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(57) ABSTRACT 

Disclosed is a multiple electrode, closed-loop, responsive 
System for the treatment of certain neurological diseases 
Such as epilepsy, migraine headaches and Parkinson's dis 
ease. Brain electrodes would be placed in close proximity to 
the brain or deep within brain tissue. When a neurological 
event Such as the onset of an epileptic Seizure occurs, EEG 
Signals from the electrodes are processed by Signal condi 
tioning means in a control module that can be placed beneath 
the patient's Scalp, within the patient's chest, or situated 
externally on the patient. Neurological event detection 
means in the control module will then cause a response to be 
generated for Stopping the neurological event. The response 
could be an electrical Signal to brain electrodes or to 
electrodes located remotely in the patient’s body. The 
response could also be the release of medication or the 
application of a Sensory input Such as Sound, light or 
mechanical vibration or electrical Stimulation of the skin. 
The response to the neurological event can originate from 
devices either internal or external to the patient. The System 
also has the capability for multi-channel recording of EEG 
related Signals that occur both before and after the detection 
of a neurological event. Programmability of many different 
operating parameters of the System by means of external 
equipment provides adaptability for treating patients who 
manifest different symptoms and who respond differently to 
the response generated by the system. 

95 

BUZZER 

92 

90 

CENTRAL 

MEMORY 

PHYSICAN'S 
WORKSTATION 

EXTERNAL ECUPMENT ". . . . . . . . . . . .” - - - - 

  

  



Patent Application Publication Jan. 3, 2002. Sheet 1 of 23 US 2002/0002390 A1 

15C 9 

15B 15N 
17B 17C 8: 

95 17N 16 

92 10 
17A 

15A 
20 

FIG. 1 

  



US 2002/0002390 A1 Jan. 3, 2002. Sheet 2 of 23 Patent Application Publication 

---- 

NOHIV/1SXRBONA SANWIOISÄHd NO|1\/OINT WWOO V LVCI 

99 

09 

! 
ÅTlddTIS HENWOd 

06 

WELSÅS-ETIS NO||LWTT WILS |El LSAS-€TAS NO|10E LEIC] ||NEAE 

  

  

  





US 2002/0002390 A1 

| } | | | | | | | | | -->| ----| | | | | | | | 

Patent Application Publication 

O 
CY) 

N 
- 

  

  

  

  

    

    

  

  



Patent Application Publication Jan. 3, 2002. Sheet 5 of 23 US 2002/0002390 A1 

Last Data Placed in FIFo 
CONTENTS OF FIFO 344A 

15 

-100 -90 -80 -70 -60 -50 -40 -30 -20 -10 0 

TIME BEFORE NOW (ms) 358A "-et F.G. 5A 
-- - - - - Last Data Placed in FIFo 

Lu 30 CONTENTS OF FIFO 344B 

S 25 
20 
15. 
g 353B 

3 - a 
* 100 -90 -80 70 60 50 40 -30 20 -10 O 
F.G. 5B TIME BEFORE NOW (ms) 358B ke 

Last Data Placed in FFO 

CONTENTS OF FIFO 344C 
f 

2 40 
30 

a 20 353C 
10. 

5 O. 
clo 

-100 -90 -80 -70 -60 -50 -40 -30 -20 -100 
FIG. 5C TIME BEFORE NOW (ms) 358C 

6 O 

4 O 

2 O 

O 

-100 -90 -80 -70 -60 -50 -40 -30 -20 -10 O 

F.G. 5D TIME BEFORE NOW (ms) 

  

  

      

  

  

  



US 2002/0002390 A1 Jan. 3, 2002. Sheet 6 of 23 Patent Application Publication 

977 

  

  

  

  

  

  

  

  

  

  

  





EWLL TV/E|}|N|W-999 -- | -998 SO JIH VLWG (Z) 
09 WELSÅS ONISSEOOHd | N890 –– W998 SOHIH WIWQ (1) 

T\/?||NEO EIHL OLNI CIV/E|}} W_L\/ONI CERHOLS W/LV/C] |-—S=|InNIWAHS?lnNIWX —- 
ESNOCHSE|}} WELSÅS 

US 2002/0002390 A1 Jan. 3, 2002. Sheet 8 of 23 

CIELOELECI | NEAE 

Patent Application Publication 

  





US 2002/0002390 A1 

50NISSE OO?!d 

AWTHO ?| || || wae!; 
|C NG!, 

Jan. 3, 2002. Sheet 10 of 23 

HOSSE OORHd T\/\)]]LNEHO 

Patent Application Publication 

  





US 2002/0002390 A1 Jan. 3, 2002. Sheet 12 of 23 Patent Application Publication 

WELSÅS-ETIS |E|SET}} }}ELNTIO I NEW SLNEAE CE 10E LEIC] 

  

  

  

  

  

  



US 2002/0002390 A1 Jan. 3, 2002. Sheet 13 of 23 Patent Application Publication 

HEIN?po SLNEAE 

(JO LOB LBC] CITOHSENHHI | CIN\/8 

[5757 - 1-99 

  

  
  

  

  



US 2002/0002390 A1 

06 

Patent Application Publication 

  

  

  

  



Patent Application Publication Jan. 3, 2002. Sheet 15 of 23 US 2002/0002390 A1 

N 
C 

N 

S. 

  



Patent Application Publication Jan. 3, 2002. Sheet 16 of 23 US 2002/0002390 A1 

  

  



Patent Application Publication Jan. 3, 2002. Sheet 17 of 23 US 2002/0002390 A1 

  

  

  

    

  



Patent Application Publication Jan. 3, 2002. Sheet 18 of 23 US 2002/0002390 A1 
  



Patent Application Publication Jan. 3, 2002. Sheet 19 of 23 US 2002/0002390 A1 

f 
: 

O 

s 

3. 

: 

an 

s 
al 

: W2 s 

S 
g i 

S 

  

  



Patent Application Publication Jan. 3, 2002. Sheet 20 of 23 US 2002/0002390 A1 

700 

/ 

FIG. 22 

  



Patent Application Publication Jan. 3, 2002. Sheet 21 of 23 US 2002/0002390 A1 

CRANUM 8 O O 

/ 

EAR 

  



Patent Application Publication Jan. 3, 2002. Sheet 22 of 23 US 2002/0002390 A1 

3 

& 2 5 s r 
2 e CN 
5 d 5 

N 5 5: O CD 
ose aC O 

LL 

  

  

  

  

  



Patent Application Publication Jan. 3, 2002. Sheet 23 of 23 US 2002/0002390 A1 

CRANIUM 980 

EAR 

  



US 2002/0002390 A1 

IMPLANTABLE NEUROSTIMULATOR HAVING A 
DATA COMMUNICATION LINK 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. The present invention is a continuation of co 
pending U.S. patent application Ser. No. 09/628,977, filed 
Aug. 2, 2000, which is a continuation of U.S. patent appli 
cation Ser. No. 09/450,303, filed Nov. 29, 1999, now U.S. 
Pat. No. 6,128,538, which is in turn a continuation of U.S. 
patent application Ser. No. 08/957,869, filed Oct. 27, 1997, 
now U.S. Pat. No. 6,016,449. 

FIELD OF THE INVENTION 

0002. This invention is in the field of devices for the 
treatment of neurological disorders in human Subjects, par 
ticularly those disorders that originate in the brain. 

