.S. Patent



Ll "Old

US 7,976,465 B2

DOVE WAy

31

Sheet 17 of 33

Jul. 12, 2011

U.S. Patent

ot

1 I ] i L 1 i

Butuj-1ejd 8AISS20X3 JO UCHOUR 4 JOTEOIPUY

(oJll-4{2Y 'S | O] '$O.I00) | J66'=" ¢ ‘UOHDBIL By~

T i I H

] m § ]

¥ “iL

i 1 [ { ] ] 4

Bujui-je)) SNOSUBIUEISU] JO UOHIUNY JO1eDIPU|

1 i | ¥ T 1 i 13
e | ]
L _L,%é%dﬁﬂ%; B L e v S
- L _ _ (ugdp-oupey) y
1 i | L 1 i i 1
jeubis mey

§E°0

$'0

20~
b0~

Lo
<0

PRUl-12l %



US 7,976,465 B2

Sheet 18 of 33

Jul. 12, 2011

U.S. Patent

8L 'Ol

o 8 8 L 9 S v £

<

ge00

)

b

G084

) 1. ] L i 14 1]

B9

A

Z¥66°0 = Y'(pey) 'dwe 7Y 09 jo 18xdEY mc_xmmgom dx3 pum (ang) sewyse ‘dwe zH 09 '1d ¥
4 1 i v i 1] ) { £

Aw v 0 mnEH_QEm Lum BSI0U 24 0O + [eubig mey

1 1

W;f ? Eﬁmfff;ﬁ z.?fsasé%)éﬁ%ﬁ};%ﬁ\uffj\ o 2

S O

Mmcm_m mey

QlLgt



US 7,976,465 B2

Sheet 19 of 33

Jul. 12, 2011

U.S. Patent

61 9ld

UL
uoneupuIS ] awL 1I8SUQ
oydesbonosis 18sUQD auw awyderbonselg
ainzies jomeysg  uoposls( JO Bwil}
lojebnsenu; [eotunD wyjuob|y 1oyebnseau)

1139} 1080 QLI

1Qv
ﬂ..} ‘ 061 G061 £06i

933
ofiedn
o oy —] /omr

8INZ19G |ROIUID

:mr‘k



US 7,976,465 B2

Sheet 20 of 33

Jul. 12, 2011

U.S. Patent

\

‘Buies Jeyjy

6€0Z—"

Leoz—/

ONINITHOS
dojpus sigjoweied TVIEL 0L NO 09 (s2unZ138 40 750inZes
Q'L pepusuoo: <—| QvINdS ANV "ALISNILNG “¥NQ "OIdd QHOOY) [+—ON :
ideooy ONIHOLINOW WHLHMQOTY INITZSYE ANF
saa—1 POz fr02 —
N —EY0T
. (1osu0 [e0] 'bayy yOW) sy bey
ﬁ_awm: yby 'sA auousb Jo sesAieue sanesedwoD ‘voneldepe Joj 198 s
UOHEICBPE =7 ooieieuab Jofpue {(paads) wuobie Joj Bujuies sauyep 1asn [
SHENEAZ JBsN sBuies ( pue 1 [ewido seindwoo a0iAeg
[
(03 LI-1aV) 'papeDIXa BLIOIIO _ “JauLBy2 19SU0 O NOLLDZ130
Aejaq uonaeq e powwe.Boid-2id Jauiaym 8lealpul [=—-| B |BULEYS J2SUO | (Y USamiEq [ ow mw %%w%whmww_q 501
WYIoBy ssnseep pue souaaylp [EjEds Hoday vouaelIp [eNeds aindwod ™\ A3 IYMIOLNY SSHSSY
ge0e

]

S3A

£€02

0¢ Old

(1og25 031 sishjeue [ensia eia NOILDZ130 F¥NZIFS HOX o
{SNI0H MYIN MO LY | ©4NZIBS JO0) [BUUBYD) 18SUD -t INIWIOYId 3Q0HLO3T3
oN $3A0AULIINI FdY pue ‘| Q83 ‘031 ey 4O SSINLOIGHOD AJIHIA
6202 4 1202
Busesios pug |INZi8g Jo UOREINg (L < opey = pajoaur) NOILYMNG B 'ALISNILN
w ‘Aususiy ‘pessdg : 8INzZIas Ul paAjoaUl -+ '‘AvIHds JWNZI138
siydesSonoeg {s)jsuueyD SaYULD! ARG 0 IN3LX3 TYNSYIN
suoday aojneq 1702—" a 6L0Z
YCoUG
¥e0g A
PloysaJyj ,
ssposoele $8a Uopeoot | ssoio o) opetIst) | snood 834
Jojpue jeanpgns 18SUQ 8INZ(RS 1esuQ Jseueg m | %M.mwwﬂm._ . T00Z
uopisadey suoday eoIAsQ oney Seuap| aolneg — owwwonwwﬂ
7 202~/ L102— 6002 !
+0e m ON L0002
Y ORI |
$3COHL03T3 §80
a | MOAONY WHNAENS b oNROLINOW 10185 I} Sindu) [
N WHLRHODTY INIIISYE NID3E ©33 5500014 flm 002
L00Z z2002— €00e— | 4




US 7,976,465 B2

Sheet 21 of 33

Jul. 12, 2011

U.S. Patent

©d} ueidw pue spesT jue|dx
Gl Eé— spean ezyeussiuy B2 7— peaTjueidx3
A
(Wvg ses)
ONINTZHOS uofieldepy wyuollyy > waﬂuwwm%mm
£l 1LZ~ IVIEL GN3 WIOLB
I i
YARIIE! 34 ! o ON
ON
;sbumes
LINASSIADONS uosesl Sigjsweled
ON—M — wins 40 sapoljoaje
AdYHEHL S1 BiEN|EAT wiynioBiy abueyn ON oo A1l
8917 soLz—" WAR:
ciic
$3A
{SIONILESS NOILYINWILS
4 _F18Y1d3D0Y HLIM AdVNIHL JOOT
LBLZ—| NadO ¥O 03SOTD INSILYdNI WHOINId
|
oN J
S3A

£S6p0A08}8

sioppweled
uopenus

SOUBIII0) puE

Y

}18s apoJiosie

Aisjes ssassy

PRIIBIas Y)M uopeRInw
JO uIRY I8)SIUILIpY

Rl

1912~

65lz—"

NOLLYTINWILS TYNNYIN H03
0s L SHILINVHYD NOLLYTNIILS
’ ONY ST1LLINYTO0d
3A0YLO373 ANILEC

csiz— h

S3A

(NVIDISAHL HO G3LVWOLNV)
WILS ONY
DONISNIS HO4 SIAOHLDTTS
40 138 qIongay 103138

mm_.ml\ ﬂ

LGLE—1

ONINZZEHOE TVIML NID3E




US 7,976,465 B2

Sheet 22 of 33

Jul. 12, 2011

U.S. Patent

(BupeisniD) zzZ 'Ol

(*soes) sy

08 0s av e (1} Qs Q g

o } T " 3 “ " t “ + Q
xewy Zuopein li.l _.At......lll ‘uoneBIng  ———iif r =
\ ...... SR S e vigger T 9% o
L ZZT— , 602 I, 2
tO’.\ —co - w
18 1eg —te 08 A
: ; [ey]
(‘'sg9=) G122 (spo > T g

L J—— Lhnsusiyg : i QU e YAysusiu) —+ 08

\ wh muc_m:wo co_wuwouwo - +
\ \ o0t

L0Ze



¢ 9Old

g0ec
ﬁm&tm@mﬁgo woup auwl §,

1687 W

US 7,976,465 B2

ey inbuuegaw

w— ceez : cee ‘gjeq [nBUINES)Y WNLWIUIKY
" m— m | i . ‘Bupjue|g 2IEM)OS
" e— vmum.m /.mNmN i :Bupjuelg alempieH
m hmm% _ E /M!mNmN :Aian029y wyoBy Uonosiaq
by A “ . : ' Kisncoay Jaduwy
. : . lZEZ :
2 — : ! : 151 Ui
= GLee— ; . i NILS
7 " _ "
tm& “ : L glez
= g 4 9 ¢ v & §% ! .
m v ! q H N ? N M 4 ! K -
) SRR R LR T EEETE PR . oz §
— B ov m/
h o’ hew LY N ¥4 " w
” ® % sz
]
08 §

004

", /

\.

00ce

SQO€

60€ L0ed

gled

U.S. Patent



US 7,976,465 B2

Sheet 24 of 33

Jul. 12, 2011

U.S. Patent

v¢ "Old

S3A

Jpandxe
suwil o 9jokn

3
i
-

£ PUBLIWOD
440 PoARdey

Adeiaiy

JUBWED))
yo umny /omvm

|

Jawr oo yo
wing ‘Adelayy
uswies
youing

/mm#w

Lpalidxa _ Jpusuiwa?
aln uo 81240 - ON 440 PaAplaYy
0ere
Seve 1
ON
Sipe Jow} 8100
uers ‘Adessyy
yusuness
uo uin)
sJajowesed ipuswiuos ON

Bujwiy Adeiay) weawiess Welbolds

NO Paneoay

movml\




US 7,976,465 B2

Sheet 25 of 33

Jul. 12, 2011

U.S. Patent

dooj pue

A

9052

N 0+ (IW-),8 + 217Xy = " A

. maNs,(L-lpuueyd) = W
00%¢C
0% 608z ~

\ *,\J-r.a&- Tcmui I...«-w.cu V-cwl fcu-cta r.cmu =0

082 ;
G 9ld
AN A :__.c 24 ,.C?_E H\r DAL A = 0
Y anl’ ? :.uvv :mrmz_ o ch Nw..f\.,,- %.m m.v g
£062 a/ e At A =V
T..CU .c.- 113 zw
4 HIAA A
ndino s|dwes payys = 2052
auy ajdwes juauna = Y
[QUUBYD JUBLIND W0y a|dLeS JUsund = “A woy i
= jeuueyD |
sz ="\

. uerg )



US 7,976,465 B2

Sheet 26 of 33

Jul. 12, 2011

U.S. Patent

9¢ 9Old

L- 009¢

=

(s) awn
S00 SPOQ Y00 GE00 €00, S200
L T _ &
. | m ~f
/.“ O

80

v 0-

20

o
apnyjdwe

(Y \\
...... e SRR | S R 0
Py - roeeen S\ N /(G : A r v'0
.‘ 1 L] 13 N\» H H] 3 v\\ 1 1]
! " ] ! : LD :
Pt St 1| ik’ ALEEREE IRARREEEES RN | Sl SEEEE AERELERE : 90
......... B RMRSRERTEEEEED ¢y bt S EELEEET AEEEEED 8'0
| : c/ | ” : G/. | | 1092
! : & | | | AT : —
i 1 (_ 1 1 C 1 i 1 —\



US 7,976,465 B2

Sheet 27 of 33

Jul. 12, 2011

U.S. Patent

pue {Buipiooal
. SO\ | JBISNIO »  dooj)
LC Old \ uonovIap abeio}s e
6C.L2
(XX lele
1Bu
002 N Je)snpo
» lUElS
‘pus
on  LUonOBIEP
L1212 SOA
4
ON
Bujssevo.d
wioble pSaidRe
awnss!
H A SOA
so 8042 g A 8CLe
& oLz 1022
oull} isi 1B WS \
Mﬂm pue wels pue TBERP Buissesold
uniue|q ‘Bunjue|q ms | uolosiep leubis |
m._m..SU.__mr_ ‘Bupjuelq my N Jo ues SNUNUOD
pua ‘uonenwis 10818p nes
UOHBINWIS uibag ON
AeUILIS) _
0.2




US 7,976,465 B2

Sheet 28 of 33

Jul. 12, 2011

U.S. Patent

Wl

v

'

Al
y
'
v

{} reye(g eouduy ‘g =¥z ¢

0 ="z T o[duExg

(x)d

(£} 8 °0 %) 30 9der0
8¢ 'Old



US 7,976,465 B2

Sheet 29 of 33

Jul. 12, 2011

U.S. Patent

a L=

{8'9°9"s*¢"¢’c’1°1} e [eoLndwy ‘g =

Xy ¢y - W7 T ATAITERY

({8°9°9°5 € CC° I 1} ‘8 “0 ¥V 30 ydein
6¢ 9Old



US 7,976,465 B2

Sheet 30 of 33

Jul. 12, 2011

U.S. Patent

Mk >

{x)d

{} rereq [eomdwy ‘9g$s9 =¥z ‘g = Wz T S[AERY

{({} “9£559 ‘0 X)d jo ydern
o€ 9lid



US 7,976,465 B2

Sheet 31 of 33

Jul. 12, 2011

U.S. Patent

{8501 ‘cz6} e [pomdwy ‘9£569 = ¥z ‘g = "Mz Ty SjdwEYy

»r
114 goz [s4 ] g 4 [ 4 ¢
f T T T T T 1 i

N ST . ceraent . ceidees .Mlo
: ! W : ” : :
m I..:....m.............Jh.:......... .m...............m ........_.....m.......»......M.......f e .IND
b iaan e bereieaes forennns I.....M:.. ........... . ....... baanes , ........... “ ............ .v“ﬂl v
: ] : ‘
: £ : :

L "Oid

({87171 °098 “CEL “¥6E} ‘98559 ‘0 X = ({((T1/05D)x[1°55 ‘6'81 ‘C 1t ‘T s£puno1} ‘9g6s9 g 'x)d Jo ydein

{x}d



US 7,976,465 B2

Sheet 32 of 33

Jul. 12, 2011

U.S. Patent

gagag aags Qaay goog guaeg

‘
am .
(]
1
1

*

pre = 0 e e e mn
e« b amwhe e

| i

{} mreq poudwy ‘96s9 ="z ‘g = "Wz CojdUIExy

({} ‘0559 ‘0 "0 30 ydein
¢t Old



US 7,976,465 B2

Sheet 33 of 33

Jul. 12, 2011

U.S. Patent

{6°681 ‘9'ST1 ‘1°€01 ‘L'ye} meq reomidug ‘0569 = 4z ‘g = Wz G o[duiexy

cagy qeoe Qoae Qoat ¢

T Bt ost s:43 (¢5:43 #1439 Qg
T i 1

T T i
T T T T T H : .
. . N . ! : :
H :
H o
H
X '
H H '
. . \
. . .
. v .
] . : N
- . . .
ko . I3 3
: v :
. ) H
: ; .
N .
. . .
H : H H
: H . :
i i h .
H ' :
. ‘ :
H : R
. ‘ie - i ; $
H H
H \ H 1 H '
\ i 1 ! { H ;. 1 i3 ] 1

({6'681 ‘9°STT “T°€01 ‘L'PE} “0559 ‘0 1X)d Jo ydein
€€ Ol

)



US 7,976,465 B2

1
PHASE SHIFTING OF NEUROLOGICAL
SIGNALS IN A MEDICAL DEVICE SYSTEM

This application is a continuation of common-owned, co-
pending U.S. application Ser. No. 10/687,570 filed on Oct.
15, 2003 and claiming priority to provisional U.S. Applica-
tion. Nos. 60/418,527 filed Oct. 15, 2002 and 60/503,985
filed Sep. 19, 2003, which are incorporated herein by refer-
ence in their entireties.

FIELD OF THE INVENTION

The present invention relates to the detection and the treat-
ment of nervous system disorders and more particularly to a
method and a medical device system for phase shifting of
neurological signals.

BACKGROUND OF THE INVENTION

Nervous system disorders affect millions of people, caus-
ing death and a degradation oflife. Nervous system disorders
include disorders of the central nervous system, peripheral
nervous system, and mental health and psychiatric disorders.
Such disorders include, for example without limitation, epi-
lepsy, Parkinson’s disease, essential tremor, dystonia, and
multiple sclerosis (MS). Additionally, nervous system disor-
ders include mental health disorders and psychiatric 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 (narcolepsy), obesity, and anorexia.
As an example, epilepsy is the most prevalent serious neuro-
logical disease across all ages. Epilepsy is a group of neuro-
logical conditions in which a person has or is predisposed to
recurrent seizures. A seizure is a clinical manifestation result-
ing from excessive, hypersynchronous, abnormal electrical or
neuronal 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, perceptions,
and/or involuntary body movement. Because the seizures are
unpredictable, epilepsy affects a person’s employability, psy-
chosocial life, and ability to operate vehicles or power equip-
ment. It is a disorder that occurs in all age groups, socioeco-
nomic classes, cultures, and countries. In developed
countries, the age-adjusted incidence of recurrent unpro-
voked seizures ranges from 24/100,000 to 53/100,000 per-
son-years and may be even higher in developing countries. In
developed countries, age specific incidence is highest during
the first few months of life and again 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 Ameri-
cans, 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.

There are various approaches in treating nervous system
disorders. Treatment therapies can include any number 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 feed-
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back control. Such closed-loop feedback control techniques
receive from a monitoring element a neurological signal that
carries information about a symptom or a condition 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 biological signals (such
as change in quantity of neurotransmitters), temperature sig-
nals, pressure signals (such as blood pressure, intracranial
pressure or cardiac pressure), respiration signals, heart rate
signals, pH-level signals, and peripheral nerve signals (cuff
electrodes on a peripheral nerve). Monitoring elements can
include, for example, recording electrodes or various types of
Sensors.

For example, U.S. Pat. No. 5,995,868 discloses a system
for the prediction, rapid detection, warning, prevention, 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 significant advantages
in that treatment can be delivered before the onset of the
symptoms of the nervous system disorder.

Multiple neurological signals may also be processed for
information about a symptom or a condition of a nervous
system disorder. Successful detection of a disorder is depen-
dent on the temporal integrity of the signals relative to one
another. Simultaneous sampling of the signals provides com-
plete temporal alignment, but may not possible in implantable
systems due to power constraints. Moreover, neurological
signals that are sequentially sampled are typically skewed in
time due to inherent delays in the circuitry. Differential com-
parison of these signals may result in large amplitude excur-
sions, which may adversely affect detection of the nervous
system disorder. The errors that are introduced are typically
different for each pair of channels pair utilized in the differ-
ential comparison.

Thus, it would be an advancement in the art to provide a
method or apparatus that accounts for multiple neurological
signals that are skewed relative to each other.

BRIEF SUMMARY OF THE INVENTION

In an embodiment, a medical device system is provided for
phase shifting neurological signals to monitor and/or provide
closed-loop therapeutic treatment of a nervous system disor-
der. The medical device system comprises one or more moni-
toring elements, each generating a neurological signal of a
sensed neurological condition to provide closed-loop feed-
back control of a treatment therapy and a therapy device
providing treatment therapy to the patient in response to the
sensed neurological condition. In accordance with the inven-
tion, the medical device system also comprises one or more
software modules for analyzing the received neurological
signals and effectively phase shift the neurological signals
according to a calculated time shift. In particular, the software
module processes the neurological signals to identify a time
shift of each neurological signal relative to a default neuro-
logical signal and time shifts each neurological signal so the
neurological signal is synchronized with the default neuro-
logical signal. The synchronized neurological signals may
then be utilized to provide closed-loop feedback control of a
treatment therapy or neurological signal monitoring.