BACKGROUND OF THE INVENTION 

0003. The current state of the art in treating neurological 
disorderS Such as epilepsy or Parkinson's disease involves 
either drugs or the open-loop electrical Stimulation of neu 
rologic tissue. Drug therapy has been shown to have Sig 
nificant short and long term Side effects and is often inef 
fective. In U.S. Pat. No. 3,850,161, Liss describes a 
continuous closed-loop feedback System which will always 
feedback part of the brain EEG signal to Separate electrodes 
So that if a large EEG signal occurs it will be fed back in an 
attempt to cancel out the original signal. This system does 
not take advantage of recently developed digital Signal 
processing and microcomputer technology by which feed 
back signals can be activated only when a neurological event 
occurs, nor does it provide a practical means to recognize 
and intervene during early Stages in the evolution of a 
neurological event. In addition, the Liss device is not 
programmable and it does not provide a means to record 
EEG signals. Examples of a “neurological event are the 
occurrence of an epileptic Seizure or the occurrence of a 
migraine headache. A "neurological event' is defined herein 
as either the precursor of an event Such as an epileptic 
Seizure, or the epileptic Seizure itself. 
0004) Maurer and Sorenson in U.S. Pat. No. 4,019,518 
describe a combined internal/external System for electrical 
stimulation of the body with biphasic pulses but do not 
describe any means of detecting neurological events. Fis 
chell in U.S. Pat. No. 4,373,527 describes a programmable 
medication infusion System but does not anticipate its use in 
response to a detected neurological event. 
0005 More recently, a device has been approved for 
human use to Stimulate the vagus nerve in a continuous 
fashion with the objective of decreasing the rate of epileptic 
Seizures. Clinical reports on Such devices indicate only a 
modest degree of success in that only 50% of the patients 
experience a greater than 20% reduction in the rate of 
epileptic Seizures. Another device that has been recently 
introduced into clinical practice utilizes continuous Stimu 
lation of the thalamus for the treatment of involuntary 
motion disorderS Such as Parkinson's Syndrome. 
0006 Neither of these two open-loop devices described 
above is highly effective for the treatment of a neurological 
disorder Such as epilepsy, and neither anticipates the use of 
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decision making in order to optimize a response to turn off 
the neurological event nor the recording of EEG signals. 

0007. The automatic implantable cardiac defibrillator is 
an example of a decision making device having data record 
ing capability that has been Successfully used in a decision 
based closed-loop mode for the treatment of Ventricular 
fibrillation. However, the requirements for detection and 
treatment of Ventricular fibrillation are significantly simpler 
and certainly different from the requirements for a device to 
detect and treat an impending epileptic Seizure. Specifically, 
an implantable cardiac defibrillator requires only a single 
signal, namely the heart's ECG, in order to detect a fibril 
lation event. What is more, only a Single pair of electrodes 
is required for detection of the fibrillation event and that 
Same pair of electrodes can be used to provide an electrical 
stimulus for electrical defibrillation. A heart defibrillator 
electrode is adapted to be placed on or in close proximity to 
the heart and is not Suitable for use as a brain electrode. 

0008 Coker and Fischell in U.S. Pat. No. 4,581,758 
describe Sophisticated Signal processing techniques using 
the Sum of Squared signals from two microphones to identify 
the direction with respect to a perSon from whom human 
Speech originates. Although the Coker and Fischell patent 
teaches Several Signal processing techniques which may be 
applied with others to detect neurological events, the Coker 
and Fischell method is aimed at identifying the location of 
the Speech Source, while one of the goals of the present 
invention is to utilize the known location of the Source of 
EEG signals to help identify an abnormal EEG which 
Signifies an impending neurological event. 

0009. The NeuroCybernetic Prosthesis System recently 
made available for the treatment of epileptic Seizures, ulti 
lizes continuous open-loop Stimulation of the Vegas nerve. 
This device does not sense the onset of an epileptic Seizure, 
and it utilizes wires that are placed in the neck. Because of 
the frequent motions of Such wires, they will have a ten 
dency to fracture. No existing System utilizes electrodes, 
electrical wires and a control module that are entirely 
contained within the patient's Scalp and essentially all 
contained within the patient's cranium. Such Systems would 
not have any repeated bending of connecting wires thereby 
improving long term reliability. Furthermore, the NeuroCy 
bernetic Prosthesis System does not use a rechargeable 
battery, nor does it utilize a separate external device con 
trolled by the patient to activate the implanted System at the 
Start of a neurological event in order to decrease the Severity 
or time duration of the neurological event. 

SUMMARY OF THE INVENTION 

0010. The present invention is a multiple electrode, 
closed-loop System for the treatment of certain neurological 
disorderS Such as epilepsy, migraine headaches and Parkin 
Son's disease. A purpose of the present invention is to 
overcome the shortcomings of all prior art devices for the 
treatment of Such disorders. Specifically, the present inven 
tion combines a multi-electrode array with Sophisticated 
Signal processing techniques to achieve reliable detection of 
the onset of a neurological event (Such as an epileptic seizure 
or migraine headache) typically originating from a focus of 
limited spatial extent within the brain. It is well known that 
in certain patients, epileptic Seizures consistently originate 
from a single location within the brain. However, the System 
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described herein is also adaptable for the treatment of a 
neurological event that involves a major portion or possibly 
all of the brain tissue. 

0.011 The present invention also provides means for 
generating an ensemble of coordinated electrical Stimuli 
designed to terminate the neurological event immediately 
upon (or even prior to) its onset. Thus, the present invention 
is a responsive detection and Stimulation System for the early 
recognition and prompt treatment of a neurological event. 
0012. The present invention envisions a multiplicity of 
brain electrodes placed either within the brain, on the Surface 
of the brain itself, or on the dura mater that Surrounds the 
brain. Some one, Several, or all of these brain electrodes can 
be used for detection of an abnormal neurological event Such 
as an epileptic Seizure. A responsive Stimulation signal can 
also be applied to any one, Several, or all elements of Such 
an electrode array. The responsive Stimulation signals Sent to 
each electrode may be identical or they may be programmed 
to differ in amplitude, frequency, waveform, phase and time 
duration. It is also envisioned that Sensing electrodes may be 
entirely Separate from the electrodes used for responsive 
Stimulation. 

0013 The present invention envisions that a neurological 
event can be reliably detected in the presence of a normal 
EEG signal and in the presence of external noise by the use 
of modern and Sophisticated Signal processing techniques. 
Specifically, the electrical Signal from an epileptic focus 
within a specific and limited Spatial region within the brain 
can be reliably detected by combining the Signals received 
at different electrodes that are placed at different distances 
from the epileptic focus. To improve Signal-to-noise ratio, 
the Signal received at a specified location which is at a 
Specific distance from the epileptic focus could have a 
Specific time delay to account for the propagation time it 
takes for the Signal to reach that electrode. For example, if 
a first electrode is located directly over the site of the 
epileptic focus and a Second electrode is located at a distance 
of Several centimeters from the focus, then to combine these 
two signals together to optimize detection of a neurological 
event, the signal at the first (closest) electrode must have an 
added time delay to account for the time required for the 
Signal to arrive at the position of the Second electrode. Thus 
cross-correlation of EEG signals in the time domain is 
envisioned to be within the Scope of the present invention. 
0014. It is also envisioned that appropriate selection (i.e., 
location) of electrode sites can be used to enhance the 
reliability for detection and termination of a neurological 
event. Thus, the present invention envisions enhancement of 
detection by the use of the Spatial domain as it applies to the 
positioning of detection and treatment electrodes. 
0.015 Finally, the present invention also envisions signal 
to-noise enhancement for optimizing the detection of neu 
rological events by Searching for Signals in a particular 
frequency domain. For example, a low-pass filter that 
excludes Signals above 5 HZ could be used to enhance the 
reliability for detection of a neurological event for certain 
patients. In addition, detection may be enhanced by first 
conditioning the EEG signals using programmable, multiple 
Step, Signal processing. The processing Steps that are envi 
Sioned for this signal conditioning include Signal Summing, 
Squaring, Subtracting, amplifying, and filtering. 
0016. It is also envisioned that any combination of tech 
niques for Signal detection in the time, Spatial or frequency 
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domain could be used for providing a highly reliable System 
for the detection of a neurological event. 