In a preferred embodiment, the invention is implemented
within a medical device system for treating an epilepsy dis-
order using a seizure detection algorithm to detect a possible
seizure onset based on received electrical signals from the
patient’s brain. Of course, other embodiments are possible for
treatment of other nervous system disorders, using other
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forms of treatment therapies, having other forms of sensed
neurological signals, and affecting other portions of the
human body.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows one possible embodiment of an external
system for treating a nervous system disorder.

FIG. 2 shows a configuration of a bedside device that is
associated with the external control system of FIG. 1.

FIG. 3 shows a configuration of a sense electronics module
that is associated with the bedside device of FI1G. 2.

FIG. 4 shows an embodiment of blanking circuitry that is
associated with the external system of FIG. 1.

FIG. 5 shows a hardware interface that is associated with
the bedside device of FIG. 2.

FIG. 6 shows a signal processor that is associated with the
bedside device of FIG. 2.

FIG. 7 shows a user interface processor that is associated
with the bedside device of FI1G. 2.

FIG. 8 is a functional diagram of one embodiment of a
seizure detection algorithm for use with a medical device
system for treatment of a seizure.

FIG. 9 shows one possible embodiment of a hybrid system
for treating a nervous system disorder.

FIG. 10 is a schematic block diagram of an external com-
ponent of a hybrid system for treatment of a nervous system
disorder.

FIG. 11 is a schematic block diagram of the implantable
component of a hybrid system for treatment of a nervous
system disorder.

FIG. 12 shows one possible embodiment an implantable
system for treating a nervous system disorder.

FIG. 13 shows an example of a medical device system for
infusing drug as the treatment therapy for treating nervous
system disorders.

FIG. 14 is a schematic diagram of a relaying module worn
on a patient’s wrist for use with a medical device system
having implanted components.

FIG. 15 shows a top-level flow diagram for clock synchro-
nization and calibration for use with an external system.

FIG. 16 shows specific flow diagrams for clock synchro-
nization and calibration in relation to FIG. 15.

FIG. 17 depicts various graphs of a neurological signal
containing flat-lined or clipped artifact data.

FIG. 18 depicts various graphs of a neurological signal
containing 60 Hz artifact data.

FIG. 19 shows simulated EEG waveforms, designating an
onset of a neurological event.

FIG. 20 shows a flow diagram for a seizure screening
procedure to define treatment therapy according to an
embodiment of the invention.

FIG. 21 shows a continuation of the flow diagram that is
shown in FIG. 20.

FIG. 22 shows data associated with a maximal ratio as
determined by a seizure detection algorithm for detecting a
cluster.

FIG. 23 shows a timing diagram including the seizure
detection algorithm processed maximal ratio signal.

FIG. 24 is a flow diagram illustrating the process for imple-
menting a cycle mode of operation within generally any
medical device system.

FIG. 25 is a flow diagram for phase shifting in accordance
with an embodiment of the invention where the nervous sys-
tem disorder being treated is a seizure.

FIG. 26 is a graph of a result of applying the polynomial
interpolation phase shift algorithm.
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FIG. 27 is a flow diagram for hardware and software blank-
ing.

FIGS. 28-33 depict examples of the interpolating empirical
probability function for various values.

DETAILED DESCRIPTION OF THE INVENTION

The invention may be embodied in various forms to ana-
lyze and treat nervous system disorders, namely disorders of
the central nervous system, peripheral nervous system, and
mental health and psychiatric disorders. Such disorders
include, for example without limitation, epilepsy, Parkin-
son’s disease, essential tremor, dystonia, multiple sclerosis
(MS), anxiety (such as general anxiety, panic, phobias, post
traumatic stress disorder (PTSD), and obsessive compulsive
disorder (OCD)), mood disorders (such as major depression,
bipolar depression, and dysthymic disorder), sleep disorders
(narcolepsy), obesity, tinnitus, stroke, traumatic brain injury,
Alzheimers, and anorexia.

Moreover, the invention may utilize various treatment
therapies for treating nervous system disorders. Treatment
therapies can include any number of possibilities alone or in
combination including, for example, electrical stimulation,
magnetic stimulation, drug infusion, brain temperature con-
trol (e.g., cooling), and/or providing a sensory warning to the
patient/clinician, as well as any combination thereof.

Each of these treatment modalities may be operated using
closed-loop feedback control or using open-loop therapy.
Such closed-loop feedback control techniques receive one or
more neurological signals that carry information about a
symptom or a condition of a nervous system disorder. Such
neurological signals can include. for example, electrical sig-
nals (such as EEG, ECoG and/or EKG), chemical signals,
biological signals (such as change in quantity of neurotrans-
mitters), temperature signals, pressure signals (such as blood
pressure, intracranial pressure or cardiac pressure), respira-
tion signals, heart rate signals, pH-level signals, and/or
peripheral nerve signals (cuff electrodes on a peripheral
nerve). Such neurological signals may be recorded using one
or more monitoring elements such as monitoring electrodes
or sensors. For example, U.S. Pat. No. 6,227,203, assigned to
Medtronic, Inc., provides examples of various types of sen-
sors that may be used to detect a symptom or a condition or a
nervous system disorder and responsively generate a neuro-
logical signal.

Even further, the invention may provide therapeutic treat-
ment to neural tissue in any number of locations in the body
including, for example, the brain (which includes the brain
stem), the vagus nerve, the spinal cord, peripheral nerves, etc.

Disclosed herein are three general embodiments of the
medical device system—an external system, a hybrid system,
and an implanted system—however, the invention may be
embodied in any number of configurations. The following
embodiments may be described with the specific application
of treating epilepsy by electrical stimulation of the brain and
using closed-loop control monitoring of electrical activity in
the brain. Other embodiments of the invention may use open-
loop therapy, namely treatment therapy that can be provided
independent of information obtained from the monitoring of
brain activity. It will be appreciated, however, that other
embodiments of the invention may treat other nervous system
disorders, utilize other treatment therapies, optionally utilize
closed-loop feedback control by receiving other forms of
neurological signals, and/or deliver therapeutic treatment to
neural tissue in other locations in the body. Moreover, the
medical device system may simply collect data from one or
more of the monitoring elements and provide that data to the
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patient or treating physician to further enhance management
of the nervous system disorder.

EXTERNAL SYSTEM—FIG. 1 shows a system configu-
ration of an external system 100. In an embodiment, the
external system 100 is for use in the clinical environment
although the external system 100 may also be used in other
environments as well. As disclosed herein, the external sys-
tem 100 provides electrical brain stimulation as the form of
treatment therapy for purposes of treating seizures or epilepsy
as the form of nervous system disorder. As discussed, how-
ever, it will be appreciated that system 100 may also be used
to provide other treatment therapies at other locations of the
body to treat other forms of nervous system disorders.

The external system 100 senses electrical brain signals
from temporarily and/or permanently implanted brain elec-
trodes 101, conditions the brain signals for processing,
executes a detection algorithm (e.g., seizure algorithm 800 in
FIG. 8) on the signals to determine the onset, presence, and/or
intensity, duration, and spatial extent of neurological activity
(e.g., seizure activity), and delivers electrical stimulation in
response to selected event detections (e.g., seizure detec-
tions). Of course, in other embodiments, the external system
100 may be able to determine the onset, presence, and/or
intensity of other neurological events. The components of the
external system 100 may integrate with existing epilepsy
monitoring unit (EMU) preamplifiers 103 and data collection
systems to enable the simultaneous use of customary moni-
toring equipment 105.

The external system 100 incorporates a number of pro-
grammable parameters and features, some of which are dis-
cussed further herein. This affords the treating physician and
investigators the necessary flexibility to explore a number of
therapeutic paradigms. Data storage, display, and analysis
capabilities are included in the system.

The external system 100 generally comprises a portable
bedside device 107, a programmer 109, and a number of
accessories. Bedside device 107 contains hardware and soft-
ware to perform various functions including, for example,
sensing electrical signals recorded by in-dwelling brain elec-
trodes 101, conditioning the signals for further processing by
the seizure detection algorithm, executing the seizure detec-
tion algorithm, and delivering treatment therapy such as elec-
trical stimulation. Those skilled in the art will appreciate,
however, that these functions of the bedside device 107 may
be performed in other components of the external system 100.

Electrodes 101 are typically placed in the brain or on the
surface of the brain or in the bone of the skull. Electrodes 101
could be placed between the surface of the skull and the scalp,
within the scalp, over the scalp, or outside the body on the skin
surface. Electrodes 101 are coupled to the bedside device 107
through input jacks compatible with standard electrode
extensions and connectors. Electrode output jacks on the box
provide a means for passing raw brain signals to existing
EMU equipment. A serial port supports the real-time transfer
of data between the programmer 109 and the bedside device
107. As discussed herein, electrodes 101 may take any num-
ber of forms including, but not limited to, temporary subdural
grid and strip electrodes, temporary depth electrodes, deep
brain stimulation (DBS) electrode systems, and/or a combi-
nation of several different electrode types. Although in an
embodiment, the external system 100 utilizes eight elec-
trodes, it will be appreciated that greater or fewer electrodes
may be utilized. Moreover, other forms of communication
may also be utilized between the various components includ-
ing wireless, infrared, radio frequency (RF), and/or computer
network (e.g., LAN, WAN, Internet).
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The external system 100 utilizes a programmer 109, which
in the embodiment is a commercially available personal com-
puter and an operating system configured with custom exter-
nal system application software. Those skilled in the art will
appreciate that any general-purpose computing device may
be used including, but not limited to, a hand-held device.
Other communication techniques, of course, may also be
utilized including a telemetry device. The programmer 109
may display in real-time the brain signals being processed by
the system, the corresponding detection criteria for auto-
mated seizure detection, and other pertinent system and ses-
sion information. All programmable system parameters,
including electrode designation, algorithm parameters, and
stimulation output parameters, may be adjusted through the
programmer 109. Investigators may also use the programmer
109 to perform secondary functions, such as off-line algo-
rithm analysis and adaptation.

Accessories for the external system 100 include a serial
cable 111 for connecting bedside device 107 to programmer
109, a medical grade 6 Vdc power supply for primary power
to bedside device 107, a supply of batteries for bedside device
107, and an event marker junction box (not shown). The event
marker junction box allows the patient, or anyone else, to
manually record the onset of an event of significance, such as
a seizure (an ictal event). Data may be collected during the
event and sent simultaneously to the bedside device 107 and
the EMU equipment. The event marker junction box allows
the patient event marker signal to be input to both the EMU
equipment and the bedside device 107 simultaneously. In the
embodiment, bedside device 107 is coupled to the event
marker junction box and to an event input of the EMU equip-
ment. The ability to simultaneously input the event marker in
the EMU equipment and the bedside device 107 also serves to
synchronize events recorded/stored in both the EMU equip-
ment and the bedside device 107. With a variation of the
embodiment, a time drift may be determined. The time drift is
indicative of a time difference of the bedside device 107 with
respect to the EMU equipment.

Temporary diagnostic electrodes, manufactured by
Adtech, Radionics, and PMT Corp. among others, may be
used for recording brain signals to aid in the identification of
the areas responsible for seizure generation. Electrodes 101
are typically placed intracranially, on the surface of the brain
(subdural grids and strips) or within brain tissue (depth elec-
trodes), near areas suspected of being epileptogenic. ECoG
signals from these electrodes 101 are recorded on external
EEG monitoring equipment (Grass/Telefactor, Nicolet Bio-
medical, Bio-logic, and others) and evaluated by the physi-
cian to determine the zone(s) of epileptogenesis.

In addition to monitoring, electrodes 101 may conduct
stimulus pulses generated by a stimulator to map the func-
tional areas of the brain underlying electrode 101. In this
manner, the physician is able to determine the risks and ben-
efits associated with a possible surgical approach to treat the
patient’s epilepsy.

The external system 100 may also support deep brain
stimulation as a treatment for intractable epilepsy. DBS leads
may be placed within structures of the brain (e.g., thalamic
nuclei, subthalamus, temporal lobe, etc.) to enable the con-
tinuous or intermittent delivery of electrical stimulation to
structures that may have a network or local effect on areas of
epileptogenesis. ECoG recordings may also be obtained from
the DBS leads.

When the system 100 is set up with the EMU, the exter-
nalized ends of the implanted electrodes 101 will connect
directly to the bedside device 107. The raw signals collected
by the electrodes 101 connected to bedside device 107 are
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processed by the external system 100 and passed to existing
EMU preamplifier 103 and into EMU data collection system
105. Additional electrode connections may occur directly
between the patient and existing EMU preamplifier 103 and
data collection system 105, by passing the external system
100, to enable recording from a greater number of electrode
contacts than used by bedside device 107. By means of a
serial cable 111, the bedside device 107 interfaces with the
programmer 109 through which system programming, data
display, and real-time and/or retrospective analysis may take
place.

FIG. 2 is a schematic block diagram depicting the bedside
device 107, which is a component of the external system 100.
The bedside device 107 comprises a sense electronics module
201 for processing (i.e., amplifying and digitizing) the sensed
neurological signal, a stimulation electronics module 203 for
providing treatment therapy, a hardware interface processor
205 for controlling the sense and stimulation electronics
modules and passing the digitized EEG data to a signal pro-
cessor 207 (which performs detection algorithm and control
system timing and operation), a user interface processor 209
for controlling serial data to and from the signal processor 207
and the programmer 109, and a power supply 211.

FIG. 3 is a schematic block diagram depicting the sense
electronics module 201 associated with the bedside device
107. Sense electronics module 201 processes EEG signals
from the electrodes 101 so that the EEG signals can be further
processed by the signal processor 207. A blanking circuitry
301 comprises optically coupled relays. Blanking circuitry
301 provides independent blanking of any channel electron-
ics (e.g., an amplifier) that is associated with an electrode.
Blanking circuitry 301 disconnects the channel received from
the electrode when the electrode is being stimulated. A dif-
ferential amplifier 303 provides buffering and isolation from
electronics associated with other channels by having a high
common mode rejection. A notch filter 305 removes residual
50 or 60 Hz noise signal component that may be attributable
to powering the external system 100 from alternating current
(AC). A sampling circuitry 307 converts an analog signal
associated with each channel into a digital signal with an
analog to digital converter. In the embodiment, sampling
circuitry 307 provides eight bit resolution with a 250 Hz
sampling rate, an adjustable gain, and adjustable analog filter
corners. Those skilled in the art will appreciate that the digital
precision and sampling rates may be increased or decreased
according to the particular application or sensed signal.

FIG. 4 is a schematic block diagram depicting an embodi-
ment of blanking circuitry associated with the external con-
trol system 100. An optically coupled relay 405 is associated
with an input 401 and an output 403. Blanking circuitry 301
controls relay 405 through control signal 407 so that output
403 is isolated from input 401 when the associated electrode
is being stimulated. The circuit also ensures that the amplifier
input during this time is not floating to prevent drifts in the
voltages recorded by the system.

FIG. Sis aschematic block diagram depicting the hardware
interface processor 205 associated with the bedside device
107. Hardware interface processor 205 comprises a micro
controller 503 to control blanking circuitry 301, sense elec-
tronics module 201, and stimulation electronics module 203.
It also notifies signal processor 207 when data is available for
further processing.

FIG. 6 is a schematic block diagram depicting the signal
processor 207 associated with the bedside device 107. Signal
processor 207 comprises a processing engine 601 (e.g., Ana-
log Devices ADSP2189M), an SRAM and flash memory 605,
which is used for loop recording, a real time clock 603, which
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is used for associating a time with loop recording, and a boot
flash memory 607, which loads a program on powering up
signal processor 207.

FIG. 7 is a schematic block diagram depicting the user
interface processor (UIP) 209 associated with the bedside
device 107. A processor 701 receives data and commands
through user buttons 703. Processor 701 may be a single
device or may consist of multiple computing elements such as
a Digital Signal Processor (DSP). The UIP 209 may provide
aRS-232 interface 709 between the programmer 109 and the
processor 701. Moreover, a component of the UTP 209 and
processor 701 may communicate with each other to convey
other information (such as button press data from user buttons
703 to the processor 701, and icon status data from the pro-
cessor 701 to an LCD display 705). Processors (e.g., DSPs)
associated with processor 701 may also utilize analog cir-
cuitry. Additionally, RS-232 interface 709 enables informa-
tion to be sent to processor 701 from the user. Processor 701
responds to the data and commands from the user by display-
ing and updating a menu display on the LCD display 705. The
patient may input a marker, signifying an event such as a
seizure, through isolated patient marker 707. An alarm 711
may alert the user or the patient about an event such as a
detected or predicted seizure.

As discussed, the external system may be implemented
with the specific application of treating epilepsy by electrical
stimulation of the brain using, as one of the possible options,
closed-loop control based on monitoring of electrical activity
in the brain. In such an embodiment, a seizure detection
algorithm may be utilized to monitor the electrical brain
activity and predict whether a seizure onset is about to occur
or detect its onset. In accordance with an embodiment, the
seizure detection algorithm is that disclosed in U.S. Pat. No.
5,995,868 (entitled “System for the Prediction, Warning, Pre-
vention, or Control of Changes in Activity States in the Brain
of a Subject”). Other embodiments may utilize variations of
the seizure detection algorithm or may use other detection
algorithms for detecting seizures and/or other nervous system
disorders. Moreover, the detection algorithm may be adapt-
able. Discussed below is an overview of a preferred embodi-
ment of the seizure detection algorithm followed by an
example of how the algorithm may be adaptable.

FIG. 8 shows a functional diagram of an example of a
seizure detection algorithm 800 that may be used. Generally,
the seizure detection algorithm 800 is capable of detecting
brain activity changes based on the spectral characteristics,
intensity (ratio), spread, and duration of an electrical (EEG,
ECoG, and/or EKG) signal 801 that is obtained from a set of
electrodes. In the embodiment of external system 100, eight
ECoG channels may be supported, although other embodi-
ments may support a different number of channels. The ana-
log EEG or ECoG data from the electrodes 101 are trans-
formed to digital data with an A to D converter in the bedside
device 107. In the hybrid system 1000, the A to D converter
may be in the implantable device 953. A digital filter such as
a finite impulse response (FIR) filter 803 is configured to
estimate the power spectrum density characteristics of a set of
electrical brain signals. A foreground determinator 805 asso-
ciates a foreground value of the signals with a moving fore-
ground interval of a predetermined time length (e.g., 2-sec-
onds), which may be programmable. In the embodiment,
foreground determinator 805 squares the value of each
sample in the foreground interval and selects the median
value. A background determinator 807 associates a back-
ground value with a moving background interval of predeter-
mined time length (e.g., 30 minutes), which again may be
programmable. At any point in time, the current foreground
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and background values are computed, respectively, from the
foreground and background intervals that immediately pre-
cede that time point. Background determinator 807 squares
the value of each sample in the background interval and
selects the median value. The seizure detection algorithm 800
then processes the results of background determinator 807
through an “exponential forgetting” adjustor 809 that com-
bines the results with previous results from background deter-
minator 807 to produce a exponentially-smoothed back-
ground value. A module 811 then divides the foreground
value by the exponentially-smoothed background value to
determine a ratio for each signal from each electrode in a
selected electrode group. Module 811 also determines the
largest ratio from the group of electrodes. The value of the
largest ratio is then fed into a detection criterion module 813,
which analyzes the sequence of largest ratios to determine
when an event is detected. Output 814 from algorithm 800
includes notification that an event has occurred (“detection”)
as well as variables quantifying the event (e.g., ratio, extent of
spread, and duration from all electrodes).