0017. The present invention envisions four different 
modalities for Stopping the progression of a neurological 
event Such as an epileptic Seizure once it has been detected. 
A preferred method is to provide a responsive Stimulation 
electrical Signal, a Second method is to release medication in 
response to the detection of an event, a third method is to 
provide an electrical Short circuit in the vicinity of the 
epileptic focus to prevent the occurrence of a full epileptic 
Seizure and a fourth method is the application of a Sensory 
input through normal Sensory pathways. Such Sensory input 
could be acoustic (Sound input), visual (light input), or other 
Sensory input Such as mechanical vibration or electrical 
Stimulation of the skin. Of course it is envisioned that any 
two or more of these modalities can be used in combination 
in order to preclude, prevent or decrease the Severity of a 
neurological event Such as an epileptic Seizure, migraine 
headache, Parkinson's disease tremor, etc. 

0018) A valuable attribute of the present invention is the 
ability to record the EEG signal from any one or all of the 
detection electrodes. Typically the EEG signal would be 
continuously recorded in a first-in first-out (FIFO) digital 
data recording System where the current data overwrites the 
oldest data as memory Storage capacity is exceeded. In the 
event that a neurological event was detected, the device 
would save the preceding Several minutes of data while 
continuing to record Subsequent EEG data after the appli 
cation of a response Such as responsive Stimulation, short 
circuiting of Some electrode(s) or the delivery of a bolus of 
medication. It is conceived that the device would hold in 
memory the recording made for Several minutes both before 
and after the neurological event. These data would then be 
read out by the patient's physician on a regular basis; e.g., 
every three months or more frequently if the device did not 
promptly terminate Some neurological event. It is also 
anticipated that the patient could use a patients initiating 
device to trigger the retention of Several minutes of data 
recording of the EEG signal from a pre-Selected group of 
electrodes. 

0019. It is also conceived that certain other data be 
recorded that can be helpful to the physician for treating the 
patient. These additional data would include: (1) the number 
of neurological events detected Since the last memory read 
out and; (2) the number of responses triggered by the 
neurological events that were delivered to the patient. Fur 
thermore, the System can be programmed So that when a 
neurological event is detected, the electrical signal from any 
one or more of the multiple Steps in the Signal conditioning 
can be Stored in a digital memory. Additionally, telemetry 
would be provided to the physician that would indicate the 
Serial number of the device that is implanted in the patient 
and the date and time that each neurological event or patient 
initiated recording occurred. 

0020. Another valuable attribute of the present invention 
is the capability to program the functions and parameters of 
the System to enhance the detection of a neurological event 
and to optimize the System responses for Stopping a neuro 
logical event Such as an epileptic Seizure. Examples of 
programmable functions and parameters are: (1) the time 
delay introduced for a Signal being received from a specific 
electrode; (2) the use or non-use of a specific electrode; (3) 
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the frequency response characteristic of the channel 
assigned to process the Signal received from a specific 
electrode; (4) whether or not a particular electrode is elec 
trically shorted to another electrode or to the metal case of 
the device after a neurological event has been detected; (5) 
the amplitude, frequency, duration, phase and wave-form of 
the response signal delivered to a specific electrode; (6) the 
allocation of memory for Storing EEG signals as received 
from one or more electrodes; (7) determination as to whether 
or not the data from a particular electrode will be Stored in 
memory; (8) the amplitude, frequency and time duration of 
an acoustic, visual, or other Sensory input applied to the 
patient in response to the detection of a neurological event, 
and (9) the specification of Statistical data (histograms) to be 
recorded; for example, the number of epileptic Seizures 
and/or the number of responsive Stimulations delivered since 
the last memory readout by an attending physician. These 
are Some but not all of the programmable functions and 
parameters that the System might utilize. 
0021. It should be understood that a telemetry signal 
would be transmitted from the implanted device. External 
receiving equipment typically located in the physician's 
office, would process that Signal and provide a paper print 
out and a CRT display to indicate the state to which all the 
parameters of the implanted device have been programmed. 
For example, the display would indicate which electrodes 
are active, what algorithm is being used for detection, what 
Specific bandwidth is being used with a specific electrode, 
etc. 

0022. It should be understood that, unlike implantable 
automatic heart defibrillators which generate a responsive 
Signal only after Ventricular fibrillation has occurred, it is a 
goal of the present invention to prevent full development of 
an epileptic Seizure or migraine headache before the actual 
occurrence of Such an unwanted neurological event. In this 
regard, the present invention is entirely different from any 
implantable medical device (Such as an automatic heart 
defibrillator) that always allows the unwanted event to 
OCC. 

0023. A specific capability of this system is to provide 
electrical Stimulation to a specific portion of the brain as the 
means of Stopping a neurological event. It is believed that 
the earliest possible detection of a Seizure and treatment of 
aberrant electrical activity from an epileptic focus has the 
highest probability of aborting the occurrence of a full 
Seizure. It is envisioned that either through specific place 
ment of treatment electrodes or by adjusting the phase of 
Signals applied to an array of electrodes, Stimulation can be 
directed to the location(s) within the brain that offer the 
highest probability of Stopping the Seizure. 

0024. It is believed that there is minimal or no effect if a 
responsive Stimulation is produced from an erroneously 
identified event, i.e., a false positive. On the other hand, 
failure to identify a real event is highly undesirable and 
could cause the patient to undergo a Severe Seizure. There 
fore, the design concept of the current invention is to 
predispose the decision making algorithm to never miss a 
real event while allowing a false positive rate to be detected 
at up to 5 times the rate of actual events. 
0.025 Telemetry data transmitted from the implanted 
device can be sent to a physician's WorkStation in the 
physicians office either with the patient in the physician's 
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office or remotely from the patient's home by means of a 
modem. The physician's WorkStation can also be used to 
Specify all of the programmable parameters of the implanted 
System. 

0026. A novel aspect of a preferred embodiment of this 
invention is that the entire implantable portion of this System 
for treating neurological disorders lies under the patient's 
Scalp. Such placement will either have the device located 
between the Scalp and the cranium or the within a hole in the 
cranium. Because of size constraints, the intracranial loca 
tion is the preferred embodiment. 
0027. The implantable portion of the system includes; (1) 
electrodes that lie in close proximity to or actually within the 
brain; (2) a control module that contains a battery and all the 
electronics for Sensing, recording and controlling brain 
activity, (3) electrically conducting wires that connect the 
control module to the electrodes, (4) a buzzer providing an 
acoustic Signal or electrical "tickle' indicating that a neu 
rological event has been detected, and (5) an input-output 
wire coil (or antenna) used for communication of the 
implanted System with any and all external equipment. The 
battery that provides power for the System and an electronics 
module are both contained within a metal shell that lies 
under the patient's Scalp. The metal shell which contains the 
electronics module and the battery collectively form the 
control module. 

0028 All electrodes connect by means of electrically 
conducting wires to electrical terminals that are formed into 
the metal shell. The electronics module is electrically joined 
to the brain electrodes by means of the shell's electrical 
terminals which are electrically joined to the wires that 
connect to the brain electrodes. 

0029. An important aspect of the preferred embodiment 
of this device is the fact that the shell containing the 
electronicS module and the battery, i.e. the control module, 
is to be placed in the cranium of the skull at a place where 
a significant Volume of bone is removed. By placing the 
entire System within the cranium, (as opposed to having 
Some wires extending into or through the neck to a control 
module in the chest) the probability of wire breakage due to 
repeated wire bending is drastically reduced. However, the 
present invention also envisions the placement in the chest 
or abdomen of a control module if a large battery or a large 
Volume electronics module dictates Such a large size for the 
control module that it cannot be conveniently placed within 
the cranium. Such a thoracic or abdominal placement of a 
control module would require wires to be run through the 
neck. 

0030 The present invention also envisions the utilization 
of an intracranial System for the treatment of certain diseases 
without placing wires through the neck. Specifically, an 
alternative embodiment of the invention envisions the use of 
electrodes in or on the brain with an intracranial control 
module used in conjunction with a remote Sensor/actuator 
device. For example, blood pressure could be Sensed with a 
threshold of, let us say 150 mm Hg, and if that pressure was 
exceeded, a Signal transmitted by electrical conduction 
through the body from the remote Sensor/actuator device 
could be received at the control module and that would cause 
brain Stimulation in Such a way as to reduce the blood 
preSSure. Conversely, if the brain detects pain and provides 
a signal detectable by the intracranial System, a signal could 



US 2002/0002390 A1 

be sent by electrical conduction through the body to a remote 
Sensor/actuator device which could provide electrical Stimu 
lation to locally Stimulate a nerve to reduce the perception of 
that pain. Still another example is that if the precursor of an 
epileptic Seizure is detected, a remote actuator could be used 
to electrically Stimulate one or both vagus nerves So as to 
Stop the epileptic Seizure from occurring. Such a remote 
device could be located in the trunk of the patient’s body. 
0.031) Another important aspect of this invention is that a 
comparatively simple Surgical procedure can be used to 
place the control module just beneath the patient's Scalp. A 
Similar simple procedure can be used to replace either the 
battery or both the battery and the electronics module. 
Specifically, if the hair on the Scalp is shaved off at a site 
directly over where the control module is implanted, an 
incision can then be made in the Scalp through which 
incision a depleted battery can be removed and replaced 
with a new battery, or a more advanced electronicS module 
can replace a leSS capable or failed electronics module. The 
incision can then be closed, and when the hair grows back, 
the entire implanted System would be cosmetically unde 
tectable. A good cosmetic appearance is very important for 
the patient's psychological well being. 

0.032 The manner in which the control module, the 
electrodes and the interconnecting wires are placed beneath 
the Scalp is important for the Successful implantation of the 
entire implantable System. Specifically, the control module 
is optimally placed in either the left or right anterior quad 
rant of the cranium. Because the large Sagital Sinus vein runs 
along the anterior-posterior center line of the cranium, it is 
inadvisable to run epidural wires through that region, and 
furthermore, it would be inadvisable to place the control 
module directly over that major vein. Since movement of the 
jaw causes motions of the Scalp relative to the cranium, it is 
advisable to run the connecting wires for electrodes that 
must be placed on the anterior portion of the brain in the 
epidural Space as opposed to running them between the Scalp 
and the cranium. Since the middle meningeal artery and its 
branches run within grooves interior to the posterior Section 
of the cranium, it would be inadvisable to connect to 
posterior placed electrodes by utilization of connecting 
wires positioned in the epidural Space beneath the posterior 
portion of the cranium. Therefore, the connecting wires for 
electrodes to be placed on a posterior portion of the brain's 
Surface are best located beneath the Scalp, then through burr 
holes in the cranium where they connect to any electrodes 
placed in a posterior position on the Surface of the dura 
mater. Conversely, most of the length of the connecting 
wires for electrodes located in the anterior portion of the 
brain would be placed in the epidural Space. In no case 
should epidural wires be passed through the anterior-poste 
rior centerline of the brain where the large Sagital Sinus vein 
is located. 

0033. An important operational aspect of the implanted 
System is the use of an input-output coil formed from many 
turns of fine wire that is placed between the Scalp and the 
cranium generally along the anterior-posterior center line of 
the head. All communication between the external equip 
ment and the implanted System can be accomplished by 
magnetic induction through the hair and Scalp of the patient. 
Examples of these signals are the readout of telemetry from 
the implanted System, or the changing of Some operational 
parameter of the implanted System by means of a command 
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from Some piece of external equipment. Furthermore, Such 
an input-output coil can be used to recharge a rechargeable 
battery that can be located inside the control module. Since 
the input-output coil can be placed on a posterior portion of 
the cranium, relative motion of the Scalp and cranium should 
not be a problem in that region. 
0034. By placing the input-output coil in an appropriate 
Site just beneath the Scalp, the patient can be provided with 
a cap to be worn on the head which cap includes a flexible 
coil that can communicate by magnetic induction using an 
alternating magnetic field with the implanted input-output 
coil. Such a cap could be placed on the patient in the doctor's 
office when the doctor wishes to read out stored telemetry or 
program one or more new parameters into the implanted 
System. Furthermore, the cap could be used by the patient at 
home for remote connection to the physicians WorkStation 
over telephone lines using a pair of modems, or the cap 
could be used to recharge a rechargeable battery located in 
the control module of the implanted System. 
0035) Another important aspect of the system is a buzzer 
that can be implanted just behind the ear on the outer or inner 
surface of the cranium or actually within a burr hole within 
the cranium. If a neurological event is detected, the buZZer 
can provide an acoustic output that is detectable by the 
patient's ear or the buZZer can provide an electrical "tickle” 
Signal. The buZZer can be used to indicate to the patient that 
a neurological event Such as an epileptic Seizure is about to 
occur So that an appropriate action can be taken. Among the 
appropriate actions that could be taken by the patient is the 
application of an acoustic, visual or sensory input that could 
by themselves be a means for Stopping a neurological event 
Such as an epileptic Seizure. The acoustic input could be by 
means of a Sound producing, hearing aid shaped device that 
can emit an appropriate tone as to pitch and Volume directly 
into the ear. The Visual device could be from a light emitting 
diode in eyeglasses or a Small flashlight type of device that 
emits a particular type of light at Some appropriate flashing 
rate. A Sensory input could be provided by, for example, an 
externally mounted electrical Stimulator placed on the wrist 
to Stimulate the median nerve or by a mechanical vibrator 
applied to the patient's skin. 
0036 When any such acoustic, visual or other sensory 
input is actuated, either automatically or manually in 
response to the detection of a neurological event, literally 
billions of neurons are recruited within the brain. The 
activation of these neurons can be an effective means for 
Stopping an epileptic Seizure. 
0037. An alternative embodiment of the present inven 
tion envisions the use of a control module located external 
to the patient's body connected to electrodes either external 
or internal to the patient's Scalp. Such an externally located 
control module might be positioned behind the patient's ear 
like a hearing aid. 
0038. Thus it is an object of this invention to provide 
appropriate Stimulation of the human brain in response to a 
detected neurologic event in order to cause the cessation of 
that neurologic event. 
0039. Another object of this invention is to provide 
increased reliability for neurological event detection by the 
use of cross-correlated Signals from multiple electrodes with 
appropriate time delay(s) to increase the Sensitivity and 
reliability for detection from a specific area of the brain. 
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0040 Still another object of this invention is to exploit a 
Spectral characteristic of the Signals from multiple electrodes 
to optimize the detection of a neurological event. 
0041) Still another object of this invention is to predis 
pose the decision-making algorithm to allow false positives 
to cause a responsive Stimulation but to disallow missing an 
actual event. 

0.042 Still another object of this invention is to have the 
response to a neurological event be an electrical Stimulation 
that is focused on a specific area of the brain by variably 
delaying the Stimulation signal Sent from each of Several 
Stimulation electrodes placed at different locations placed in 
close proximity to the brain or within the brain. 
0.043 Still another object of this invention is to have the 
Specific area of the brain onto which the response is focused 
be the area from which the event Signal was detected. 
0044 Still another object of this invention is to record 
(and ultimately recover for analysis) the EEG signal(s) from 
one or more electrodes before, during and after a neurologi 
cal event. 

0.045 Still another object of this invention is to provide 
programmability for all-important operating parameters of 
the device. 