As discussed, the external system 100 may take other
forms including, for example, a hybrid control system and an
implantable control system. The functionalities described
herein may be performed by any of these embodiments, in
which some of the functionalities may be associated with
different components of the various embodiments.

HYBRID SYSTEM—FIG. 9 shows an embodiment of a
hybrid system 1000 for treatment of a nervous system disor-
der in accordance with one embodiment of the invention. As
discussed, although the hybrid system 1000 is discussed in
the context of providing brain stimulation for treating epi-
lepsy, it will be appreciated that the hybrid system 1000 may
also be used to provide other treatment therapies at other
locations of the body to treat other forms of nervous system
disorders.

Referring still to FIG. 9, leads 951 are coupled at a distal
end to electrodes that sense brain activity of the patient and
deliver electrical stimulation to the patient. Ata proximal end,
leads 951 are coupled to extension wire system 952 that in
turn connects to an implantable device 953. The connection
between leads 951 and extension wire system 952 typically
occurs under the scalp on top of the cranium at a convenient
location such as behind and above the ear. The distal connec-
tor of extension wire system 952 is designed to accommodate
the various options for leads 951 which might be selected by
the surgeon to record and/or stimulate from deep within the
brain, on the surface of the cortex or from electrodes just
protruding through the skull or on the surface of the skull.
Extension wire system 952 is passed just under the skin along
the lateral aspect of the neck to connect with implantable
device 953. Leads 951 typically last at least as long as exten-
sion wire 952. Extension wire 952 is made of materials that
allow it to withstand considerable stress/forces caused by
neck movement. The implantable device 953 conditions sig-
nals, samples the signals, and delivers electrical stimulation
through the electrodes 951. An antenna 955 supports telem-
etric communications between the implantable device 953
and an external device 950. The external device 950, which
may be an external wearable digital signal processing unit,
receives sampled signals from the implantable device 953,
detects seizures, and sends signals to the implantable device
953 to initiate stimulation therapy.

FIG. 1015 a schematic block diagram of the external device
950 for the hybrid control system of FIG. 9. The external
device 950 communicates (continuously or intermittently)
with the implantable device 953 over a telemetry link 1001
through an uplink/downlink circuit 1003 or through a cabling
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arrangement. The external device 950 may interface with a
programmer 1021 (such as programmer 209) through RS232
interface 1017. The programmer 1021 may be a physician
programumer, a patient programmer, or any general-purpose
computing device having software for interfacing with a
medical device system.

An apparatus 1000 (e.g., the external device 950) is pow-
ered by a rechargeable/replaceable battery 1025 and is volt-
age regulated by a voltage regulation circuit 1019. A DSP
controller 1005 processes neurological data from implantable
device 953 and records/stores processed data in a boot flash
memory 1007 or in a compact flash memory 1023, which
extends the recording capability of memory 1007. The appa-
ratus 1000 may be instructed by a user through buttons 1013.
The corresponding inputted information is received by a
peripheral interface control (PIC) microprocessor 1011
through a RS232 interface 1017. The user may instruct the
DSP controller 1005 to process, store, and retrieve neurologi-
cal data through PIC microprocessor 1005. Also, the user may
obtain information (e.g., status and selected processed data)
through an LCD screen 1015.

FIG. 11 is a schematic block diagram of the implantable
device 953 for the hybrid control system of FIG. 9. An appa-
ratus 1100 (e.g., the implantable device 953) is implanted in
conjunction with a set of electrodes 1101. (In the exemplary
embodiment shown in FIG. 11, the set of electrodes 1101
comprises eight electrodes.) A reference electrode 1103 is
another electrode that is not included in the set of electrodes
1101 and that is not typically involved with the neurological
activity as the set of electrodes 1101. The apparatus 1100
communicates with the external device 1000 through a telem-
etry transceiver 1127, an antenna 1125, and a telemetry link
1023. The apparatus 1000 (e.g., the external device 950) may
collect data from the apparatus 1100 by placing a patch
antenna 955 on the patient’s body over the implantable device
953 to thereby communicate with antenna 1125 of the appa-
ratus 1100.

Each electrode of the set of electrodes 1101 may either
receive a neurological signal or may stimulate surrounding
tissue. Stimulation of any of the electrodes contained in the
electrode set 1101 is generated by a stimulation IC 1105, as
instructed by a microprocessor 1119. When stimulation is
generated through an electrode, the electrode is blanked by a
blanking circuit 1107 so that a neurological signal is not
received by channel electronics (e.g., amplifier 1111). When
microcontroller 1119 determines that a channel shall be able
to receive a neurological signal, an analog to digital converter
(ADC) 1113 samples the neurological signal at a desired rate
(e.g., 250 times per second). The digitized neurological signal
may be stored in a waveform memory 1115 so that the neu-
rological data may be retrieved by the apparatus 1000 when
instructed.

IMPLANTED SYSTEM—FIG. 12 shows an embodiment
of an implanted system 10 for treatment of a nervous system
disorder in accordance with another embodiment of the
invention. As discussed, although the implanted system 10 is
discussed in the context of providing brain stimulation, it will
be appreciated that the implanted system 10 may also be used
to provide other treatment therapies at the brain or head or at
other locations of the body. The implanted system 10 gener-
ally includes an implanted device 20 coupled to one or more
therapy delivery elements 30. The therapy delivery elements
30, of course, may also serve as monitoring elements to
receive a neurological signal. The implanted device 20 may
continuously or intermittently communicate with an external
programmer 23 (e.g., patient or physician programmer) via
telemetry using, for example, radio-frequency signals. In this
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embodiment, each of the features and functionalities dis-
cussed herein are provided by the implanted device 20.

Those skilled in the art will appreciate that the medical
device systems described above may take any number of
forms from being fully implanted to being mostly external
and can provide treatment therapy to neural tissue in any
number of locations in the body. For example, the medical
device systems described herein may be utilized to provide
vagal nerve stimulation, for example, as disclosed in U.S. Pat.
No. 6,341,236 (Osorio, et al.). In addition, the treatment
therapy being provided by the medical device systems may
vary and can include, for example, electrical stimulation,
magnetic stimulation, drug infusion (discussed below), and/
or brain temperature control (e.g., cooling). Moreover, it will
be appreciated that the medical device systems may be uti-
lized to analyze and treat any number of nervous system
disorders. For example, various U.S. Patents assigned to
Medtronic provide example of nervous system disorders that
can be treated. In the event that closed-loop feedback control
is provided, the medical device system can be configured to
receive any number of neurological signals that carry infor-
mation about a symptom or a condition or a nervous system
disorder. Such signals may be provided using one or more
monitoring elements such as monitoring electrodes or sen-
sors. For example, U.S. Pat. No. 6,227,203, assigned to
Medtronic, Inc., provides examples of various types of sen-
sors that may be used to detect a symptom or a condition or a
nervous system disorder and responsively generate a neuro-
logical signal and is incorporated herein in its entirety.

As anexample to illustrate other embodiments of treatment
therapies, FIG. 13 shows a medical device system 110 that
may be implanted below the skin of a patient for delivery of
drug to a patient as the form of treatment therapy. Device 10
has a port 14 into which a needle can be inserted through the
skin to inject a quantity of a liquid agent, such as a medication
or drug. The liquid agent is delivered from device 10 through
a catheter port 20 into a catheter 22. Catheter 22 is positioned
to deliver the agent to specific infusion sites in a brain (B),
although any location in the body may be utilized. Asit relates
to the delivery of drug, device 10 may take a form of the
like-numbered device shown in U.S. Pat. No. 4,692,147
(Duggan), assigned to Medtronic, Inc., Minneapolis, Minn.
and is incorporated herein in its entirety. The device 10 may
be augmented to provide the various functionalities of the
present invention described herein.

Discussed herein are various features and functionalities
that one or more of the above-described medical device sys-
tems may incorporate. Where applicable and although not
required, these features and functionalities will be described
in the general context of computer-executable instructions,
such as program modules. Generally, program modules
include routines, programs, objects, scripts, components,
data structures, and the like that perform particular tasks or
implement particular abstract data types. Moreover, these
features and functionalities may reside in any number of
locations within the medical device system including either
one of the implanted components and/or one of the external
components.

Relaying Module for Treatment of Nervous System Disor-
ders

In the hybrid system 1000 and the implanted system 10
embodiment, greater telemetric portability may be achieved
between the implanted component and the external compo-
nent by providing a relaying module.

FIG. 14 discloses one embodiment of such a relaying mod-
ule in the form of a device that is worn, for example, on the
patient’s wrist. In such an arrangement, the implanted com-
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ponent 1405 of the medical device system communicates
with the relaying module 1415 via telemetry antenna 1410.
Similarly, the external component communicates with the
relaying module 1415 via antenna 1420. In the embodiment,
a telemetry link 1421 between relaying module 1415 and
antenna 1420 comprises a 3 MHz body wave telemetry link.
To avoid interference, the relaying module 1415 may com-
municate with the external and implanted components using
differing communication schemes. In some embodiments,
the reverse direction and the forward direction of telemetry
link 1421 may be associated with different frequency spectra.
The relaying module 1415 thereby provides a greater range of
communications between components of medical device sys-
tem. For example, in the embodiment of the implanted system
10, the external programmer 23 may communicate with the
implanted device 20 from a more remote location. The exter-
nal programmer 23 may be across the room and still be in
communication via the relaying module 1415. Similarly, in
the embodiment of the hybrid system 1000, the external
device 950 may be located further away than being worn by
the patient. With the telemetry booster stage, theuse of hybrid
system 1000 is more convenient to the patient in particular at
night while sleeping or when taking a shower, eliminating the
need for the external device 950 to be worn on the body.
Synchronized and/or Calibrated Clocks Providing Treatment
Therapy to a Patient

Obtaining, processing, storing and using information that
evolves over time and using multiple devices requires
adequate time synchronization between different clocks used
by the respective devices for meaningful interpretation and
use of this information for control or other purposes. With a
medical device system, it may be important that different
clocks, in which at least one of the clocks is associated with
the medical device system, be synchronized. For example,
proper synchronization is required between an epilepsy
monitoring system clock used to timestamp the onset time of
a clinical seizure and that of a medical device used to record,
analyze and timestamp the subject’s brain waves. Knowing
whether particular EEG signal changes precede or follow
behavioral changes (and by how long) is important in assess-
ing whether the electrodes from which the signal was
obtained is at or near the seizure focus. The importance of
clock synchronization is further exemplified in the discussion
of screening below.

Any one of the above-described medical device systems
may be configured to provide synchronization and calibration
of all system clocks. (Moreover, the embodiment may sup-
port configurations in which one or more of the clocks are
associated with an entity that is different from a medical
device system.) Where an embodiment of the medical device
system comprises more than one system clock, it may become
desirable to ensure that the clocks are synchronized with each
other. For example, in the embodiment of the external system
100, the system comprises monitoring equipment 105, bed-
side device 107, and programmer 109, in which each compo-
nent may have separate clocks. In order to coordinate the
clocks, bedside device 107 provides a synchronization and
calibration process that enables the plurality of clocks to be
aligned within a desired accuracy. It will be appreciated,
however, that the synchronization process may be imple-
mented within any other component.

FIG. 15 shows a top-level flow diagram for a clock syn-
chronization and calibration process 1500. For clarity, the
following discussion is provided in the context of the external
system 100, although other embodiments are possible. In step
1503, a user initiates a study and sets-up the parameters
through programmer 109 in step 1505. In the embodiment,
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the user enters a selected time (through programmer 109) that
is different (which may be greater) than the reference time
that is associated with monitoring equipment 105. (The ref-
erence time may comprise the associated date such month and
day.) When the user determines that the time associated with
monitoring equipment 105 equals the selected time, the user
synchronizes the clocks in step 1507. Consequently, pro-
grammer 109 may generate a control message to bedside
device 107 to synchronize the clock of bedside device 107. In
the embodiment, the user selects an icon; however, other
embodiments may use a Global Positioning System (GPS)
clock reference or use a control line from monitoring equip-
ment to activate the synchronization of clocks. In step 1509,
programmer 109 determines if the clocks of bedside device
107 and programmer 109 were successfully synchronized
and notifies the user through a real-time data display of pro-
grammer 109. In step 1511, the external system 100 starts run
mode operation in which the medical device system may
operate its intended functions.

During the operation of the external system 100 over time,
the clocks of monitoring equipment 105, programmer 109,
and bedside device 107 may drift with respect to each other. In
the embodiment, the clocks of programmer 109 and bedside
device 107 are calibrated using the clock of monitoring equip-
ment 105 as a reference. In step 1513, the programmer 109
notifies the user that calibration should be performed (e.g.,
every 12 hours, although other time periods may be utilized).
The user consequently enters a selected time (through pro-
grammer 109) that is greater than the present time that is
associated with monitoring equipment 105. When the user
determines that the time associated with monitoring equip-
ment 105 equals the selected time, the user calibrates the
clocks in step 1513. With the calibration process, the clocks of
bedside device 107 and programmer 109 are not modified.
Rather a “drift” time (equal to the difference between the
clock in bedside device 107 and monitoring equipment 105)
is stored to a file. Data that are subsequently collected by
bedside device 107 can be correlated to the time of monitor-
ing equipment 105 by adjusting the time of bedside device
107 by the drift time. (In the embodiment, the drift time is
determined by the difference between the current time of the
second clock and the reference time of the first clock.) How-
ever, if the drift time is determined to be greater than a pre-
determined threshold (e.g., one second) in step 1515, pro-
grammer 109 may notify the user that the clocks need to be
re-synchronized or more frequently calibrated to accurately
track the drift between the clocks. If that is the case, the clocks
are synchronized in step 1517.

FIG. 16 shows specific flow diagrams for clock synchro-
nization and calibration in relation to FIG. 15. Steps 1601-
1609 correspond to synchronizing the clocks in the external
system 100 as shown in steps 1507 and 1517. Steps 1611-
1619 correspond to manually calibrating the clocks as shown
in step 1513. Additionally, as shown in steps 1621-1629, the
external system 100 may periodically (e.g., every 10 minutes)
calibrate the clocks of the programmer 109 and bedside
device 107 without requiring intervention by the user. In step
1623, programmer 109 retrieves the time from bedside device
107. Programmer 109 compares its time with the retrieved
time from bedside device 107 and calculates an updated drift
time. Programmer 109 stores the adjusted drift time for cor-
relating times subsequently. As discussed, synchronization
may also be utilized in either the hybrid or implanted systems.
For example, in the embodiment of the implanted system, the
implanted device may provide to or receive from an external
component (e.g., patient or physician programmer, video
equipment, testing equipment) a clock synchronization/cali-
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bration signal, and the calibration/synchronization tech-
niques discussed herein may be utilized to correspond the
implanted device with the one or more external devices.
Moreover, the clock reference (i.e., the reference clock to
which all other clocks would be synchronized/calibrated)
may be the clock in the implanted component, one of the
external components, a GPS clock, an atomic clock, or any
other reference clock.

Otherembodiments of the invention may determine a delay
time between initiating the synchronization of clocks and the
time that a clock receiving an indication to synchronization of
the clock. For example, a second clock may receive a com-
mand of a radio channel from a first clock that provides a
reference time. The propagation time for receiving a radio
signal is approximately 5 microseconds for each additional
mile in distance between the first clock and the second clock.

With other embodiments of the invention, synchronization
of two clocks may occur on a periodic basis, e.g., every 24
hours. Also, as with embodiments using an atomic clock ora
GPS clock, time adjustments that are associated with time
zones may be supported. For example, the first clock and the
second clock may be located in different time zones. In such
a case, the second clock may be synchronized in accordance
with the time zone that the second clock is situated. As
another example, the second clock may be synchronized to
adjust the time in accordance with a transition between stan-
dard time and daylight savings time.

Signal Quality Monitoring and Control

Inaccordance with another feature of the present invention,
any one of the above-described medical device systems may
be programmed so that it may monitor received neurological
signals and analyze them to determine their quality. If a
parameter of the received neurological signal for a particular
monitoring element falls outside a certain range indicative of
a degraded signal, the medical device system may recognize
the signal as having poor quality until such time as the signal
is restored to sufficiently good quality. Upon making the
determination of poor quality, for example, the medical
device system may decide to remove the signal from consid-
eration in providing closed-loop feedback control. Alterna-
tively, such signal quality monitoring may be utilized for data
analysis in which case the degraded signal would be removed
from consideration in the processing for data analysis. The
sensed signals and quantitative analysis of their quality may
also be provided to a treating physician or the medical device
manufacturer. In addition, such entities and/or the patient
may be notified of the existence of a degraded signal and/or
that the signal has been removed from processing. This fea-
ture thereby removes from processing any neurological signal
during periods when the signal quality is “sufficiently poor”
and to resume processing of the signal once it is restored to
“sufficiently good quality.” For example, in the above-de-
scribed application of a seizure detection system, a signal
received from an electrode is removed from being provided as
an input to the seizure detection algorithm during the time
period that it is determined that the signal is of poor quality.
For example, a signal having “clipping” (i.e., flatline) data
may be indicative the signal exceeding voltage limits of the
medical device system or experiencing amplifier saturation
clipping.

The medical device system may calculate one or more
variables that quantify the quality of the neurological signal
received from each of the monitoring elements. For each
variable, data points of the received neurological signal may
be gathered and analyzed within a given moving window. The
percentage of data points with associated signal quality vari-
able falling above or below a predetermined range may be
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determined and monitored as the window moves with time.
The resulting percentage values will be numbers between 0
and 100, representing quality, so that the medical system can
quantify the quality of each associated window of data points.
The medical system may use the computed quality to accept
or reject data during monitoring. Depending on the embodi-
ment of the medical device system, this process may be
implemented as software modules within any one of the com-
ponents of the external system, either the implantable device
953 or the external device 950, or within the implantable
system 10. Each quality variable of the received raw neuro-
logical signal, or processed signals obtained through some
transformation of the neurological signals to be used in sub-
sequent processing, may be continuously and independently
monitored. Separate software modules may exist for each
quality variable of the signals being monitored.

As an example, the medical device system may monitor
excessive flat-lining, which is distinguishable from that
which may occur pre- or post-ictally, for a particular neuro-
logical signal. For example, a degraded signal may be one in
which 40% of the signal values are clipped (e.g., 40% of the
data points within the moving window are at the upper “rail”).
Such a signal may be considered of poor quality and hence
undesirable, as compared to one that has no clipping or only
minimal clipping (e.g., 4-5%). The medical device system
may therefore take instantaneous signal quality measure-
ments and perform exponential-smoothing or some other
averaging over a moving window. The length of the moving
window may vary for different embodiments or over time and
canhave a 60-second duration in one embodiment. The medi-
cal device system may thereby compare the level of change
between two adjacent data points in the moving window. If
the data points’ “quality variables” are within a predeter-
mined value of each other, it is indicative of flat-lining. For
example, if two adjacent data points are less than 2 bits of
signal digital precision from (or, alternatively, within 10% of)
each other, it may be determined to be indicative of instanta-
neous flat-lining. Another indication of flat-lining is where
signals from two adjacent monitoring elements are identical.
The medical device system may therefore ignore or substitute
signals from a specific electrode if the number of flat-line data
points in a given rolling window exceeds a predetermined
amount or percentage relative to the total number of data
points in the time window. Once the number of flat-line data
points falls below a second (typically lower) predetermined
amount, the medical device system may then re-enable the
signal from that electrode to be used for processing (e.g., data
analysis or closed-loop feedback control). The system may
also provide notification to the physician and/or the patient of
these events such as a sensory signal (e.g., alarm). Alterna-
tively, the signal experiencing poor signal quality removed
from processing may be replaced with a substituted signal.
The substituted signal may be, for example, a signal that
provides typical signal characteristics or may provide signal
characteristics received from a neighboring monitoring ele-
ment.

More particularly, a neurological signal is instantaneously
flat-lined if the two-point signal differential is sufficiently
small, 1.e., if:

<
T3l EC)

whereC, is a specified parameter of the method. For example,
C,=0causes clipping to be defined in the case ofa strictly zero
signal differential. Setting C, slightly larger than zero (e.g.,
corresponding to a few bits of precision in the input signal)
allows potentially undesirable flat-lining that isn’t exactly
zero in differential to also be detected.
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Even ifthe signal is of good quality, there may still be pairs
of data points that will satisfy the above definition of being
instantaneously flat-lined. This can occur, for example,
around local extrema of the signal (when the first derivative is
supposed to be zero). To allow the system to ignore such
instances, a time-average of the indicator function of instan-
taneous flat-lining is provided. To minimize memory require-
ments and computational effort, the time-average may be
implemented using exponential forgetting. In this manner, the
system generates a flat-line-fraction signal, which may be
interpreted as the fraction of time that the signal was flat-lined
in the most recent time window. The flat-line-fraction signal
is initialized to zero, and has a value in the interval [0,1] at all
times. The timescale of the moving window (i.e., its effective
length) is determined by an exponential forgetting parameter,
AMlat, and may be quantified by the corresponding half-life of
the exponential forgetting. The signal sampling rate, Fs,
describes the relationship between Aflat and the half-life, T4
as:

0.5=hg, 2

The parameters A4, and C, should be chosen to ensure that
the window of monitoring for the flat-line detection is suffi-
ciently long to avoid disabling analysis for seizure detection
just prior to an electrographic seizure that is preceded by
signal quieting that may be a typical seizure onset precursor
for the subject under study. The flat-line-fraction signal is
next analyzed to determine whether or not there has been
excessive flat-lining. This is accomplished by setting two
thresholds: (1) “bad-fraction” where processing of the corre-
sponding signal is disabled if the flat-line-fraction signal
exceeds this threshold level; and (2) “restore fraction” where
processing is re-enabled if it had been previously disabled,
provided the flat-line-fraction signal has crossed back below
this threshold level.

To illustrate signal flat-lining, FI1G. 17 has been provided.
FIG. 17A illustrates a signal containing flat data. FIG. 17A
shows a signal that exhibits a portion of flatline data. Flatline
line datamay occur when the signal exceeds voltage limits (as
indicated by “flatline—clipping”) or may occur when the
signal does not exceed voltage limits (as indicated by “flat-
line”). In the latter case, possible reasons may be that a lead is
broken or that a lead is shorted to a ground potential. FIG. 17B
shows a graph of the corresponding indicator function of
instantaneous flat-lining. FIG. 17C shows a graph of the
resulting flat-line-fraction signal with a A 5, parameter corre-
sponding to a 0.5 second half-life. The threshold values for
“bad-fraction” and “restore good-fraction” are also shown as
0.5% and 0.35%, respectively. FIG. 17D shows the output of
the flat-line detector module which is set to “1” at times when
the signal is determined to have excessive flat-lining and zero
otherwise. One skilled in the art will appreciate that many
other forms of poor signal quality can be similarly defined and
detected using instantaneous quality variables and weighted
time-averaging (e.g., the preferred exponential forgetting),
followed by application of threshold criteria in order to dis-
able and re-enable subsequent analysis/processing utilizing
the resulting longer timescale signal quality assessments.
Two very similar quality assessments arise from quantifying
signal “clipping” or amplifier saturation at the maximum and
minimum ranges, respectively, of an analog-to-digital con-
verter. The fraction of time the signal spends on the maximum
and minimum rails of the amplifier can be measured on any
desired timescale and incorporated into the signal quality
control system.

As another example, a neurological signal parameter that
may be monitored for signal quality is a “mains” artifact,
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namely an excessive noise at a certain frequency, for example,
approximately 60 Hz. Such a signal may be indicative of
outside noise interference (e.g., caused by turning on a light-
bulb) and may be indicative of a faulty or high-impedance
electrode. Of course, the frequency may vary. For example, in
European countries, the AC noise interference has a fre-
quency of approximately 50 Hz. The medical device system
may measure instantaneous amplitudes of the signal and cal-
culate a running average for a given moving window, of 60
seconds duration. Once it is determined that the average fre-
quency or amplitude of the signal is excessive, namely above
apredetermined threshold, the medical device can remove the
associated electrode from consideration in the data analysis
process (e.g., a seizure detection algorithm). Once the aver-
age frequency or amplitude of the signal returns below a
second (typically lower) predetermined level, the associated
electrode may then be brought back into consideration.

The process for detecting excessive 60 Hz. “mains™ artifact
is somewhat similar to that used in detection of clipping. The
difference is that instead of computing a clip-fraction signal at
each point in time, an estimate of the current amplitude of the
60 Hz component in the recorded signal is calculated, again,
smoothing the estimate via exponential forgetting. The output
of this smoothing is interpreted as the average 60 Hz ampli-
tude in the most recent time window (with a time constant
determined by the half-life associated with the 60 Hz. expo-
nential forgetting factor parameter). As before, the monitored
neurological signal is considered bad/broken (disabling
analysis of the signal) if the average 60 Hz. amplitude exceeds
one threshold and is later considered good/fixed if it returns
back below the same or a different threshold.

The instantaneous estimate of the amplitude of the 60 Hz.
component of the input signal is obtained by first applying a
digital filter to the input signal to remove energy from fre-
quencies other than 60 Hz, leaving only the 60 Hz component
of the received signal. This may be done using a 3 tap FIR
filter that is the complement of a 60 Hz notch filter. This filter
may not be sufficiently sharp in the frequency domain and
may incorrectly detect, for example, a high frequency com-
ponent present in a seizure as 60 Hz and disable processing of
the signal (and thus miss potential detection of the nervous
system disorder). Accordingly, an IR filter or a longer FIR
filter may be utilized to obtain additional specificity in the
frequency domain. A similar approach may be taken to pro-
duce a 50 Hz. artifact detector (for example, for use in
Europe).

After the 60 Hz component of the input signal has been
extracted, the amplitude of the wave is estimated by comput-
ing the square root of twice the four point moving average of
the square of the filtered signal. The reason behind this is
easily derived from trigonometry and omitted here. The
instantaneous estimate of 60 Hz amplitude may have a rela-
tively large variance due in part to the fact that the estimates
are each completely derived from four data points of infor-
mation. The sequence of instantaneous estimate is therefore
smoothed, utilizing exponential forgetting for memory and
computational efficiency, to produce a signal, “amp6Qest,”
that tracks the time-varying amplitude of 60 Hz noise present
in the signal. The amp6Qest signal is interpreted as a time-
average of this noise over a recent time window (the length of
the window may be determined by the half-life of the expo-
nential forgetting parameter, Aq,).

The amp60est signal is next analyzed to determine whether
or not there has been excessive 60 Hz noise in the recent
signal. This is accomplished by setting two thresholds: (1)
“amp60bad” where processing of the corresponding signal is
disabled; and (2) “amp60restore_good” where processing is
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re-enabled if it had been disabled, provided amp60est has
crossed back below this threshold level.

Other than an IIR or FIR filter, an alpha detector may be
created by using a filter in the 8-13 Hz band. In this event, it
may be desirable to ensure that the approach used to estimate
the amplitude of a single frequency sine wave was adapted or
verified to work for estimating total power of the portion of
signal in the particular frequency band, and that the resulting
system was validated against expert visual analysis. The use
of this filter is restricted to non-epileptogenic regions so as not
to impair the process of seizure detection or quantification
since 8-13 Hz signal components may be present in seizures.

FIG. 18A shows a 10-second segment of ECoG data (with
a seizure beginning at =5 seconds). FIG. 18B illustrates the
same ECoG signal segment, but contaminated by an exces-
sive 60 Hz artifact (0.1 mV noise, beginning at t=2 seconds
and ending at t=7 seconds). FIG. 18C illustrates the 60 Hz
component of the noisy signal, extracted via the 3 pt. FIR
filter with coefficients [0.5, 0, -0.5] (using a MATLAB filter
convention for coefficient ordering and sign). FIG. 18D
shows a graph of the instantaneous (i.e., 4-point) estimate of
60 Hz. amplitude (1805), along with the resulting “amp60est”
signal (1810), computed using the parameter A;=0.9942
(corresponding to a 0.5 second half-life at sampling rate
Fs=240 Hz). The threshold values for “amp60bad” and
“amp60restore_good” are also annotated as 0.075 mV and
0.035 mV, respectively. FIG. 18E shows the output of the 60
Hz. artifact detector module, which is set to one at times when
the signal is determined to have excessive 60 Hz. noise and
zero otherwise.

It will be appreciated that the clipping artifact and the 60
Hz artifact are examples of signal quality that can be moni-
tored. Still other features of the recorded signal, such as signal
wave shape (e.g., smoothness indexes), may also be consid-
ered. Processing of signal wave shapes would determine arti-
factual waves unlike those generated by the brain such as
portions of a signal with straight lines, sharp angles, or lack-
ing any variability.

For example, poor signal quality may be determined when
one signal is significantly different from another signal in
some respect, but wherein the corresponding electrodes are
physically near each other. In this example, power may be
calculated and a poor signal may be the cause if one signal
exceeds the bounds for what is expected for signals from
adjacent electrodes, or if the absolute-value of the correlation
coefficient between the two signals is low, when it would, by
the spatial closeness of the electrodes, be expected to be
higher.

A maximal amount of poor quality data that is tolerable
may be qualified using different criterion. Poor quality data
may be gauged by a signal power to noise power ratio (S/N)
that is associated with neurological data. Also, poor quality
data may be gauged by a fraction of the foreground window
that contains a noisy signal. Typically, the foreground win-
dow is more vulnerable to noise than the background window
since the foreground is determined over a shorter time dura-
tion. One may also consider different artifacts. Movement
artifacts may be detected with accelerometers, in which cor-
responding outputs may be used to reduce or even cancel the
movement artifacts. Other types of artifacts that may be con-
sider include EKG artifacts and disconnection artifacts. EKG
artifacts, when recorded from intracranial electrodes, are an
indication of high impedance. Disconnection artifacts may be
identified by stationary noise in one lead or a set of leads. The
characteristics of a baseline that are associated with neuro-
logical data may assist in identifying a cause of poor quality
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data. For example, a flat line without a shift in the baseline and
without noise may be indicative that an amplifier has been
deactivated or has failed.

Screening Techniques for Management of a Nervous System
Disorder

The medical device system may have a mode of operation
for performing screening of a nervous system disorder. The
system may thereby make decisions about the patient’s
options for management of the nervous system disorder. For
clarity, the following discussion is provided in the context of
the external system 100, although other embodiments are
possible. In the discussion, a neurological signal may be an
EEG signal that is sensed by one or more monitoring elec-
trodes. However, in other embodiments of the invention, a
neurological signal may be provided using other types of
monitoring elements such as one or more sensors. Treatment
therapies may include any number of possibilities alone or in
combination including, for example, electrical stimulation,
magnetic stimulation, drug infusion, and/or brain tempera-
ture control. During screening, the medical device system
may perform various operations. For example, in the embodi-
ment of treating a seizure disorder, the system may identify a
patient’s seizure focus or foci by determining portions of the
brain that are associated with a seizure. In general, the neu-
rological event focus is the anatomic location where the neu-
rological event originates. Accordingly, the medical device
system may identify electrode placement that may provide
effective therapy and provide recommendations on which
sensing and stimulation combinations are more effective than
other sensing and stimulation combinations. The recommen-
dations may utilize a focal therapy assessment that is effective
if the extent of electrographic spread is contained in the
seizure focus and does not spread elsewhere (i.e., partial
seizures). Alternatively, the recommendation may utilize a
remote therapy assessment that is effective if seizure related
electrographic activity originates in the seizure focus and
propagates to other brain regions (i.e., secondarily general-
ized seizure types). Moreover, the medical device system may
assess whether closed-loop therapy will be effective.

FIG. 19 shows a simulated EEG waveform 1901, designat-
ing an onset of a neurological event. A time event 1903
corresponds to an investigator time of electrographic onset
(ITEQ), in which a clinician observes significant electro-
graphic activity that may predict a neurological event such as
aseizure. (However, a neurological event may not follow time
event 1903 in some cases.) A time event 1905 corresponds to
an algorithm detection time (ADT), in which a detection
algorithm of external system 100 detects an occurrence of a
neurological event. In the embodiment, as is discussed in the
context of FIG. 20, the ITEO and the ADT are compared. The
difference between the ITEO and the ADT provides a mea-
sure of the detection algorithm’s delay of detection for detect-
ing a neurological event. In general, it is desired for the delay
of detection to be as small as possible with sufficient accuracy
of predicting the neurological event. In order to accurately
determine the difference between the ITEO and the ADT,
associated clocks should be sufficiently synchronized (as is
discussed in the context of FIG. 15).

A time event 1907 corresponds to a clinical behavior onset
time (CBOT), in which a patient manifests the symptoms of
the neurological event (such as demonstrating the physical
characteristics of a seizure). (In some cases, the patient may
not manifest the symptoms even though an ITEO occurs.)
Typically, if monitoring elements (such as electrodes) are
appropriately positioned, the CBOT will occur after the
ITEO. However, if the electrodes are placed away from a
point of the neurological event, the CBOT may occur before
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the ITEO because of a delay of the neurological signals
propagating through different portions of the patient’s brain.
A time event 1909 corresponds to an investigator seizure
electrographic termination time, in which the electrographic
activity sufficiently decreases.

To illustrate an embodiment of a screening procedure for a
particular nervous system disorder, FIGS. 20 and 21 show
flow diagrams for a seizure screening process to define treat-
ment therapy according to an embodiment of the invention.
Process 2000 comprises a baseline algorithm monitoring sub-
process 2003 (comprising steps 2005-2049) and a trial
screening sub-process 2151 (comprising steps 2153-2179).
In step 2002, a physician implants electrodes into a patient in
order to conduct process 2000.

Instep 2005, a medical device system processes neurologi-
cal signals (e.g., EEG inputs) that are sensed by the implanted
electrodes. If a detection algorithm (that is utilized by the
medical device system) detects a seizure in step 2007, a
location of the seizure, as characterized by a seizure focus
location, is determined by step 2009 and comprising sub-step
2011 and sub-step 2017. (In the discussion, herein, a “step”
may comprise a plurality of “sub-steps.” For example, when
performing step 2009, process 2000 performs both sub-steps
2011 and 2017. One should not construe sub-steps 2011 and
2017 as being distinct from step 2009.) In sub-step 2011, the
medical device system identifies the seizure focus location by
identifying the channel(s) (corresponding to an implanted
electrode) with the earliest onset in which a predetermined
ratio threshold is crossed. In some neurological events, sev-
eral foci may be identified. Also, a patient may experience a
plurality of neurological events, which are associated with
different foci. In sub-step 2017, the medical device system
reports at least one seizure onset location through an output
device.

Instep 2019 (comprising sub-step 2021 and sub-step 2025)
an extent of the seizure’s spread, intensity, and duration are
determined. In sub-step 2021, the medical device system
identifies channels that are “involved” in the seizure in order
to determine an electrographic spread of the seizure. (A cri-
terion for channel involvement and electrographic spread is
discussed in the context of FIG. 22.) The medical device
system reports the electrographic spread, intensity, and dura-
tion to the physician in sub-step 2025. The medical device
system may present a graphical representation of the patient’s
brain to an output device for the physician’s viewing. The
graphical representation highlights the location and the extent
of the seizure focus (such as by distinguishing the portion of
the brain that is neurologically involved in the seizure with a
different color from other portions of the brain.) The graphi-
cal image may be three dimensional and may present a
sequence of images as a function of time, where each image
represents the portion of the brain involved in the seizure at
that particular point in time (seizure animation). Such a
sequence of images graphically displays the manner in which
the seizure spreads through the patient’s brain from onset
until termination (seizure animation).

In step 2027, which comprises sub-steps 2029 and 2031,
the correctness of electrode placement for seizure detection is
verified. In sub-step 2029, the ITEO (investigator time of
electrographic onset corresponding to time event 1903 in
FIG. 19) and the CBOT (clinical behavior onset time corre-
sponding to time event 1907 in FIG. 19) are provided to the
medical device system. (In the embodiment, step 2027 is
optional so that the clinician need not provide ITEO and
CBOT to the medical device system.) In sub-step 2031, the
medical device system determines if the ITEO did not occur
after the CBOT. In the embodiment, the fact that the CBOT
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occurs before the ITEO is indicative that the selected elec-
trodes are not sufficiently near the focus. In such a case, step
2032 determines whether to stop screening. If so, screening is
endedinstep 2034. Otherwise, step 2004 allows the physician
to reposition subdural and/or DBS electrodes. The baseline
algorithm monitoring sub-process 2003 is repeated.