0.046 Still another object of this invention is to provide 
recording of the certain functions of the device Such as how 
many neurological events were detected and how many 
times the device responded to Such detections. 
0047 Still another object of this invention is to use 
medication delivery as the response to a neurological event, 
either alone or in conjunction with electrical Stimulation. 
0.048 Still another object of this invention is to utilize 
implanted electronic circuitry which is adaptable to chang 
ing EEG input Signals So as to provide Self-adaptation for the 
detection and/or treatment of a neurological event. 
0049 Still another object of this invention is to have a 
System of electrodes connected by wires to a control module, 
the entire System being placed under the Scalp and being 
essentially contained within the cranium. 
0050 Still another object of this system is to have essen 
tially no flexure of interconnecting wires So as to enhance 
system reliability. 

0051) Still another object of this invention is to be able to 
replace a depleted battery within the System's control mod 
ule by a comparatively simple and quick Surgical procedure. 

0.052 Still another object of this invention is to be able to 
replace an electronicS module within the System's control 
module by a comparatively simple and quick Surgical pro 
cedure. 

0053 Still another object of this invention is to be able to 
recharge the battery in the control module. 
0.054 Still another object of this invention is to provide 
an externally situated patient's initiating device that can be 
used by the patient when he or she Senses that a neurological 
event is about to occur in order to provide a response for 
causing the Stopping of that neurological event or in order to 
initiate the recording of EEG signals from a pre-Selected Set 
of electrodes. 
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0055 Still another object of this invention is to utilize a 
remotely located Sensor/actuator device within the body to 
detect an abnormal physiological condition and Send an 
electrical Signal with or without wires to a control module 
within the cranium which then responds by an electrical 
Signal delivered to the brain to treat the abnormal physi 
ological condition. 
0056 Still another object of this invention is to utilize an 
intracranial System for Sensing Some abnormal physiological 
condition and then Sending an electrical Signal with or 
without wires to a remote Sensor/actuator device that is 
remotely located within the body to carry out Some treat 
ment modality. 
0057 Still another object of this invention is to provide a 
buZZer which indicates to the patient that a neurological 
event has occurred. 

0058 Still another object of this invention is to provide 
acoustic, visual or other Sensory inputs to the patient either 
automatically or manually following the detection of a 
neurological event So as to Stop the neurological event. 
0059. These and other objects and advantages of this 
invention will become apparent to a perSon of ordinary skill 
in this art upon careful reading of the detailed description of 
this invention including the drawings as presented herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0060 FIG. 1 is a top view of a human head showing the 
configuration of an implantable System for the treatment of 
neurological disorders as it would be situated in the human 
skull. 

0061 FIG. 2 is a block diagram of the implanted and 
external portions of the System. 
0062 FIG. 3 is a block diagram illustrating the event 
detection Sub-System which utilizes digital Signal processing 
techniques that can exploit either or both time and frequency 
domain information to accomplish event detection. 
0063 FIG. 4 is a flow chart pertinent to the processing 
activity carried on within the programmable digital Signal 
processor which is part of the event detection Sub-System. 
0064 FIG. 5A illustrates the amplitude of the electrical 
signal received at FIFO memory 344A as a function of time. 
0065 FIG. 5B illustrates the amplitude of the electrical 
signal received at FIFO memory 344B as a function of time. 
0.066 FIG. 5C illustrates the amplitude of the electrical 
signal received at FIFO memory 344C as a function of time. 
0067 FIG. 5D illustrates the sum of the time delayed 
Signal amplitudes showing also that the event detection 
threshold is exceeded at -20 milliseconds. 

0068 FIG. 6 illustrates a block diagram for an alternative 
algorithm for detection of a neurological event which uses 
the amplitude differences of Signals from pairs of electrodes. 
0069 FIG. 7 is a flow chart of the event recording and 
processing which is carried on within the event processing 
microcomputer used for the Second Stage of an event detec 
tion Sub-System. 
0070 FIG. 8 illustrates the recording of EEG and /or 
EEG spectrum Signals by the central processor. 
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0071 FIG. 9 shows a flow chart of the central processor 
function for: (1) receiving event detection information from 
the event detection Sub-System; (2) sending delay and 
threshold parameters to the event processing microcomputer 
and digital signal processor; (3) storing event related data; 
(4) inducing responsive brain Stimulation through the stimu 
lation Sub-System; and (5) communicating externally for 
physician data read out and System programming. 
0072 FIG. 10 is a block diagram of the stimulation 
Sub-System as used to Stimulate the brain responsive to a 
detected event. 

0.073 FIG. 11 is a block diagram of the data communi 
cation Sub-System and external data interface. 
0.074 FIG. 12 is a block diagram of a hybrid analog/ 
digital representation of the event detection Sub-System 
using time domain information for event detection. 
0075 FIG. 13 is a block diagram of a hybrid analog/ 
digital representation of the event detection Sub-System 
using frequency domain information for event detection. 
0.076 FIG. 14 is a block diagram of an implantable 
System that can respond to a detected neurological event by 
infusing medication into the patient's body. 
0077 FIG. 15 is a top view of a human head showing the 
arrangement of a multiplicity of electrodes connected by 
wires to a control module that is implanted within the 
cranium. 

0078 FIG. 16 is a side view of a human head showing 
the arrangement of one Surface and one deep electrode 
connected by wires that pass through a hole in the cranium 
and connect to a control module that is implanted within the 
cranium. 

007.9 FIG. 17 is a top view of a human head showing the 
arrangement of an implanted input-output flat wire coil 
connected by wires to a control module that is implanted 
within the cranium. 

0080 FIG. 18 is a side view of a human head showing 
the arrangement of the implanted input-output flat wire coil 
as it would be used with a patient's initiating device to 
trigger Some operation of the implanted System. 

0081 FIG. 19 is a side view of a human head showing 
the arrangement of the implanted input-output coil as it 
would be used with a cap and with the physician's external 
equipment to perform Some interaction with the implanted 
System. 

0082 FIG. 20 is a top view of the shell of the control 
module. 

0.083 FIG. 21 is a cross section of the cranium showing 
a control module placed essentially within the cranium 
within a Space where cranium bone has been removed. The 
cross section of the shell in FIG. 21 is taken along the 
section plane 21-21 of FIG. 20. 
0084 FIG.22 is a side view of the human head and torso 
showing an alternative embodiment of the present invention 
using a control module implanted within the chest. 
0085 FIG. 23 is a side view of the human head and torso 
showing an alternative embodiment of the present invention 
using a control module implanted between the Scalp and the 
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cranium, a remote Sensor/actuator device located within the 
chest, and external devices for applying acoustic, visual, or 
other Sensory input to the patient. 

0086 FIG. 24 is a side view of a human head showing 
alternative communication means between the external 
equipment and an implanted control module and also show 
ing alternative locations for electrodes mounted in close 
proximity to the patient's brain. 

0087 FIG.25 is a side view of the human head and torso 
showing an alternative embodiment of the present invention 
using a control module located external to the patient's body 
and a remote Sensor/actuator device located within the chest, 
and external devices for applying acoustic, visual, or other 
Sensory input to the patient. 

DETAILED DESCRIPTION OF THE DRAWINGS 

0088 FIG. 1 illustrates the configuration of an implant 
able system 10 for the treatment of neurological disorders as 
it would be situated under the scalp of a human head 9 
having a control module 20, electrodes 15A, 15B, 15C, 15N 
and 16 with wires 17A, 17B, 17C, 17N and 18 connected 
through the connector 8 to the control module 20. It is 
envisioned that the control module 20 is permanently 
implanted into the top of the skull in a location where the 
skull is fairly thick. It is also envisioned that the control 
module 20 could be located in the trunk of the patient's body 
like a heart pacemaker with the connecting wires being run 
under the patient's skin. The electrodes 15A, 15B, 15C, 15N 
and 16 would be placed under the cranium and above the 
dura mater (i.e., placed epidurally) or placed deep into the 
brain. The connecting wires 17A, 17B, 17C, 17N and 18 
would be run from the control module 20 underneath the 
Scalp and then be connected to the electrodes placed beneath 
the patient's cranium. Although FIG. 1 shows only 4 active 
electrodes 15A, 15B, 15C, 15N with connecting wires 17A, 
17B, 17C, 17N, more than 4 active electrodes with connect 
ing wires may be used with the present invention. The 
electrode 16 (having a connecting wire 18) could be con 
sidered a common or indifferent electrode. 

0089. Throughout the detailed description of the present 
invention, the terminology “the electrodes 15A through 
15N” is meant to include all electrodes 15A, 15B, 15C, .. 
... to 15N inclusive where N may be any integer between 1 
and 200. Similar terminology using the words “through” or 
“to” for other groups of objects (i.e., wires 17A through 
17N) will have a similar inclusive meaning. 
0090 Throughout FIGS. 1 through 25 inclusive, lines 
connecting boxes on block diagrams or on Software flow 
charts will each be labeled with an element number. Lines 
without arrows between boxes and/or Solid circles indicate 
a single wire. 

0091 Lines with arrows connecting boxes or circles are 
used to represent any of the following: 

0092] 1. A physical connection, namely a wire or 
group of wires (data bus) over which analog or 
digital signals may be sent. 

0093 2. A data stream sent from one hardware 
element to another. Data Streams include messages, 
analog or digital signals, commands, EEG informa 
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tion, and Software downloads to change System 
operation and parameters. 

0094) 3. A transfer of information between software mod 
ules. Such transfers include Software Subroutine calls with 
and without the passing of parameters, and the reading and 
Writing of memory locations. 
0.095. In each case, the text will indicate the use of the 
line with an arrow. 

0096 FIG. 2 is a block diagram of the implantable 
system 10 and the external equipment 11. The wires 17A 
through 17N from the electrodes 15A through 15N, and the 
wire 18 from the common electrode 16, are shown con 
nected to both the event detection sub-system 30 and the 
stimulation sub-system 40. It is also envisioned to use the 
case of the control module 20 of FIG. 1 as the common (or 
indifferent) electrode 16. The wires 17A through 17N carry 
EEG signals 21A through 21N from the electrodes 15A 
through 15N to the event detection sub-system 30. The 
electrodes 15A through 15N can be energized by the stimu 
lation sub-system 40 via the wires 17A through 17N to 
electrically Stimulate the patient's brain using the Stimula 
tion signals 412A through 412N respectively. Although the 
electrodes 15A through 15N and 16 shown here are con 
nected to both the event detection sub-system 30 and the 
Stimulation Sub-System 40, it is obvious that a separate Set of 
electrodes and associated wires could be used with each 
Sub-System. Furthermore, it is envisioned that any one, 
several or all of the electrodes 15A through 15N could be 
electrically connected (i.e., shorted) to the electrode 16 or to 
each other. This would be accomplished by appropriate 
Switching circuitry in the stimulation sub-system 40. 
0097. The event detection sub-system 30 receives the 
EEG signals 21A through 21N (referenced to system ground 
19 connected to the wire 18 from the common electrode 16) 
and processes them to identify neurological events Such as 
an epileptic Seizure or its precursor. A central processing 
system 50 with central processor 51 and memory 55 acts to 
control and coordinate all functions of the implantable 
system 10. The interconnection 52 is used to transmit 
programming parameters and instructions to the event detec 
tion sub-system 30 from the central processing system 50. 
The interconnection 53 is used to transmit signals to the 
central processing System 50 identifying the detection of a 
neurological event by the event detection Sub-system 30. 
The interconnection 53 is also used to transmit EEG and 
other related data for storage in the memory 55. 
0098. When an event is detected by the event detection 
sub-system 30, the central processor 51 can command the 
stimulation sub-system 40 via the interconnection 54 to 
transmit electrical Signals to any one or more of the elec 
trodes 15A through 15N via the wires 17A through 17N. It 
is anticipated that, if appropriate electrical signals 412A to 
412N inclusive are transmitted to certain locations in or near 
the brain, the normal progression of an epileptic Seizure can 
be aborted. It may also be necessary for the Stimulation 
sub-system 40 to temporarily disable the event detection 
sub-system 30 via the interconnection 29 when stimulation 
is imminent So that the Stimulation Signals are not inadvert 
ently interpreted as a neurological event by the event detec 
tion system 30. 
0099. A power Supply 90 provides power to each com 
ponent of the system 10. Power supplies for comparable 
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implantable devices Such as heart pacemakers and heart 
defibrillators are well known in the art of implantable 
electronic devices. Such a power Supply typically utilizes a 
primary (non-rechargeable) storage battery with an associ 
ated d-c to d-c converter to obtain whatever Voltages are 
required for the implantable system 10. However, it should 
be understood that the power Supply could use a recharge 
able battery that is charged by means of a coil of wire in the 
control module 20 that receives energy by magnetic induc 
tion from an external coil that is placed outside the patient 
but in close proximity to the control module. The implanted 
coil of wire could also be located remotely from control 
module 20 but joined to it by electrical wires. Such tech 
nology is well known from the rechargeable cardiac pace 
maker. Furthermore, the Same pair of coils of wire could be 
used to provide power to the implanted system 10 when it is 
desired to read out Stored telemetry or reprogram Some 
portion of the implanted system 10. 
0100 Data stored in the memory 55 can be retrieved by 
the patient's physician by a wireleSS communication link 72 
with the data communication sub-system 60 connected to 
the central processing System 50. An external data interface 
70 can be directly connected with an RS-232 type serial 
connection 74 to the physician's workstation 80. Alternately, 
the serial connection may be via modems 85 and 750 and 
phone line 75 from the patient’s home to the physicians 
workstation 80. The Software in the computer section of the 
physicians work station 80 allows the physician to read out 
a history of events detected including EEG information both 
before, during and after the event as well as specific infor 
mation relating to the detection of the event Such as the time 
evolving energy spectrum of the patient's EEG. The work 
station 80 also allows the physician to specify or alter the 
programmable parameters of the implantable System 10. 

0101. As shown in FIGS. 1 and 2, a buzzer 95 connected 
to the central processor 51 via the link 92 can be used to 
notify the patient that an event has occurred or that the 
implanted System 10 is not functioning properly. The buZZer 
could provide a mechanical vibration (typically an acoustic 
signal) or an electrical stimulation "tickle” either of which 
could be perceived by the patient. By placing the buzzer 95 
near the ear and on the top of, below, or within a burr hole 
in the cranium, an acoustic signal emitted by the buzzer 95 
will be detectable by the patient's ear. This sound by itself 
can be an automatic means for Stopping an epileptic Seizure. 
0102) A real time clock 91 is used for timing and syn 
chronizing various portions of the implanted System 10 and 
also to enable the System to provide the exact date and time 
corresponding to each neurological event that is detected by 
the implantable system 10 and recorded in memory. The 
interconnection 96 is used to send data from the central 
processor 51 to the real time clock 91 in order to set the 
correct date and time in the clock 91. 

0103) The various interconnections between sub-systems 
(e.g., the interconnections 52,53,54, 56, 57, 92,93 and 96) 
may be either analog or digital, Single wire or multiple wires 
(a “data bus”). 
0104. The operation of the system 10 of FIG. 2 for 
detecting and treating a neurological event Such as an 
epileptic Seizure would be as follows: 

0105 1. The event detection sub-system 30 continu 
ously processes the EEG signals 21A through 21N 
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carried by the wires 17A through 17N from the N 
electrodes 15A through 15N. 

0106 2. When an event is detected, the event detec 
tion sub-system 30 notifies the central processor 51 
via the link 53 that an event has occurred. 

0107 3. The central processor 51 then triggers the 
stimulation sub-system 40 via the link 54 to electri 
cally stimulate the patient's brain (or electrically 
Short Some electrodes or release medication) in order 
to Stop the neurological event using any one, Several 
or all of the electrodes 15A through 15.N. 