If sub-step 2031 determines that the ITEO does not occur
after the CBOT, step 2033 is executed, in which a localization
accuracy and speed of detection are determined. Step 2033
comprises sub-steps 2035, 2037, and 2039. (In the embodi-
ment, step 2033 is optional so that the clinician need not
provide ITEO and CBOT to the medical device system.) In
sub-step 2035, a spatial difference is determined between a
ADT onset channel (i.e., the channel that the detection algo-
rithm associates with the onset of the seizure) and a [ITEO
onset channel (i.e., the channel that is first associated with
neurological activity as determined through visual analysis).
While the ADT onset channel may be different than the ITEO
onset channel, an event of the ADT onset channel and the
ITEO onset channel being the same is indicative of localiza-
tion accuracy. In sub-step 2037, the medical device system
reports the spatial difference and whether the spatial differ-
ence exceeds a predetermined limit. The spatial difference
exceeding the predetermined limit may be indicative that
algorithm adaptation should be executed as in step 2041. In
addition, in step 2039, a measure of the algorithm’s detection
delay is determined by calculating the difference between the
times associated with the ADT and the ITEO. If the detection
delay is sufficiently large, algorithm adaptation may be
executed in step 2041.

Step 2041 determines whether to adapt the detection algo-
rithm. If not, step 2048, as describer later, is executed. If so,
step 2043 enables the physician to provide a training set (e.g.,
cluster data for previous seizures) so that the detection algo-
rithm may enhance performance by adjusting its parameters.
The use of filter adaptation for detecting seizures is disclosed
in U.S. Pat. No. 5,995,868 entitled “System for the Predic-
tion, Rapid Detection, Warning, Prevention, or Control of
Changes in Activity States in the Brain of a Subject” and is
incorporated herein in its entirety. In sub-step 2043, the phy-
sician identifies collected neurological data that characterizes
the seizure (e.g., one or more detection clusters that are asso-
ciated with the seizure). The detection algorithm may be
adapted using different methods, as requested by the physi-
cian or automatically (unsupervised learmng). With one
variation of the embodiment, the detection algorithm, in step
2044, is adapted by adjusting threshold and time duration
settings in order to approximately optimize seizure detection
in relation to the data identified in sub-step 2043. In step 2045,
the physician evaluates the adaptation results. In step 2046, if
the adaptation is satisfactory, the physician may accept rec-
ommended settings through an input device in step 2047.
However, if the adaptation is not satisfactory, as determined
by step 2046, step 2048 is executed to determine whether to
record more seizures. If so, baseline algorithm monitoring
sub-process 2003 continues to execute for subsequent sei-
zures. Otherwise, process 2000 proceeds to trial screening
sub-process 2151.

In a variation of the embodiment, user interaction may be
reduced or even eliminated in some or all of the steps. For
example, in steps 2045-2047, a set of predetermined criteria
may be used in order to determine whether adaptation is
satisfactory. Criteria may include speed of detection and
detection falsing. Thus, the degree of automation may be
increased or decreased for process 2000.

In step 2153, the physician inputs an electrode configura-
tion in accordance with the electrographic spread and the
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seizure focus location that is presented to the physician in
steps 2017 and 2025. In another embodiment of the invention,
the medical device system provides a recommendation of the
electrode configuration to the physician in accordance to the
electrographic spread and the seizure focus location. The
physician may accept, reject, or modify the recommendation.
A “perform_manual_stimulation” step 2155 comprises sub-
steps 2159 and 2161. The physician defines electrode polari-
ties and stimulation parameters. (In an embodiment, an elec-
trode polarity may be classified as a stimulation parameter.
Also, some embodiments may utilize the can or case of the
medical device as one or more electrodes (or as contacts) for
recording and/or stimulation purposes.) Programmer 109
may provide suggested values based on the location of the
electrodes and an historical compilation of values that have
been accumulated through the evaluation of many patients. In
sub-step 2159, therapy is administered by delivering stimu-
lation to the patient. If the physician notes any adverse reac-
tion to the treatment, the physician inputs an indication to the
medical device system in sub-step 2161 indicating corre-
sponding symptoms or changes that the patient shows. The
medical device system queries the physician whether to
modify any of the therapy parameters in step 2163 and the
electrode configuration in step 2165. Step 2155 and sub-steps
2159 and 2161 are repeated if different stimulation param-
eters are tried in response to step 2163. Step 2153 is repeated
if different electrodes are tried in response to step 2165.
Alternatively, the medical device can recommend changes to
the parameters.

If the physician indicates that the stimulation settings and
the electrode configuration should be used, the medical
device system applies treatment in step 2167. The medical
device system or the physician determines whether the
therapy is considered successful in step 2168 by a set of
criteria. In the embodiment, the medical device system deter-
mines if there is a sufficient reduction of a detected frequency,
duration, intensity, and extent of the electrographic spread
that are associated with the seizure.

If the therapy is not deemed successful in step 2168, algo-
rithm adaptation may be performed in step 2170. Step 2170
essentially functions as in step 2041. If step 2170 determines
that algorithm adaptation shall not be performed, step 2171 is
next executed. Otherwise, step 2172 determines whether
algorithm parameters shall be changed. If so, step 2167 is
executed; otherwise, step 2171 is executed. In step 2171, the
electrodes may be reconfigured and step 2153 may be
repeated. In a variation of the embodiment, restimulation of
electrodes may be expanded to electrodes that are involved in
the seizure other than the first or second electrode as deter-
mined in sub-step 2021. If subsequent trial screening shall not
try different electrodes or stimulation settings (as determined
by the physician), sub-process 2151 is completed and the
electrodes may be explanted. If the therapy is deemed suc-
cessful in step 2168, sub-process 2151 is completed.

In step 2168, the medical device system may compare the
detected frequency, duration, intensity, and extent of the elec-
trographic spread that is collected during baseline monitoring
algorithm sub-process 2003 (as shown in FIG. 20) with the
corresponding results that are collected during trial screening
sub-process 2151. However, with stimulation, which is asso-
ciated with trial screening sub-process 2151 but not with
baseline monitoring algorithm sub-process 2003, blanking is
generated during different time intervals, in which data is not
collected because of signal artifacts. (Further detail is pre-
sented in the context of FIG. 23.) During intervals of blank-
ing, corresponding data (which may be associated with neu-
rological signals provided by electrodes being blanked and by
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adjacent electrodes) is not compared between baseline moni-
toring algorithm sub-process 2003 and trial screening sub-
process 2151. If the difference between corresponding data,
with and without stimulation, is sufficiently large (e.g., the
difference is greater than an efficacy requirement), then the
therapy is determined to be successful.

In other embodiments of the invention, in step 2169, a
physician may evaluate a reason for the therapy deemed as not
being successful. Consequently, the physician may instruct
external system 100 to perform algorithm adaptation in step
2170. Alternatively, the physician may instruct external sys-
tem 100 to bypass step 2170 and to perform step 2171, in
which the electrodes are reconfigured.

With a variation of the embodiment, the medical device
system may apply stimulation every n” block of detection
clusters and/or every n” detection cluster (which is discussed
in the context of FIG. 22) during trial screening sub-process
2151. Corresponding data (e.g., detected frequency, duration,
intensity, and extent of the electrographical spread) is col-
lected for both detection clusters, in which stimulation is
applied, and detection clusters, in which stimulation is not
applied. Because blanking is generated during different time
intervals when stimulation occurs, corresponding data is not
collected during the corresponding time intervals for detec-
tion clusters, in which stimulation is not applied so that the
efficacy of the therapy can be evaluated. If the difference
between corresponding data, with and without stimulation, is
sufficiently large (e.g., the difference is greater than an effi-
cacy threshold), then the therapy is determined to be success-
ful.

Other embodiments of the invention may support other
types treatment therapy such as magnetic stimulation, drug
infusion, and brain temperature control, in which the efficacy
of therapy may be evaluated by comparing corresponding
data between baseline algorithm monitoring sub-process
2003 and trial screening sub-process 2151 or by comparing
corresponding data between detection clusters, in which
treatment therapy is applied, and detection cluster clusters, in
which treatment therapy is not applied.

Configuring and Testing Treatment Therapy Parameters

The medical device system may have a “manual” treatment
therapy mode that is different from a normal run mode (auto-
mated mode), in that stimulations may be delivered by the
user, in order to test the clinical efficacy and tolerability of
therapy configurations. In the manual treatment therapy
mode, the medical device system may enable the userto select
parameters (i.e., intensity, frequency, and pulse width),
therapy element configurations, to assess charge density, to
test treatment therapy levels, to insure safety to the patient,
and to determine efficacy and tolerability. With parameter
selection, the medical device system enables the user to
define one or more treatment therapy configurations having
associations with a combination of treatment therapy param-
eters. For clarity, the following discussion is provided in the
context of the external system 100, although other embodi-
ments are possible. In the discussion, a neurological signal
may be an EEG signal that is sensed by one or more moni-
toring electrodes. However, in other embodiments of the
invention, a neurological signal may be provided using other
types of monitoring elements such as one or more sensors.
Treatment therapies may include any number of possibilities
alone or in combination including, for example, electrical
stimulation, magnetic stimulation, drug infusion, and/or
brain temperature control. In the embodiment where treat-
ment therapy is electrical stimulation, the parameters may
include, for example without limitation, duration of stimula-
tion, intensity (in volts or amps), pulse width, stimulation
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frequency, pulse shape etc. With drug infusion therapy,
parameters include a drug type, a drug dosage, at least one
infusion site, infusion rate, and a time of delivering the drug
dosage. The user may save each tested treatment therapy
configuration and may identify each configuration by a speci-
fied name. In the embodiment, the medical device system
verifies that the specified name is associated with a unique
configuration so that two different names are not associated
with the same configuration.

Before a user-defined treatment therapy configuration is
even tested or stored, the medical device system preferably
performs a charge density check. For example, in the embodi-
ment of electrical stimulation therapy, the medical device
system computes the charge density of the stimulation con-
figuration using the impedance of the electrode configuration,
voltage level, stimulation pulse width and contact geometry
of the electrode configuration. The charge density may be
computed using the following formula:

(I-Aw)/(surface area of electrode)

where I is the current of the stimulation pulse and is approxi-
mately equal to the voltage level divided by the impedance,
and Aw is the pulse width. If the calculated charge density
exceeds a preset threshold, the medical device system con-
siders the stimulation configuration to be not valid and pre-
vents and/or warns the user from testing with the associated
stimulation configuration. In a preferred embodiment, the
preset threshold is approximately 30 pcoulombs/cm?®/phase
and can be in the range of up to 500 pcoulombs/cm?/phase.
The preset threshold can be programmable and, of course,
may vary depending on the nervous system disorder being
treated and/or the medical device system. For example, co-
pending U.S. patent application Ser. No. 10/099,436, Goetz et
al., “Automated Impedance Measurement of an Implantable
Medical Device,” and filed on Mar. 15, 2002 discloses appa-
ratus and method for automating impedance measurements of
sets of electrodes that are associated with a lead of an
implanted device. Alternatively, in another embodiment, the
current may be measured directly for each electrode and the
value may be used to compute the charge density.

The medical device system may also ensure other efficacy
criterion are satisfied for any user-defined treatment therapy
configuration. For example, the medical device system pro-
viding stimulation therapy may ensure that the polarities of
the stimulation pulses are properly defined, e.g., all polarities
cannot be off and that the voltage level is greater than zero on
at least one stimulation channel, and that at least one cathode
and at least one anode are configured.

Ifa treatment therapy configuration is within a permissible
charge density range, the medical device system allows the
user to test the treatment therapy configuration. During a test,
the user is able to use a start/stop delivery capability of the
medical device system. If the delivery is not terminated by the
user, the medical device system continues to deliver treatment
therapy for the specified time duration. The medical device
system then queries the user whether or not the treatment
therapy configuration was acceptable. The user (e.g., patient
or physician care-giver) responds with a “yes” or “no”
through programmer 109. In other embodiments, a treatment
therapy level that is beyond the point at which the user stops
delivery is considered as not tolerated by the patient. More-
over, the medical device system may insure that the treatment
therapy configuration corresponds to a treatment that is safe
to the patient, where the treatment therapy configuration is
within a configuration range of safety. Safety to the patient is
gauged by an expectation that the treatment does not diminish
the health of the patient.
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In the embodiment where the medical device system is
providing treatment of seizure disorders, the medical device
system operates seizure detection algorithm 800 in real-time
during the manual stimulation mode, as in the normal run
mode, but with detection-triggered stimulation disabled.
When selecting stimulation parameters for therapy use, the
medical device system allows the user to select from a list of
stimulation parameter configurations, which have been pre-
viously defined and tested in the manual stimulation mode.
The user may be restricted to selecting only those stimulation
configurations that were tolerated by the subject during test-
ing in the manual stimulation mode. Once configured, the
medical device system may return to normal mode of opera-
tion to provide detection-triggered stimulation in accordance
with the stimulation configuration set by the users.
Clustering of Recorded Patient Neurological Activity to
Determine Length of a Neurological Event

EEG activity, as monitored with a seizure detection algo-
rithm, during a neurological event (such as a seizure) may
result in multiple closely-spaced detections that the user may
wish to interpret as being part of one event (seizure), and
which, if considered as separate events, may result in an
unnecessary or even unsafe number of treatments. This may
be particularly true at the beginning or end of a neurological
event time when oscillations around the detection threshold
may result in multiple closely-spaced detections, which may
complicate operations and logging of events. For clarity, the
following discussion is provided in the context of the external
system 100, although other embodiments (as with a hybrid or
an internal system) are possible. In the discussion, a neuro-
logical signal may be an EEG signal that is sensed by one or
more monitoring electrodes. However, in other embodiments
of the invention, a neurological signal may be provided using
other types of monitoring elements such as chemical or ther-
mal sensors. Treatment therapies may include any number of
possibilities alone or in combination including, for example,
electrical stimulation, magnetic stimulation, drug infusion,
and/or brain temperature control. A medical device system,
e.g., external system 100, determines detection clusters using
atemporal criterion, based on the distributions of durations of
ictal discontinuities or interictal time intervals. Detections
that are separated in time by a programmable inter-detection
interval are assigned to the same cluster unit and deemed as
being part of the same seizure as shown in FIG. 22. Clustering
parameters are programmable.

FIG. 22 shows data 2201 associated with a maximal ratio
2203 as determined by seizure detection algorithm 800 for
quantifying a seizure, as represented by a detection cluster
2205. Data 2201 (as obtained from a loop recording generated
by bedside device 107) shows maximal ratio 2203 from 5
seconds before an onset of detection cluster 2205 to 12 sec-
onds after the end of detection cluster 2205. (Other embodi-
ments of the invention may determine the occurrence or other
types of a neurological event that is associated with a nervous
system disorder.) Maximal ratio 2203 (for a given instant in
time) is determined from a waveform frame 2251 by identi-
fying an EEG waveform (2253, 2255, 2257, or 2259) having
the largest ratio at the given instant in time. (The ratio of an
EEG waveform at a given time is the largest ratio of a short-
term value (foreground) divided by a long-term value (back-
ground) over a set of neurological signals or channels. (A
short-term value or a long-term value may be an average
value, a median value, or some other statistical measure.) In
the embodiment, the short-term value spans the previous 2
seconds of EEG data, and the long-term value spans the
previous 30 minutes or more. Other embodiments may use
short-term and long-term values spanning different time
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durations.) For example, at a time approximately equal to 10
seconds, waveform 2259 is associated with the largest ratio,
and that ratio is used to construct data 2201 at the same point
in time. A predetermined threshold 2211 sets a minimum
threshold (equal 22.0) for detecting seizure activity. However,
a time constraint is predefined such that if data 2201 falls
below predetermined threshold 2211 and subsequently raises
above predetermined threshold 2211 within a time constraint
2215 (which corresponds to 60 seconds in FIG. 22), then that
subsequent portion of data 2201 is considered to be part of
detection cluster 2205. Thus, detection cluster 2205 equals
duration 2207 plus the measured time d1 plus duration 2209.
Cluster intensity is determined by the largest maximal ratio
during detection cluster 2205.

In the embodiment, the content of abnormal or of signal of
interest in an ensemble of neurological signals and the pre-
specified threshold value determines an onset of detection
cluster 2205. In such a case, if the “seizure content” of an
ensemble of neurological signals is above predetermined
threshold 2211 for a minimum time duration, seizure detec-
tion algorithm 800 determines that detection cluster 2205 has
begun. However, in other embodiments of the invention, sei-
zure detection algorithm 800 may determine that detection
cluster 2205 has occurred only if the neurological signal that
first crossed predetermined threshold 2211 stays above pre-
determined threshold 2211 for the minimum time duration.

Other embodiments of the invention may use another mea-
sure other than a ratio to determine an occurrence of detection
cluster 2205. Other measures include an amplitude of a neu-
rological signal and a magnitude of a frequency spectrum
component (as may be measured by a Fourier transform) of a
neurological signal.

Waveform 2253, 2255, 2257, or 2259 is considered
“involved” in a seizure if the corresponding ratio equals or
exceeds predetermined threshold 2211. (In FIG. 22, the time
duration constraint equals approximately 0.84 seconds.)
Bach waveform in FIG. 22 is associated with a different
electrode. In waveform frame 2251, waveforms 2257 and
2259, which correspond to adjacent electrodes, are
“involved” in the seizure, and thus the extent of an electro-
graphic spread is two electrodes.

In the embodiment, external system 100 may numerically
indicate the electrographic spread, as is illustrated in the
example above. Moreover, a variation of the embodiment
may visually indicate the electrographic spread by distin-
guishing an electrode corresponding to a waveform that is
“involved” in the seizure. In the variation of the embodiment,
a graphical representation of the patient’s brain is shown with
the electrodes that are associated with the seizure as distin-
guished by a color (such as red). Alternatively, the electrodes
that are not associated with the seizure may be distinguished
by some other color. While determining extent of spread
requires an application of clustering rules, it may be more
appropriate to treat spread separately.

As will be discussed in the context of the control of treat-
ment therapy, external system 100 may use detection cluster-
ing for purposes of delivery and a termination of stimulation
or restimulation.

External system 100 may use information about detection
clusters in order to identify circadian or other seizure trends.
(Other embodiments of the invention may support other sys-
tems for treatment of a nervous system disorder, e.g., hybrid
system 1000 and implanted system 10.) External system 100
may determine whether seizure-related activity occurs at spe-
cific times of the day (e.g., morning, afternoon, or night,
and/or at drug administration times) or, in the embodiment of
an implanted system, month (e.g., menstrual cycle). Also,
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external system 100 may determine whether there is a cyclical
pattern that is associated with a patient’s seizures as measured
by alternating periods of seizure-dense and seizure-free time
intervals. External system 100 may identify specific times
when intense seizure activity (e.g., seizure clustering) signifi-
cantly deviates from the patient’s mean or median seizure
frequency (i.e., what the patient perceives are clinical seizures
only). External system 100 may produce a seizure trending
report that identifies whether a trend in seizure activity is
present, along with graphical and summary information.