0.108 4. The stimulation sub-system 40 also sends a 
signal via the link 29 to the event detection Sub 
system 30 to disable event detection during stimu 
lation to avoid an undesired input into the event 
detection sub-system 30. 

0109) 5. The central processor system 50 will store 
EEG signals and event related data received from the 
event detection sub-system 30 via the link 53 over a 
time from X minutes before the event to Y minutes 
after the event for later analysis by the patients 
physician. The value of X and Y may be set from as 
little as 0.1 minutes to as long as 30 minutes. 

0110. 6. The central processor 51 may “buzz” to 
notify the patient that an event has occurred by 
sending a signal via the link 92 to the buzzer 95. 

0111 FIG. 3 is a block diagram illustrating an imple 
mentation of the event detection sub-system 30 using digital 
Signal processing techniques. The event detection Sub-Sys 
tem 30 can use either or both, time and frequency domain 
information for event detection. The event detection Sub 
system 30 receives the signals 21A through 21N from the 
wires 17A through 17N and processes them to identify the 
early Stages of a neurological event Such as an epileptic 
seizure. The signals 21A through 21N are amplified by the 
amplifiers 32A through 32N respectively, to produce the 
amplified EEG signals 22A through 22N. The amplifiers 
32A through 32N can also provide low pass and/or high pass 
filtering to remove unwanted noise. Each amplifier 32A 
through 32N can be disabled by a signal placed on inter 
connection 29 from the stimulation sub-system 40 during 
brain Stimulation So as to prevent overloading the amplifiers 
or creating an undesired input Signal into the event detection 
sub-system 30. 
0112 The amplified EEG signals 22A through 22N are 
then digitized by the analog-to-digital converters 33A 
through 33N producing the digitized EEG signals 23A 
through 23N which are processed by the programmable 
digital Signal processor 34 with associated memory 35 to 
enhance the Signal-to-noise ratio for the detection of neu 
rological events. Processed signals 24 are then passed to the 
event processing microcomputer 36 with associated memory 
37 for analysis with the goal of achieving event detection. 
When the event processing microcomputer 36 identifies an 
event, it produces a detection signal which it sends along 
with stored EEG and EEG energy spectral data streams to 
the central processor 51 through the interconnection 53. The 
central processor 51 can pass Specific program parameters 
and revised programming instructions to the event proceSS 
ing microcomputer 36 via the interconnection 52. The event 
processing microcomputer 36 can also pass any appropriate 
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program parameters and revised programming instructions 
received from the central processor 51 on to the program 
mable digital Signal processor 34 via the interconnection 25. 
This Scheme provides patient-specific optimization of event 
detection algorithm(s). For example the program might look 
at Signal amplitude differences between certain electrodes, 
or alternately, event detection might be based on analysis of 
a signal created by adding the signals (possibly with varying 
time delays) derived from a specific Subset of the electrodes. 
It is also possible that the programmable digital Signal 
processor 34 might be programmed to perform both digital 
Signal processing and event processing thus not requiring a 
Separate event processing microcomputer 36. It is also 
envisioned that the event processing microcomputer 36 and 
the central processor 51 may be the same microcomputer 
having Separate Subroutines in Software for each function. 

0113. The amplifiers 32A through 32N, the analog-to 
digital converters 33A through 33N and the programmable 
digital Signal processor 34 each Separately and collectively 
constitute a Signal conditioning means for processing the 
EEG signals 21A through 21N. The event processing micro 
computer 36 provides event detection means for the detec 
tion of a neurological event. 

0114 Integrated circuit amplifiers, analog-to digital con 
verters, digital signal processors (DSPs), digital memory and 
microcomputers and the techniques to interconnect and 
program them are well known in the art. Custom VLSI or 
hybrid circuits could be developed that would combine 
certain functions. 

0115 FIG. 4 is a flow chart pertinent to the processing 
activity 340 carried on within the programmable, digital 
signal processor 34 of the event detection sub-system 30. 
The digitized EEG signals 23A through 23N are first pro 
cessed by the Step of removing any d-c bias by the Subrou 
tines 341A through 341N producing digital signals 351A 
through 351N which are then processed by the automatic 
gain control (AGC) subroutines 342A through 342N to 
produce the AGC EEG signals 352A through 352N. These 
AGC EEG signals 352A through 352N would then be free 
of any d-c bias, and be of identical maximum amplitude 
during that time when the brain is not experiencing a 
neurological event. The purpose of AGC is to remove the 
variation in EEG signal amplitude which can change slowly 
over a period of a few hours. Thus the AGC subroutines 
342A through 342N might adjust the amplitude of incoming 
signals 351A through 351N based on the average energy 
detected over a period of Several minutes. However, a 
rapidly changing Signal Such as that from a neurological 
event would not have their amplitudes modified by the AGC 
subroutines 342A through 342N. 

0116. Using the step of AGC at this stage of the process 
ing will allow the use of a constant threshold for event 
identification at a later Stage. The AGC time constant is 
among the programmable parameters that can be pro 
grammed in the DSP program instructions 348 that are 
passed via the interconnection 25 from the event processing 
microcomputer 36. AGC algorithms which adjust the output 
gain based on time averaged energy are well known in the 
art and can be implemented by an experienced DSP pro 
grammer. It is also envisioned that the amplifiers 32A 
through 32N of FIG.3 might be analog AGC amplifiers so 
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that a DSP AGC algorithm would be unnecessary. AGC is an 
example of a Self-adaptive algorithm used by the event 
detection sub-system 30. 

0117 The processed EEG signals 352A through 352N are 
continuously passed via the interconnections 24 to the event 
processing microcomputer 36 So that they may be Stored for 
later physician analysis if a neurological event occurs. The 
processed EEG signals 352A through 352N are also pro 
cessed further by additional signal conditioning Steps to 
enhance event identification. These Steps involve first Squar 
ing the Signals 352A through 352N using the Squaring 
subroutines 343A through 343N to produce the squared EEG 
signals 353A through 353N. The squared EEG signals 353A 
through 353N are fed into the First-In-First-Out (FIFO) 
buffers 34.4A through 344N where between 1 and 100 
milliseconds of data can be stored. Implementing FIFO data 
storage in DSP software is well known and can be imple 
mented by an experienced DSP programmer. 

0118 Epileptic seizures and many other neurological 
events can originate in a comparatively Small Section of the 
brain called an epileptic focus. A preferred embodiment of 
the digital Signal processing algorithm 340 for event detec 
tion is based on the principle that the Signals arriving at the 
electrodes 15A through 15N (shown in FIG. 2) from an 
epileptic focus will always do So with essentially the same 
time delay for each electrode. Or Stated another way, the 
propagation time required for a signal to travel from the 
epileptic focus to an electrode will be consistently as fol 
lows: t milliseconds for a electrode 15A, t milliseconds for 
electrode 15B, t milliseconds for electrode 15C, etc., where 
t, t2, to . . . do not significantly change in Value from 
time-to-time. The FIFOs 34.4A through 344N are nothing 
more than a digital equivalent of a delay line where the Sum 
with delay algorithm 345 can elect to Sample the Squared 
EEG signals 353A through 353N with each delayed appro 
priately to create the time synchronized EEG signals 354A 
through 354N which are summed by the sum with delay 
algorithm 345. The sum with delay algorithm 345 will 
produce the Sum of time Synchronized Squared signals 355. 
EEG signals originating from parts of the brain away from 
the focus will not be synchronized by the algorithm 345 
whose time delays are set to Synchronize EEG signals 
originating at the focus. Thus the amplitude of the Sum of 
time synchronized squared signals 355 will be much larger 
for EEG signals originating at the focus. 