External system 100 may use information about detection
clusters in order to provide measures of an event burden. The
event burden may be determined by different criteria such as
event frequency (a number of neurological events that a
patient is experiencing during a unit of time), number of
detection clusters per unit time, detection cluster severity (a
conjoint measure of the cluster intensity, the cluster duration,
and the extent of electrographic spread), and an event severity
(as determined by a patient’s classification of seizure severity
as inputted into external system 100 or ratio).

External system 100 may adjust therapy parameters, €.g.,
stimulation parameters or drug infusion parameters, in order
to adjust to the effectiveness of the treatment. The embodi-
ment supports both intra-cluster staging and inter-cluster
staging. With intra-cluster staging, external system 100 may
automatically adjust a therapy parameter (e.g., the stimula-
tion voltage or amperage) with each successive administra-
tion of stimulation within a detection cluster until the seizure
is terminated. The therapy parameter may be a member of a
predefined set of parameters. At least one predefined set of
parameters may be configured during trial screening sub-
process 2151. External system 100 may also automatically
adjust therapy parameters with each successive administra-
tion of clustered therapy (i.e., administration or withholding
of therapy based on a cluster). Inter-cluster adjustment may
oceur at every n detection cluster or according to a cluster
sequence pattern (e.g., adjusting therapy parameters only on
the second and seventh subsequent detection clusters). The
user may define the cluster sequence pattern using the pro-
grammer 109. With both intra-cluster staging and inter-clus-
ter staging, a predefined threshold may be established (such
as by the user through programmer 109) that limits the adjust-
ment of a therapy parameter.

External system 100 keeps track of seizure severity mea-
sures such as intensity, duration, and electrographic spread
using measures of central tendency or other suitable measures
and ranks all detections as a function of intensity, duration,
etc, and also as a function of the temporal evolution of these
variables “within a detection cluster” and “between detection
clusters”. External system 100 also sorts seizures according
to time of day, day of week, week of month, month of year and
also year, using the same variables described above and also
according to their temporal evolution within and between
clusters. Using these data, external system 100 creates
another rank to track circadian, ultradian and other rhythms
and features. If any detection severity measure exceeds a
certain level, but remains below another level, e.g., the 99%
tile, one or more therapeutic parameters are increased, by a
predetermined amount that may vary intra-individually (ac-
cording to the subjects seizure statistics) and inter-individu-
ally. The number and sequence in which parameters would be
increased is also prespecified intra- and inter-individually. If
the pre-specified type of and sequence of parameter changes
are not efficacious, search methods, e.g., a random search
method, may be used to select more efficacious therapy
parameter values, the number of therapy parameters
increased at one given time and the order in which they are
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increased. External system 100 is programmed not to accept
stimulation parameter values that exceed a pre-specified cur-
rent density or the toleration limits as determined in step
1961.

If one or more measures of seizure activity exceed a pre-
determined limit at any point in time, e.g., the 99% tile value
of preceding detections, the event may be an indication that
therapy may have a paradoxical effect. In such cases, one or
more of the therapy parameters may be decreased or the
external system 100 may be shut down (temporarily) while
gathering more data to reassess the situation. (In the embodi-
ment, determining whether to reassess therapy parameters
may occur at any time during the treatment therapy.) The
amount of time that therapy parameters can be modified may
be based on endpoints such as quality of life and/or statistical
analysis of the data.

External system 100 may be capable of changing geometry
or configuration of stimulation including the number of con-
tacts, as well as the anode and cathode location. For instance,
if stimulation is being delivered to contacts 1 and 3 without
good results, external system may add contact 2 or change to
contacts 1 and 4. In addition, stimulation may be limited to the
contacts where an event was detected. These decisions are
made using an ability of external system 100 to quantify
detection intensity, duration, etc., at each contact and on the
history of values at each contact. Also, since direction of
current flow may determine the response to electrical stimu-
lation, the anode and cathode may be reversed. Or to increase
the size of the negative field, the anode may be shifted to a
reference electrode of lower impedance (due to larger surface
area such as one of the surfaces of the case containing the
stimulation engine). External system 100 has the capability of
estimating current density at any contact site. Contacts for
measuring current density may also be placed at certain sites
at a distance from where stimulation is being delivered, in a
grid or some other pattern to better assess safety and efficacy,
by obtaining a more realistic estimate than the one that is
routinely obtained at the contact-brain interface.

The embodiment has described monitoring elements tak-
ing the form of electrodes sensing electrical activity associ-
ated with brain ECoG. Other embodiments of the monitoring
element adapted to sense an attribute of a Nervous System
Disorder could be used. Alternatively, the monitoring element
could detect abnormal concentrations of chemical substances
in one location of the brain. Yet another form of the monitor-
ing element would include a device capable of detecting
nerve compound action potentials. The monitoring element
also may take the form ofa device capable of detecting nerve
cell or axon activity that is related to the pathways at the cause
of the symptom, or that reflects sensations that are elicited by
the symptom. The monitoring element may take the form of a
transducer consisting of an electrode capable of directly mea-
suring the amount of a particular transmitter substance or its
breakdown by-products found in the interstitial space of the
central nervous system. The level of the interstitial transmitter
substance is an indicator of the relative activity of the brain
region. An example of this type of transducer is described in
the paper “Multichannel semiconductor-based electrodes for
in vivo electrochemical and electrophysiological studies in
rat CNS” by Craig G. van Horne, Spencer Bement, Barry I.
Hoffer, and Greg A. Gerhardt, published in Neuroscience
Letters, 120 (1990) 249-252.

The monitoring element may be external to the body com-
municating with the implanted portions through telemetry.
An example of an external monitoring element is an electrical
device that includes an electrode attached to the surface of the
skin that passes a small current to measure the skin imped-
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ance. An example of this type of the monitoring element is
described in the paper “Skin Impedance in Relation to Pain
Threshold Testing by Electrical Means”, by Emily E.
Meuller, Robert Loeffel and Sedgwick Mead, published in J.
Applied Physiology 5, 746-752, 1953. A decrease in skin
impedance may indicate an increase in anxiety. Other moni-
toring elements such as Carbon dioxide gas sensors or other
sensors that can detect the physiological parameters such as
those listed above will be clear to those skilled in the art.
Control of Treatment Therapy During Start-Up and During
Operation

In an embodiment, any one of the above-described medical
device systems may limit delivery of therapy during start-up
and during operation for improved efficacy. During start-up,
the medical device system may be programmed to only moni-
tor neurological signals (no delivery of treatment therapy) for
apredetermined time period (e.g., 30 minutes) after the medi-
cal device system is turned on. Of course, the time period is a
function of the background window length and may vary in
duration. During this start-up period, the medical device sys-
tem may collect data and allow the seizure detection algo-
rithm system described above to stabilize and adjust to data
from the individual and set of signals being monitored in
order establish a background and avoid potential for errone-
ous detections (and unwanted administration of therapy)
before such information has been acquired. It has been deter-
mined that during the period of algorithm stabilization, the
probability of false positive detections is high. Thus, by pro-
gramming the medical device system to not provide treatment
therapy during this period, unnecessary treatment therapies
can be avoided.

To illustrate how the treatment therapy can be limited dur-
ing start-up, the embodiment of an external system 100 is
described. The external system 100 monitors electrical brain
activity in the patient and collects data on eight electrodes
(each with respect to a common reference or in a “differen-
tial” manner) preferably at 250 Hz sampling rate. This col-
lected data is transferred to the DSP chip (where the detection
algorithm resides) in blocks of 96 bytes, which is 8 channels
multiplied by 12 data points per channel, and occurs at a fixed
rate (48 milliseconds). Time in the external system 100 can
therefore be measured in block counts. The external system
100 starts counting blocks from the start of a session, and uses
them for numerous purposes, such as controlling the stimu-
lation board (found, for example, in the stimulation electron-
ics module 203 of the bedside device 107).

Software methods within the external system 100 provide
the functionality being described. In particular, software of
the external system 100 engages an authorize stimulation
subroutine that checks for numerous conditions to make sure
they are all valid before authorizing stimulation. Software
within the external system 100 also has a lockout parameter
that is checked by the authorize stimulation routine to make
sure that enough blocks have passed to correspond to the
startup time before it will allow stimulation. The default value
that is used is 37,500, which corresponds to 30 minutes. After
this period, the lockout is released and no longer prevents
stimulation. Any seizure detections prior to this period that
would otherwise result in stimulations may thereby be pre-
vented. The time period during which the medical device
system only monitors and delivers no treatment therapy may
be established by techniques other than block counts. For
example, the time period may be established such that a set
quantity of information has been obtained from the monitor-
ing elements.

As discussed, the functionalities of the present invention
may be implemented in other embodiments. In the embodi-
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ment ofa hybrid control system, the aforementioned software
methods may be implemented within either the implantable
device 953 or the external wearable device 1000 (see FIG. 9).
In the embodiment of a fully implanted control system, the
aforementioned software methods may be implemented
within the implanted device.

During its operation, the medical device system may also
invoke any number of methods for limiting therapy during
operation if it would result in therapy being outside of the
acceptable range for one or more therapy parameters. For
example, in the embodiment of the external system 100, the
system 100 may limit the total number of stimulations deliv-
ered for a variety of reasons including, but not limited to,
programming checks and lockouts, tissue damage, and run
time monitoring and control. During programming of the
external system 100, the programmer software checks the
programming information to make sure that the stimulation
board (e.g., Synergy®) never provides a charge density above
a predetermined limit (e.g., 30 uC/cm?/phase). In particular,
the programmer software performs calculations based on the
geometry of the lead being used and the attempted setting
entered by the user. If this predetermined limit is exceeded, a
message informs or warns the user/clinician and prevents the
parameters from being sent to the stimulation board.

The programmer 109 may also limit the stimulation ON
time that is allowed to be programmed into the external sys-
tem 100 by calculating parameters that will be used during
run time to control the stimulation ON time. Parameters
include, for example and without limitation, a maximum
number of stimulations per detection, a maximum number of
stimulations per cluster, a maximum stimulation ON time
during a one-hour period, and a maximum stimulation ON
time during a one-day period. Depending on the embodiment,
these parameters may be fixed in the software or program-
mable so that they may be adjusted by the physician or a
qualified user.

Although the aforementioned functionality is described as
existing in programmer 109, in other embodiments such as a
hybrid control system or a fully implanted system, the func-
tionality may reside in a physician or patient programmer (or
in the implanted device or the hybrid system).

Again, it will be appreciated that other embodiments are
possible including medical device systems providing other
treatment therapies as well as systems that monitor other
symptoms or conditions of a nervous system disorder. In the
embodiment, the amplitude level may be adjusted between 0
and 20 volts; pulse widths may be adjusted between 20 micro-
seconds to 5 milliseconds, and the pulse frequency may be
adjusted within 2 pps and 8,000 pps, in which the wave forms
may be pulsed, symmetrical biphasic, or asymmetrical bipha-
sic.

Timed Delay for Redelivery of Treatment Therapy

The medical device system may repeatedly administer
treatment therapy during a detection, until the symptom or
condition of the nervous system disorder has been terminated.
For clarity, the following discussion is provided in the context
of the external system 100, although other embodiments are
possible (e.g., the hybrid system). In the discussion, a neuro-
logical signal may be an EEG signal that is sensed by one or
more monitoring electrodes. However, in other embodiments
of the invention, a neurological signal may be provided using
other types of monitoring elements such as other types of
sensors. Treatment therapies may include any number of pos-
sibilities alone or in combination including, for example,
electrical stimulation, magnetic stimulation, drug infusion,
and/or brain temperature control. The redelivery of stimula-
tion is controlled by a programmable minimum interstimulus
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interval (min ISI). The minimum interstimulus interval
begins each time the medical device system terminates stimu-
lation, and ends after the specified amount of time. During the
interstimulus interval, the device is not able to turn on stimu-
lation.

FIG. 23 shows a timing diagram including the seizure
detection algorithm processed maximal ratio signal. As
shown, EEG signal data 2300 are processed by seizure detec-
tion algorithm 800. Signal data 2300 is characterized by a
maximal ratio 2301 that is displayed as a function of a time
reference 2303 (which is relative to a detection cluster start
time in seconds). (Maximal ratio is discussed in the context of
FIG. 22. The maximal ratio is the largest ratio of a set of ratios,
in which each ratio is determined by a short-term value of a
neurological signal divided by the corresponding long-term
value.)

Signal data 2300 comprises signal segments 2305, 2307,
2309,2311,and 2313. During segment 2305, signal data 2300
is collected, processed, and tracked by the medical device
system (e.g., external system 100) in order to determine if a
seizure is occurring. As a result of the seizure detection at the
end of interval 2305, issued by the seizure detection algo-
rithm’s analysis of input signal data 2300 during time interval
2335, the medical device delivers an electrical stimulation
pulse 2315 to a desired set of electrodes (e.g., electrodes 101).
Other embodiments of the invention, of course, may use other
forms of therapeutic treatment discussed above.

During stimulation pulse 2315, a corresponding channel is
blanked by hardware during a hardware blanking interval
2325 (approximately two seconds in the example as shown in
FIG. 23) so that no signal is collected or analyzed during this
interval of time. Additionally, meaningful data typically can-
not be collected after stimulation pulse 2315 for a period of
time because associated amplifiers (e.g., amplifier 1111) need
to stabilize and because signal artifacts may occur between
electrodes during a amplifier recovery interval 2321 (approxi-
mately three seconds as shown in FIG. 23).

A software blanking interval 2329 (approximately five sec-
onds as shown in FIG. 23) is equal to hardware interval 2325
plus amplifier/signal recovery interval 2321. During software
blanking interval 2329, the medical device system does not
use signal data 2300 during segment 2307 (corresponding to
hardware blanking interval 2325) and segment 2309 (corre-
sponding to amplifier recovery interval 2321). In other
embodiments, the medical device system may not collect
signal data 2300 during software blanking interval 2329. (In
the embodiment, software blanking may occur on a subset of
all channels, including channels not being stimulated. Also,
the set of channels that are software blanked may be different
from the set of channels that are hardware blanked.)

In the embodiment, hardware blanking interval 2325 and
software blanking interval 2329 may be predetermined, in
which intervals 2325 and 2329 may be programmable or
non-programmable. Hardware blanking interval 2325 may
correspond to blanking of software or blanking of hardware,
and software blanking interval 2329 may correspond to
blanking of hardware or blanking of software.

After software blanking interval 2329 (the end of interval
2329 coincides with the end of amplifier recovery interval
2321), the medical device system resumes analyzing signal
data 2300 using seizure detection algorithm 800 during
recovery interval 2323 (and produces output ratio corre-
sponding to segment 2311 in FIG. 23). The recovery interval
2323 allows time to ensure that subsequent analysis output is
able to meaningfully represent the post-treatment brain state.
Since, in the embodiment, seizure detection algorithm 800
utilizes a two-second foreground window, the algorithm
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recovery interval 2323 is approximately two seconds. The
medical device system may then use this meaningfully rep-
resentative detection algorithm output in a subsequent inter-
val 2333 in order to determine whether treatment therapy was
effective or if the seizure is continuing. This subsequent intet-
val may be an instant in time (i.e., one data point), or may be
extended to acquire sufficient meaningful data to permit a
statistical analysis of the efficacy of the therapy. This infor-
mation may be used to determine whether or not to redeliver
treatment therapy.

In the embodiment, the medical device collects a minimum
amount of meaningful data (corresponding to segment 2313)
during a minimum meaningful data interval 2333. This
enables statistical analysis of the efficacy of the therapy. The
minimum interstimulus interval is equal to amplifier recovery
interval 2321 plus detection algorithm recovery interval 2323
plus minimum meaningful data interval 2333. If the maximal
ratio 2301 remains at or above a predetermined threshold
2351, then the medical device system re-applies an electrical
stimulation pulse 2317 to the desired set of electrodes. If
instead, the maximal ratio is below the predetermined thresh-
old 2351, the medical device system continues to monitor
signal data 2300. An electrical stimulation or other form of
therapy may be applied if a subsequent seizure detection is
made by the medical device system, indicating a continuation
of the seizure detection cluster.

In the embodiment, during the combined periods of algo-
rithm recovery interval 2323 and minimum meaningful data
interval 2333 (corresponding to a total time of approximately
2.5 seconds), the detection algorithm’s maximum ratio 2301
is monitored to determine if the subject is in a state of seizure
or not. Two different scenarios are possible, in which different
rules are employed for each case to decide whether restimu-
lation should occur. If the algorithm’s maximum ratio 2301
exceeds the predetermined threshold 2351 for the entire
period (i.e., interval 2323 plus interval 2333), stimulation will
be re-administered. Onset of stimulation will occur at the end
of the minimum interstimulus interval. In such a case, the
algorithm’s duration constraint (time duration), which in the
embodiment is approximately equal to 0.84 seconds, is not
evaluated, since the subject is still in a state of seizure detec-
tion. However, if the algorithm’s maximum ratio 2301 drops
below the predetermined threshold 2351 during this period,
the seizure detection ends. Stimulation will not be adminis-
tered until the next seizure detection within the detection
cluster. This requires that the algorithm’s threshold and dura-
tion constraints are both satisfied (i.e., maximum ratio 2301 is
as great as the predetermined threshold 2351 for the duration
constraint).

The process of restimulation will occur as long as the
subject remains in a state of seizure, and that pre-programmed
stimulation safety limits have not been reached.

The number of allowable stimulations per detection cluster
is a function of the stimulation duration and the stimulation
limits. For example, in the embodiment, a stimulation dura-
tion of 2 seconds would result in 2 maximum of 5 stimulations
in a single seizure detection, and a maximum of 10 for the
entire detection cluster. However, the clinician may program
the number of allowable stimulations per detection cluster in
order to adjust treatment therapy for the patient. Ifthe subject
remains in a non-seizure state for a period of 1 minute, the
cluster ends. Determination of whether stimulation will be
triggered for the next detection cluster is determined by a
programmed stimulation sequence.
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Cycle Mode Providing Redundant Back-Up to Ensure Tet-
mination of Treatment Therapy

The medical device system may provide a cycle mode of
operation to serve as a redundant backup to ensure that
therapy is stopped after a predetermined time period. In an
embodiment, this functionality is provided within an
implanted therapy device such as an implantable pulse gen-
erator or a drug infusion device. In the embodiment of pro-
viding electrical stimulation treatment therapy, for example,
the cycle mode of operation may be provided in a stimulation
board (e.g., the stimulation output circuit that is used in the
Synergy® product sold by Medtronic, Inc.), which is typi-
cally within the implantable pulse generator. In the specific
embodiment of the external system 100, the stimulation board
may reside in the stimulation electronics module 203 of the
bedside device 107. In general, the stimulation board of the
medical device system provides continuous stimulation
where stimulation is turned on and remains on until it is
explicitly turned OFF. A programmer or an external device,
for example, may provide the necessary ON or OFF com-
mands to the stimulation board.

The stimulation board has a cycle mode, having a defined
ON time, to act as a redundant back-up in case the stimulation
board does not receive the necessary command to turn OFF
the stimulation therapy. The ON time may be predefined or
may be programmable by a treating physician or qualified
user. More particularly, when the stimulation board receives
an ON command, the stimulation board cycles ON and deliv-
ers stimulation. The stimulation board then eventually
receives an OFF command to turn off the stimulation. If the
medical device system, however, should happen to fail during
stimulation and be unable to supply the OFF command, the
cycle mode acts as a redundant backup to make sure that
stimulation turns off after the ON timer has expired.

FIG. 24 1s a flow chart illustrating a process for implement-
ing a cycle mode of operation within generally any medical
device system. The process may be implemented as logic
circuitry or firmware in the medical device system. At step
2405, the medical device system receives therapy parameters
for the treatment therapy. For example, in the case of a stimu-
lation device, the treatment therapy parameters may include
electrode identification, pulse width, pulse frequency, and
pulse amplitude. The information may be received by the
electronics component responsible for providing the electri-
cal stimulation. In the external system 100, it may be the
stimulation electronics module 203. In the hybrid system
1000, it may be the implantable device 1100. At step 2410, the
medical device system waits until it receives an ON com-
mand. Once an ON command is received, at step 2415, the
medical device system starts a cycle timer ON and starts
delivering the treatment therapy in accordance with the pre-
viously-received treatment therapy parameters. Once again,
the cycle ON timer may be predefined or may be program-
mable by a treating physician or qualified user. The medical
device system continues to deliver treatment therapy and
checks whether it received an OFF command, at step 2420,
and whether the cycle ON timer has expired, at step 2425.
Again, the cycle ON timer may be pre-configured to any
duration or may be programmed by the treating physician.
Under normal operation, once an OFF command is received,
at step 2435, the medical device system turns off the treatment
therapy and turns off the cycle ON timer. The system then
returns to step 2410 to start the process over once another ON
command is received.

If, on the other hand, the system does not receive the OFF
command, but the cycle ON timer has expired, at step 2430,
the system turns off the treatment therapy and activates a
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cycle OFF timer. During the cycle OFF time, the system is
unable to provide treatment therapy. This provides an indica-
tion to the patient or the physician that the redundant cycle
mode was activated due to failure in receiving an OFF com-
mand. The cycle OFF timer is typically pre-configured to a
predetermined maximum time duration to give the physician
time to notice that the medical device system is not function-
ing as expected. (As an example, an embodiment sets the
cycle OFF timer to approximately 32 hours.)

The system next waits until either the cycle OFF timer has
expired, at step 2445, or until the system has received an OFF
command, at step 2440. The “YES” branch from step 2445 to
step 2415 is not typically executed because the cycle OFF
time should give the physician time to notice system failure
and to intervene accordingly.

Phase Shifting of Neurological Signals

In the present invention, multiple neurological signals may
be processed for information about a symptom or a condition
of a nervous system disorder. Successful detection of a dis-
order is dependent on the temporal integrity of the signals
relative to one another. Consequently, once the neurological
signals are sampled, they may become virtually shifted in
time by interpolating between adjacent samples. Temporal
alignment can be approximated using an interpolation phase
shift algorithm, thereby correcting any error caused by the
time shifted neurological signals. This technique may be
implemented within a closed-loop medical device system ora
medical device system having only monitoring.

Given N chanrels of data that are sampled at different
points in time, interpolation techniques may be utilized to
obtain estimates of true time-locked signal values on all chan-
nels at a sequence of time points. Essentially, the interpolation
techniques reconstruct an estimate of what the data would
have been if all channels had been simultaneously sampled,
even though they were not.

In order to accomplish this, an interpolating model is
selected for use in determining signal estimates at time points
between those for which digitization was actually performed.
The particular interpolating function, in general, may depend
on data values received up to the moment in time it is evalu-
ated. One channel is selected, typically channel #1, whose
sampling times are used as a temporal reference. Estimates of
the values on all other channels may then be computed rela-
tive to the temporal reference. Knowing the elapsed time
between digitization of the reference channel and that of any
other channel, a channel-dependent time-shift, At, may be
obtained that represents the time difference between the sam-
pling times on channel j and the corresponding reference
times at which the estimates are desired.

In the preferred embodiment, the interpolating model is a
third degree polynomial that is fit (i.e., defined by) the most
recent four data points on each signal channel. One skilled in
the art will appreciate that other interpolating models, e.g.,
lower or higher degree polynomials, may also be used,
depending on such things as spectral properties of the raw
signal being interpolated and computational complexity or
power requirements of the device processor.

In the preferred embodiment, the phase-corrected cor-
rected signal has been implemented in the computationally
efficient form of a channel-dependent finite impulse response
digital filter applied to the raw data obtained for each channel.
More specifically, if the sequence of raw data on channel j is
denoted by X/, X, X4, ..., X7/, X,_/, X/, then the
interpolated output, Y/, at time sequence point k and on
channel j is obtained via the formula:
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FIG. 25 shows a flow diagram 2500 for phase shifting in
accordance with another exemplary embodiment based on a
polynomial interpolation model (e.g., parabolic, linear, cubic,
etc.). Step 2501 initiates phase shifting for one the received
neurological signals or channels relative to a first neurologi-
cal signal, which is treated as a reference signal. In step 2502,
signal samples for the received neurological signal are col-
lected corresponding to the current sample time and the two
previous sample times. In steps 2503 and 2504, unknown
variables for the interpolation equation are calculated. In step
2505, a delta time shift is computed for the current channel. In
step 2506, the shifted sample output is computed by solving
the polynomial curve fit equation at the delta time shift. The
received neurological signal may thereby be corrected by
shifting the signal samples in time by an amount determined
in step 2506 so the neurological signal is synchronized with
the default neurological signal. This process may then be
repeated for each received neurological signal. The time-
shifted neurological signals and the default signal may
thereby be utilized to provide closed-loop feedback control of
the treatment therapy.

FIG. 26 illustrates an example of applying a parabolic
interpolation phase shift algorithm. In this example, a simple
sine wave signal from channel 1 is sampled, indicated by
2601, and treated as a reference signal. A second channel is
sequentially sampled and experiences a shift in time, as indi-
cated by 2602. Signal 2603 shows the second signal corrected
for the time shift after the phase shift algorithm is applied. In
one embodiment, sequential samples from a given channel is
used to generate a parabolic curve to “interpolate” what the
actual value would have been had they sampled it at the
correct time (all channels sampled in parallel). The accuracy
may be improved by using other interpolation function mod-
els, including higher order polynomials. In another embodi-
ment, data samples themselves may be shifted.

Those skilled in the art will appreciate that other phase
shifting algorithms may be utilized including, in particular,
other formulas for determining the amount of time shifting.
Moreover, although described in the context where nervous
system disorder being treated is a seizure, the principles of the
invention may be applied toward treatment of other nervous
system disorders, and may be utilized to process any number
of neurological signals.

Channel-Selective Blanking

Inaccordance with another feature of the present invention,
any one of the above-described medical device systems may
be configured so that it may provide hardware and software
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blanking functionality. In particular, the medical device sys-
tem may invoke either hardware blanking and/or software
blanking of a received neurological signal if the system
should not process the signal for the corresponding monitor-
ing element. In the embodiment of the external system 100,
for example, hardware blanking (through blanking circuitry
401) corresponds to the system disconnecting the EEG ampli-
fier 103 from the channel that is being stimulated by stimu-
lation electronics 203 through the associated electrode during
a time interval that includes the stimulation delivery period.
(In the embodiment, amplifier 103 is disconnected from the
associated electrode and connected to a reference voltage.)
Because no data is being collected during stimulation, no data
(for the corresponding channel) is sent to the processor 207 to
be processed by the detection algorithm 800 at the associated
time. Data may, however, be collected on other channels that
are not being stimulated and processed at an associated time.

In addition, the medical device system may invoke sofi-
ware blanking in which data from a neurological signal is
collected for a particular channel, but the medical device
system determines that data should not be processed during a
time interval (e.g., for use with the detection algorithm dis-
cussed above). For example, if hardware blanking is invoked
for certain channels, the medical device system may invoke
software blanking on those and/or on any electrode (i.e., on
different channels) where a stimulation artifact may occur.
(For example, stimulating an electrode may cause adjacent
electrodes to incur stimulation artifacts.) As another example,
software blanking may be invoked if the EEG amplifier 103 is
recovering after the termination of stimulation on at least one
channel.

FIG. 27 shows a flow diagram (process) 2700 for closed
loop therapy including hardware and software blanking in
accordance with an embodiment of the invention where the
nervous system disorder being treated is a seizure and the
treatment therapy is electrical stimulation. Step 2701 initiates
signal processing by the seizure detection algorithm 800. In
step 2703, the seizure detection algorithm 800 determines
whether or not a seizure has been detected. In the embodi-
ment, an output ratio (e.g., the maximum ratio 2203 that is
associated with the waveforms 2253, 2255, 2257, or 2259 as
shown in FIG. 22) exceeds a predetermined threshold (e.g.,
the threshold 2211) for longer than a given time duration. In
the embodiment, the corresponding signal(s) may be
obtained from an electrode or from a group of electrodes
(selected from the electrodes 101). In step 2705, a beginning
of a detection cluster is recognized in accordance with the
seizure detection algorithm 800. Detection of a seizure will
trigger delivery of a treatment therapy (in this case stimula-
tion), which may be redelivered during a detection cluster
(e.g., cluster duration 2205) until the seizure has been termi-
nated or safety limits (such as maximum stimulation on time
per given period of time) have been reached or tolerability
becomes an issue. In accordance with the determined treat-
ment, step 2709 is executed, in which stimulation to a selected
electrode or group of electrodes is applied, hardware and
software blanking are invoked, and a stimulation timer is
initiated. (In other embodiments, the medical device system
may utilize drug infusion or a combination of electrical
stimulation and drug infusion to deliver treatment therapy.)
When the stimulation timer has expired, as determined in step
2711, the stimulation pulse terminates, hardware blanking
ceases, and an interstimulus interval (ISI) timer and a soft-
ware blanking timer are started in step 2713. Processing of the
signals is not resumed and the seizure detection algorithm’s
output (i.e., the output ratio and/or detection state) is held
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constant (throughout the hardware and software blanking
periods,) until the software blanking timer has expired as
determined in step 2715.

While the detection algorithm is being software blanked,
no recorded data is provided to the algorithm (from the chan-
nels which are blanked) in order to avoid the simultaneously
occurring hardware-blanking/reconnection artifacts and/or
stimulation artifacts from adversely affecting the detection
process. During these time intervals, the corresponding indi-
vidual channel ratios that were computed at the instant the
software blanking began are held constant throughout the
period of software blanking. This is done to avoid, for
example, terminating an active detection by setting the ratios
to some lesser value. Ratios are allowed to fluctuate as data is
analyzed on other non-software-blanked channels.

Referring to FIG. 27, when the software blanking timer has
expired in step 2715, the algorithm resumes processing cor-
responding signals in step 2717. If the output ratio remains
above the predetermined threshold 2211, indicating that
detected activity is continuing as determined in step 2719, the
ISI timer is reset and step 2721 determines if the ISI timer has
expired. (The ISI timer sets a minimum ISI time between
adjacent stimulation pulse trains). If the ISI timer has expired,
another stimulation pulse may be applied to the selected
electrode or group of electrodes (as executed by step 2709) in
accordance with the determined treatment therapy. (More-
over, the determined treatment therapy may apply subsequent
stimulation pulses that are separated by atime greater than the
minimum ISI time.) If the IST timer has not expired, step 2719
is repeated. In step 2719, if the seizure detection algorithm
800 determines that the output ratio drops below the prede-
termined threshold 2211, a cluster timer (corresponding to the
time threshold 2215 in FIG. 22) is initiated in step 2723. The
cluster timer is also reset in step 2723

If the cluster timer (e.g., corresponding to time threshold
2215) has expired. as determined by step 2725 after reaching
step 2723, the end of the detection cluster is recognized in step
2729 and data that is collected during the cluster duration, as
well as some prior period of data that may be of interest, may
be stored in a loop recording (e.g., SRAM and flash memory
605) in step 2731. (The expiration of the cluster timer is
indicative of a maximum time duration that the output thresh-
old can be below a predetermined threshold, e.g., predeter-
mined threshold 2211, while the detection cluster is occur-
ring. In other words, if the output threshold is below the
predetermined threshold and the cluster timer expires, pro-
cess 2700 determines that the detection cluster has ended.)
Step 2701 is then repeated. A subsequent detection cluster
may occur during the seizure, causing steps 2705-2731 to be
repeated.

If the cluster timer has not expired, as determined by step
2725, seizure detection is performed in step 2727, as was
performed in step 2703. Step 2727 determines if the detection
cluster associated with the seizure, as detected in step 2703,
continues due to a new seizure detection that occurs before
the cluster timer expires. If so, the ISI timer is reset and step
2728 determines if the ISI timer has expired. If so (i.e., the
detection cluster continues and the time between adjacent
stimulation pulses is greater than the ISI minimum time), then
step 2707 is repeated. If the ISI timer has not expired, then
step 2727 is repeated. If step 2727 determines that a seizure is
not detected, step 2725 is repeated.

Steps 2701-2731, as shown in FIG. 27, may be sequentially
executed. However, in a variation of the embodiment some of
the steps may be executed in parallel while other steps may be
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sequentially executed. For example, step 2701 (start/continue
signal processing) may be executed in parallel with step 2731
(data storage).

Hardware and/or software blanking may be automatically
applied based upon the results of applying signal quality
control algorithms, such as those described above, to test the
reliability of sensor signals. Application of signal quality
control may at anytime result in continuous hardware or
software blanking of a particular sensor due to artifact. How-
ever, signal quality control algorithms may also be applied to
any of the sensor channels to determine if the applied therapy
(e.g., stimulation) is causing artifacts that require hardware or
software blanking during and after application of the therapy.
Those sensor channels determined not to be affected by the
application of the treatment therapy do not need to be
blanked, thus enhancing the ability of the system to monitor
the patient. In addition, periodic checking of a sensor channel
following a treatment pulse and applying signal quality algo-
rithms can automatically determine the length of time needed
forhardware and/or software blanking for that channel during
future applications of the therapy. For example, a signal that
is associated with an electrode in proximity of a stimulated
electrode may be analyzed to have artifact characteristics,
including during a time interval in which an artifact affects the
signal. Alternatively, parameters of the therapy treatment may
be adjusted within a range of values known to be therapeutic
in an effort to reduce the effect on the signal quality of
adjacent sensors. In this manner the medical device system
can enhance it’s ability to collect data while providing treat-
ment therapy.

Even though hardware blanking is generated during the
time interval in which an electrode is being stimulated, hard-
ware blanking may be generated for other time intervals in
which the associated amplifier may experience saturation
(clipping or overload). The need for software blanking may
be determined from geometric and electrical configurations
of the electrodes, e.g., distance between electrodes and the
stimulation intensity that may be measured by stimulation
voltage). For example, the inducement of artifacts on a chan-
nel may be inversely related to the corresponding electrode
and the stimulated electrode.

In an embodiment, software blanking may be determined
by a calibration process in which an electrode is stimulated
and the corresponding artifacts are measured for adjacent
electrodes. For example, an artifact may be determined by
stimulating a first electrode and measuring the artifact on a
channel ofa second electrode. The artifact may be determined
by measuring a signal perturbation on the channel with
respect to the signal on the channel without stimulating the
first electrode. The procedure may be repeated by individu-
ally stimulating other electrodes. Alternatively, an impedance
of the second electrode may be measured while stimulating
the first electrode to determine an effect on the measured
impedance.

Multi-Modal and Long-Term Ambulatory

The medical device system may support multi-modal
operation, in which operation is modified in accordance with
the configuration of the medical device system. One skilled in
the art will recognize that the implanted system 10 (as shown
in FI1G. 12) may be more limited in functionality and features
when compared to hybrid system (e.g., as shown in FIG. 9)
due to the need to conserve the limited amount of energy
available in a totally implanted system. One approach to
expanding the capabilities is to incorporate a rechargeable
battery in the implanted system 10. An alternative approach is
to partition some of the features, particularly those that con-
sume the most energy and are not used all the time, to the
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external portion 950 of a hybrid system or another external
component of a hybrid system that may be associated with a
process step, e.g., step 2025 of process 2000 as described in
FIG. 20. (As previously discussed, FIG. 10 shows an exem-
plary embodiment of the external portion 950 with the asso-
ciated programmer 1021.) In one embodiment, the medical
device system operates as a closed-loop stimulator, in which
stimulation therapy is adjusted in accordance with signal
measurements and analysis that is preformed. The electronics
and software required to operate the closed loop control
reside in the external portion 950 of a hybrid system or the
external wearable signal processor 1425 in a hybrid system
with a telemetry booster stage or relaying module. However,
if the closed-loop control is removed from the configuration,
corresponding to a removal of the external portion 950, the
medical device system may operate as an open loop stimula-
tor, in which electrodes with associated implanted electronics
generate stimulation therapy. An external component may be
removed for different reasons. For example, the external por-
tion 950 may be removed at times when monitoring or when
therapy features executed by the external portion are not
required, such as at night, for patients who do not require
closed-loop control while sleeping. Also, an external compo-
nent may be configured in a medical device system in order to
invoke optional functionality or enhanced functionality, in
which the external component interacts with an implanted
component.

An alternative embodiment incorporates both closed loop
control and open-loop control of therapy in the implanted
portion 950 with added features being supported by an exter-
nal component, e.g., external portion 950 or external wear-
able signal processor 1425. In the embodiment, the external
portion 953 operates in conjunction with the implanted por-
tion 953 to provide an added function. For example, the
external portion 950 may receive neurological data from the
implanted portion 953 through a communications channel
(e.g., a hardwire or a telemetry link) and support an added
feature in accordance with the neurological data. The added
feature may enhance functionality that is provided by an
implanted component and may provide additional function-
ality to the medical device system. Examples of correspond-
ing added features may include loop recording of segments of
signals obtained from sensors such as EEG, emergency care
features such as sounding an alarm or providing a cue to warn
the patient of an impending medical condition, and making a
cell phone telephone call to a care giver or health care pro-
fessional if the medical condition of the patient changes.
Additional information may be included with the neurologi-
cal data and may be indicative of the patient’s location, where
the location may be determined by a Global Positioning Sys-
tem (GPS) receiver that interfaces with the medical device
system. Activation of a loop recording function may be estab-
lished by the physician or by a caregiver or patient with
physician guidance using a programmer, e.g., the program-
mer 1021. Loop recording causes a segment of one or more
monitored signals occurring around an automatically
detected event or selected by the user to be stored in a
memory. Programming of implanted portion 953 includes
communicating over a communications channel using pro-
grammer 1021. The messages sent from programmer 1021 to
implanted portion 953 include instructions, parameters, and/
or firmware algorithms that establish conditions under which
the loop recording is activated. Exemplary conditions that
may initiate loop recording including recognition of specific
characteristics of monitored signals such as the occurrence of
a neurological event, established by the physician in general
or specifically for the individual and programmed into the
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memory of the implanted portion 953. Conditions may also
include manual triggers activated by the patient or caregiver
or specific times of the day when loop recording should occur.
Conditions for loop recording may also include certain types
of errors or aberrant monitored signals such as those recog-
nized by signal quality control algorithms that may be stored
for later analysis. Manual triggers activated by the patient or
caregiver may include, but are not limited to, subjective or
visible manifestations of an event, or the point in time when a
treatment therapy is delivered triggering storage of the signals
after an appropriate time delay or when meals or beverages
are consumed that may affect the physiological parameter
being sensed by sensors in implantable device 953.

An alternative embodiment incorporates the same func-
tionality in both implanted portion 953 and external portion
950 but where the external portion 950 enhances the func-
tionality with added capacity to execute a specific mode of
operation. For example, memory capacity of implanted por-
tion 953 may limit the amount of time and/or number of
monitored signals stored during loop recording. Periodic use
of external portion 950 to download the contents of the
memory of the implanted portion 953 to the external portion
950 for storage until the downloaded data can be transferred
to physician programmer 1021 may expand the system capa-
bilities. In another embodiment, external portion 950 may
include a connection (e.g., with a modem) to the Internet
allowing data about the performance of the system that is
obtained during loop recording to be transmitted to the phy-
sician. Alternatively, programming instructions may be sent
by the physician to the external and/or implanted portions.

Moreover, an external component, e.g., the external por-
tion 950, may send data to an implanted component, e.g., the
implanted portion 953. Programming of implanted device
953 may be accomplished using programmer 1021 commu-
nicating directly with implanted portion 953. This method is
acceptable when all the communication protocols and opera-
tional features required for communication between
implanted portion 953 and external portion 950 are fixed. In
those instances when modes of operation must be coordinated
between implanted portion 953 and external portion 950, it
may be more efficient to program the implanted portion 953
by first programming external portion 950, which in turn
sends data corresponding to appropriate instructions and
receives confirmation of receipt from implanted portion 953
via antenna 955. Those skilled in the art will recognize that
the reverse operation of programming implanted portion 953
that in turn communicates with external portion 950 is pos-
sible. However, this mode of operation requires two telemetry
operations while programming of external device 950
directly can be accomplished using a hard wire connection.

In one embodiment of multi-modal operation, the opera-
tion by implanted portion 953 of features requiring an exter-
nal portion 950 may be dependent upon an on-going commu-
nication between implanted portion 953 and external portion
950. In one instance, implanted device 953 periodically sends
a signal to external device 950 confirming its mode of opera-
tion by providing an indication of the presence of the external
portion 950. (If the implanted portion 953 does not receive a
signal from the external portion 950 within a specified period
of time, the implanted portion 953 may assume that the exter-
nal portion 950 is not connected to the implanted portion
953.) Implanted portion 953 continues to support features
requiring the external portion 950 until such time that
implanted portion 953 detects that external portion 950 is no
longer available. At this point, implantable portion 953 tran-
sitions to another mode of operation that does not require the
external portion 950. In such a case, the implantable device
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953 supports features that can be supported without interac-
tion to the external device 950. For example, the implantable
portion 953 may continue delivering treatment therapy in the
open-loop mode (i.e., without feedback using neurological
data), even though the implantable portion 953 delivers treat-
ment therapy in the closed-loop mode (i.e., with feedback
using neurological data) when operating in conjunction with
the external portion 950.

Multi-Modal operation may also include simultaneous
operation of several modes of operation of a medical device
system, where a plurality of features may be supported during
the same treatment interval. Simultaneous operation may
occur with different medical device system architectures such
as external system 100, the hybrid system as shown in FIGS.
9 and 10, or a hybrid system with telemetry booster 1415 (as
shown in FIG. 14). In this embodiment, a first feature may
support treatment therapy in an open loop fashion such as a
prophylactic treatment to prevent a medical condition. Simul-
taneously, a second feature may support an algorithm that
monitors sensors for prescribed conditions that trigger deliv-
ery of incremental therapy. In one embodiment, the device in
FIG. 13 may employ an infusion system to provide a phar-
maceutical agent in a continuous or intermittent manner to
reduce the likelihood of a neurological condition from occur-
ring. However, under prescribed conditions, the medical
device system may also provide stimulation to respond to an
instantaneous change in the medical condition in a closed-
loop fashion. The incremental therapy may occur in response
to changes in the values of sensors or a trigger input by the
patient. The triggers or sensor changes may also start loop-
recording of signals or values of parameters (corresponding
to a third feature) and/or communicate with health care pro-
fessionals via telephone/cell phone links (corresponding to a
fourth feature). For example, there may be communications
to the patient with instructions to take oral medication.

The medical device system may support multi-modal
operation, in which operation is modified in accordance with
the configuration of the medical device system. In one
embodiment, the medical device system operates as a closed-
loop stimulator, in which stimulation therapy is adjusted in
accordance with signal measurements and analysis that is
performed. However, if the closed-loop control is removed
from the configuration, the medical device system operates as
an open loop stimulator, in which electrodes with associated
implanted electronics generate stimulation therapy.

Scoring of Sensed Neurological Signals

The system may further contain software modules or pro-
grams for scoring the severity of sensed neurological signals
relating to a nervous system disorder. In particular, the system
may monitor sensed neurological signals and compute a rela-
tive severity of the events associated with the neurological
signal. Thus, each seizure detection may be ranked based on
the relative severity score. This process may be performed for
each neurological signal that is sensed by the system. More-
over this process may be performed in an implanted device or
an external device. If performed in the implanted device, the
ranked information may telemetered to the external device for
further processing and/or display.

A seizure event may include, for example, a detected speci-
fied event and a reported event. Examples of a detected speci-
fied event include, without limitation, an occurrence of a
maximal intensity, an extent of electrographic spread, or a
number of detection clusters per unit time exceeding a corre-
sponding predetermined threshold. A detected specified event
may be associated with a detection cluster, in which the time
duration of the detection cluster or the number of detections
within a detection cluster may be further specified. A reported
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event is a seizure event that the patient perceives and reports,
for example, by a button press.

The system may be programmed to analyze one or more
particular features of the sensed neurological signal and auto-
matically assign to each seizure event a “relative severity
score” (RS) that is based on the particular feature(s) being
considered. Examples of features to be ranked include, with-
out limitation, a maximum ratio (i.e., peak instantaneous
intensity level or ratio of foreground seizure activity vs. back-
ground activity), duration of the seizure detection, spread
(number of monitoring elements involved in the event as
previously discussed in the context of FIG. 22), number of
clusters per unit time, number of detections within a cluster,
duration of an event cluster, mean or median duration of a
detections, and an inter-seizure interval.

By having a relative severity score for each seizure event,
the external system 200 may thereby rank events by severity
relative to other events and provide a means of visually dis-
playing (i.e., loop recordings) and listing (summary records)
the information. To determine severity, a formula using algo-
rithm-based measures of seizure activity may be used by
relating the duration, intensity, and extent of electrographic
spread of a seizure. The external system 200 allows the user to
determine which events are to be included/excluded from
relative severity score computations. This feature may be
programmable. The external system 200 has a means of
manually and/or automatically computing the subject’s Rela-
tive Severity Minimum (RS Min), in which the lowest relative
severity score associated with clinical manifestations or other
behaviors indicative of seizure activity is used to minimize
the probability of missing clinical seizures. Seizures with
scores close to or above the RS Min not associated with event
markings or recorded in a clinician’s notes may then be visu-
ally reviewed to determine if they have clinical manifesta-
tions.

In an embodiment, the system is capable of computing the
relative severity of detected specified events within a compa-
rable parameter configuration. Each detected specified event
has four associated features to be measured: (1) max ratio; (2)
duration; (3) spread; and (4) investigator classification. These
features can be denoted by the vector X=(R, D, I; C), where
R=max ratio, D=duration, I=Number of involved channels,
and C=investigator classification (i.e., TPC, TPNC, FP, or
NR). “TP” denotes either TPC or TPNC, and denotes “True
Positive” detection. TPC denotes a “True Positive Clinical”
detection with clinical manifestations, and TPNC denotes a
“True Positive Non-Clinical” detection absent clinical mani-
festations. FP denotes a “False Positive” and NR denotes a
detection that has thus far been “Not Reviewed.” The follow-
ing describes a specification for the relative severity function
that uses all such detection clusters (obtained from analysis
sessions that have comparable parameter configurations) as
inputs and produces as an output a severity score for each such
detection cluster.

In some embodiments, it may be difficult to detect clinical
manifestations. For example, a seizure may be clinically
apparent only ifa patient is performing some action when the
seizure occurs. In other embodiments of the invention, addi-
tional investigator classifications may be defined. For
example, an investigator classification “Non-classifiable” or
“Difficult to Classify” may be used if the investigator cannot
determine is not able to classify the event. Also, an investiga-
tor classification “Epileptiform Discharges” may be defined
to help identify the impact that treating epileptiform dis-
charges may have on seizure frequency.

The relative severity scores are computed using an “inter-
polating empirical probability function” (defined below)
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derived from all detection clusters in the comparable param-
eter set that have been previously scored by the investigator as
TRUE POSITIVES. (However, scoring is not limited to
TRUE POSITIVES an may encompass other investigator
classifications.) The function also utilizes the possible ranges
of R, D, and I in the calculation (e.g., in the a priori case when
there are no TPs marked yet because no review has been
performed). For example, suppose these ranges are:

R

min=Dysin=min=0»

min~ ‘min

Ryp=65%0, D,,.,,=65536(frames), ,,.=8.

Suppose that there are N prior true positive detection clus-
ters from among M total detection clusters (0=N=M). It is
assumed that all detection clusters are associated with the
same comparable detection parameter configuration. The
relative severity computations are performed separately and
independently on each different parameter configuration’s set
of detection clusters. The relative severity score of a particular
detection cluster Y=(R, D, [; C) may be determined by the
following formula:

RS(Y)=Round(100*(p,+p,+p3)/3)

where

21=P(R; Ry R {R;Icluster j is a TPY),
5=P(D; D3, D,y {DjIcluster j is a TP},
and

23=P; Ly, Loy {Ilcluster j is a TPY).

where P is the interpolating empirical probability function
(IEPF) described below.

The interpolating empirical probability function can now
be described. Given some empirical data values z,, z,, . . ., Zy
which are sorted in increasing order and which lie in a range
[Z s Zonare] (With 2, <z, ), define the interpolating empiri-
cal probability function, P(X; z,,,,, Z,..0 {Z1s - - -+ Zy}), @8
follows. In the first case where N>0:

P Znins Zman 4200 -0 0 2N 1) =
0 if X < Zpin
L (At if g < x <2
N+1'a -z min < X <21
I x=z if 7 <x <z
[i+ ) .
N+1V gy -z for some i
1 N
WD 1+ 2 (l{zjsx} + l[zjq}) if x = z; for some i
=
! (v ) if gy <xs
N+ 1Y Zmax — IN w * fmax
1 if Zpe < X

Here, 1, denotes the indicator function of the set {.}. In
the second case where

i MaxX, Zumin}s Tmax) = Zmi
P(X; Znins Zmae> {}) = mmo e

Zmex — Zmin

N=0
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FIGS. 28-33 depict various examples. As an example, sup-
pose there are 4 scored True Positive detection clusters as
follows:

R D(s) [ C
103.1 35.2 6 TPC
115.6 413 4 TPNC
34.7 189 6 TPNC
189.9 55.1 8 TPC

Next suppose 4 more detection clusters are obtained which
are presently not reviewed as follows:

R D(s) 1 C
2003 12.6 5 NR
49.5 83.2 6 NR
2653.2 4.2 1 NR
1224 6.9 3 NR

The following table illustrates the results of determining
the RS score for each detection.

R P D P2 I Ps RS

TP 103.1 04 352 04 6 05 43
115.6 0.6 413 06 4 02 47

347 02 189 02 6 05 30

189.9 0.8 551 08 8 08 80

NR 2003 0.80032704  12.6  0.133333 5 0.3 41
49.5  0.24327485 832  0.801818 6 05 52

2653.2  0.87746105 42 00444444 1 0.05 32

1224 0.61830417 6.9 00730159 3 0.15 28

If, instead, all of the detection clusters had not yet been
scored (or at least not scored as TPs), the severity computa-
tions would be changed as shown in the following table.

R Py D P2 I Ps RS

NR 103.1  0.0157 352 0.0112 6 07500 26
115.6  0.0176 413 0.0131 4 05000 18

347 0.0053 18.9 0.0060 6 07500 25

189.9  0.0290 551 0.0175 8 1.0000 35

2003 0.0306 12.6 0.0040 5 0.6250 22

49.5  0.0076 83.2 0.0264 6 07500 26

2653.2 04051 42 0.0013 1 01250 18

1224 0.0187 69 0.0022 3 03750 13

On the other hand, ifallhad been scored as TPs, then the RS
scores would be evaluated as shown in the following table.

Rox P1 D P2 I P3 RS

TP 103.1  0.3333 352 0.5556 6 0.6667 52
115.6  0.4444 413 0.6667 4 0.3333 48

347  0.1111 189  0.4444 6 0.6667 41

189.9  0.6667 55.1 0.7778 8 0.8889 78

2003 0.7778 126 0.3333 5 0.4444 52

49.5  0.2222 832  0.8889 6 0.6667 59

2653.2  0.8889 42 01111 1 0.1111 37

1224 0.5556 6.9 02222 3 0.2222 33
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The above examples illustrate the determination of the
relative severity score with a data corresponding to a mixture
of true positive detection clusters and not reviewed detection
clusters, with data corresponding only to true positive detec-
tion clusters, and to data corresponding only to not reviewed
detection clusters.

In an embodiment, the medical device system may be
modularly expandable in order to add a feature that may
enhance existing functionality or that may support additional
functionality. An external component, e.g., external portion
950, may include a module that supports the added feature.
The module may be implemented with dedicated hardware
and/or computer-executable instructions that are performed
by an associated processor. In another embodiment, the mod-
ule may be associated with another external component that
couples to the external component. As can be appreciated by
one skilled in the art, a computer system with an associated
computer-readable medium containing instructions for con-
trolling the computer system can be utilized to implement the
exemplary embodiments that are disclosed herein. The com-
puter system may include at least one computer such as a
microprocessor, digital signal processor, and associated
peripheral electronic circuitry.

Thus, embodiments of the PHASE SHIFTING OF NEU-
ROLOGICAL SIGNALS IN A MEDICAL DEVICE SYS-
TEM are disclosed. One skilled in the art will appreciate that
the present invention can be practiced with embodiments
other than those disclosed. The disclosed embodiments are
presented for purposes of illustration and not limitation, and
the present invention is limited only by the claims that follow.

What is claimed is:

1. In a medical device system having a plurality of moni-
toring elements, a method for detecting poor signal quality
and for phase shifting neurological signals received from the
plurality of monitoring elements, comprising the steps of:

(a) receiving a first neurological signal from a first moni-
toring element and a second neurological signal from a
second monitoring element adjacent to the first monitor-
ing element;

(b) processing the first neurological signal and the second
neurological signal;

(¢) detecting whether the first neurological signal has poor
signal quality by determining either that the first signal
exceeds a predetermined boundary for what is expected
for the signal from the second monitoring element and
other monitoring elements adjacent the first monitoring
element, or determining an absolute value of a correla-
tion coefficient between the first and second neurologi-
cal signals is lower than a predetermined amount;

(d) if the first neurological signal has poor signal quality,
ignoring the first neurological signal experiencing poor
signal quality in signal processing; and

(e) if the first neurological signal does not have poor signal
quality, performing (i) sampling the first and second
neurological signals at different time instances resulting
in a time shift between the first and second neurological
signal samples; and (ii) time shifting signal samples of
the second neurological signal to correct for the time
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shift so the second neurological signal is synchronized
with the first neurological signal.

2. The method of claim 1, further comprising the step of (f)
delivering a notification that the signal from one of the moni-
toring elements is experiencing poor signal quality.

3. The method of claim 1, wherein the step of ignoring
comprises the step of ignoring the received signal experienc-
ing poor signal quality in a closed-loop feedback control of a
treatment therapy.

4. The method of claim 1, wherein the step of time shifting
comprises the step of computing the time shift by solving a
polynomial curve fit equation based on the signal samples.

5. The method of claim 4, wherein the step of computing
comprises the step of solving a polynomial curve fit equation
selected from the group consisting of a parabolic equation, a
linear equation, and a cubic equation.

6. The method of claim 1, wherein the step of receiving
comprises the step of receiving the first neurological signal
selected from the group consisting of an electrical signal, a
chemical signal, a biological signal, a temperature signal, a
pressure signal, a respiration signal, a heart rate signal, a
ph-level signal, and a peripheral nerve signal.

7. The method of claim 1, wherein the step of receiving
comprises the step of receiving the first neurological signal
from the first monitoring element selected from the group
consisting of an electrode and a sensor.

8. The method of claim 1, wherein the step of processing
comprises the step of identifying a value of at least one
variable quantifying signal quality.

9. In a medical device system having a plurality of moni-
toring elements, a method for detecting poor signal quality
and for phase shifting neurological signals received from the
plurality of monitoring elements, comprising the steps of:

(a) receiving a first neurological signal from a first moni-
toring element and a second neurological signal from a
second monitoring element adjacent to the first monitor-
ing element;

(b) processing the first neurological signal and the second
neurological signal;

(c) detecting whether the first neurological signal has poor
signal quality by determining either that the first signal
exceeds a predetermined boundary for what is expected
for the signal from the second monitoring element and
other monitoring elements adjacent the first monitoring
element, or determining an absolute value of a correla-
tion coefficient between the first and second neurologi-
cal signals is lower than a predetermined amount;

(d) if the first neurological signal has poor signal quality,
ignoring the first neurological signal experiencing poor
signal quality in signal processing; and

(e) if the first neurological signal does not have poor signal
quality, performing (i) sampling the first and second
neurological signals at different time instances resulting
in a time shift between the first and second neurological
signal samples; and (ii) time shifting signal samples of
the first neurological signal to correct for the time shift
so the first neurological signal is synchronized with the
second neurological signal.
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