0119) The delays for each of the FIFO buffers are pro 
grammed through the DSP program instructions 348. The 
settings for FIFO time delays would be derived from analy 
sis of recorded EEG signals during events from a patient 
having the same electrode configuration to be used for event 
detection. Interconnection 25 is the interconnection over 
which the programming instructions 348 are provided by the 
event processing microcomputer 36 to Set the time delay 
parameters for the FIFO buffers. 

0120) The signal 355 can be sent to the event processing 
microcomputer 36 for time domain event detection. The 
signal 355 can also be transformed into the frequency 
domain by the transform algorithm 346, which will produce 
a frequency spectrum that can change with time having 
frequency band signals 356-1, 356-2, 356-3, 356-4 through 
356-M which are the time evolving signals corresponding to 
a total of M frequency bands (band 1 through band M). The 
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frequency band signals 356-1 through 356-Mare digital data 
Streams, each representing the energy of the Signal 355 in the 
corresponding frequency band (band 1 through band M). An 
example of Such frequency bands is as follows: (a) band 1: 
1 to 2 Hz; (b) band 2: 2 to 4 Hz; (c) band 3: 4 to 8 Hz; etc. 
The Specific division of the bands is programmable through 
the DSP programming instructions 348 and may be derived 
for each patient from analysis of recorded EEG information. 
The frequency band signals 356-1 through 356-Mare sent to 
the event processing microcomputer 36 for the purpose of 
event detection. 

0121 FIGS. 3 and 4 illustrate one embodiment of a 
multiple Step signal conditioning means for the EEG signals 
21A through 21N. The specific steps used in this embodi 
ment are amplification, analog-to-digital conversion, adjust 
ment of d-c offset, AGC, Squaring, time delaying, Summing 
and frequency transformation. The ability to program the 
programmable digital signal processor 34 to implement any 
combination of these or other Steps in any order to enhance 
event detection for each patient is an important aspect of the 
event detection sub-system 30. 
0122 FIGS.5A, 5B and 5C show the signal traces for a 
3 electrode implementation of the present invention with the 
squared EEG signals 353A, 353B and 353C stored in the 
FIFOs 344A, 34.4B and 344C respectively. In this example, 
the FIFOs 344A, 34.4B and 344C store 100 milliseconds of 
data consisting of 20 Samples each, with each Sample being 
the average value for a period of 5 milliseconds of the 
squared EEG signals 353A, 353B and 353C. The last data 
placed in the FIFOs 344A, 34.4B, and 344C correspond to 
time equals Zero, and are the most recent Samples of the 
squared EEG signals 353A, 353B and 353C. 
0123. During pre-implant data recording and analysis of 
a patient's EEG data, the relative delays between EEG 
Signals from an epileptic focus arriving at electrodes 15A, 
15B and 15C would be calculated. In this example, the 
electrode 15A from which the data in FIFO 344A originates, 
is the last to receive the EEG signal from such an event. The 
time delay parameter 358A for the electrode 15A is therefore 
set to 0. In this example, electrode 15B which is the source 
of data for FIFO 34.4B, is known to receive an event signal 
15 ms before electrode 15A thus the time delay parameter 
358B for electrode 15B is set to 15 ms. Similarly, electrode 
15C from which the data in FIFO 344C receives an event 
signal 35 ms before electrode 15A; thus the signal delay 
parameter 358C for electrode 15C is set to 35 ms. 
0124. Using the time delay parameters 358A, 358B and 
358C, the specific samples 354A, 354B and 354C (marked 
with the black arrows 6A, 6B and 6C) are fed into the sum 
with delay algorithm 345. The sum with delay algorithm 345 
adds these specific FIFO Samples together to produce the 
signal 355 as shown in FIGS. 4 and 5D. FIG.5D shows the 
current sample of the signal 355 and the last 100 millisec 
onds of the signal 355 created by the sum with delay 
algorithm 345. 
0.125 A simple means to detect, a neurological event 
using the Sum with delay algorithm 345 with resulting Signal 
355 is to compare the signal 355 with a fixed event detection 
threshold 369 as shown in FIG. 5D. The threshold 369 is 
exceeded at times 0, -10 ms and -20 ms. This methodology 
can be an effective means for event detection when used in 
conjunction with the automatic gain control algorithms 



US 2002/0002390 A1 

342A, 342B and 342C as shown in FIG. 4. The automatic 
gain control has the effect which is seen in FIGS. 5A 
through 5C of keeping the samples of the squared EEG 
signals below the AGC limits 362A, 362B and 362C which 
limits are programmed into the automatic gain control 
algorithms 342A, 342B and 342C shown in FIG. 4. The 
AGC subroutines 342A, 342B and 342C might adjust the 
amplitude of the EEG signals 352A through 352N based on 
the average energy detected over a period of Several minutes 
So that a rapidly changing Signal Such as that from a 
neurological event will not be affected. 
0126. It is also envisioned that the delay parameters 
358A, 358B and 358C may be self-adaptive so that when an 
event is detected, post-analysis by the digital signal proces 
Sor 34 using the data stored in the FIFOs 344A, 344B and 
344C can determine if adjusting the delays 358B and 358C 
plus or minus in time would increase or decrease the Sum of 
the time synchronized squared EEG signals 355. If the signal 
355 increases by a shift of the time delay 358B or 358C, then 
the delay parameters 358B and 358C could be automatically 
changed to increase the Sensitivity for future event detection. 
This example of the capability to modify it's own operating 
parameters is an example of Self-adaptation of the program 
mable digital Signal processor 34. It is also envisioned that 
other programmable components of the system 10 of FIG. 
2 other than the event detection sub-system 30 may be 
Self-adaptive to be capable of optimizing System operability 
without external commands. 

0127. Although FIGS.5A-5D show the signals relating to 
an implementation of the present invention using 3 signal 
electrodes, the algorithms described can be applied to any 
Set of 2 or more Signal electrodes. 
0128. It is also envisioned that instead of delaying the 
Signals from each electrode to provide time Synchronization, 
the electrodes might be placed at positions where the time 
delays from an epileptic focus to each electrode could be the 
Same. Furthermore, it is envisioned that instead of Squaring 
the value of the EEG signal amplitude, which is done to 
eliminate a Zero average over a certain period of time, the 
Same objective could be accomplished by rectification of the 
EEG signal. 
0129 FIG. 6 shows an embodiment of the present inven 
tion in which the digital Signal processor processing 440 
based on DSP program instructions 448 takes the digitized 
EEG signals 23A, 23B, 23C and 23D from four brain 
electrodes 15A, 15B, 15C and 15D and creates the difference 
signal 424 from signals 23A and 23B using the subtraction 
algorithm 434, and the difference signal 425 from signals 
23C and 23D using the subtraction algorithm 435. The 
difference signals 424 and 425 can then be multiplied by 
weighting factor algorithms 436 and 437 to adjust for 
difference in Signal level for events arriving at each pair of 
electrodes. The resulting weighted differential EEG signals 
426 and 427 are summed by the algorithm 438 to create the 
Summed differential EEG signal 428. The Summed differ 
ential EEG signal 428 can then be transformed into a set of 
frequency band signals 456-1 through 456-M by the algo 
rithm 446 as previously described with respect to the digital 
signal processing 340 shown in FIG. 4. 

0130. The embodiment of FIG. 6 will work best when the 
electrode pairs 15A-15B and 15C-15D are located in posi 
tions that will cause the EEG signal differences 424 and 425 
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to be Synchronized in time for EEG signals originating at the 
focus of a neurological event. It is also envisioned that a 
programmable delay adjustment, as described for FIG. 4, 
could be implemented here if the time delays for EEG signal 
differences 424 and 425 from a neurological event are not 
the same. 

0131 The Summed differential EEG signal 428, the dif 
ference EEG signals 424 and 425, and the frequency band 
signals 456-1 through 456-M can be sent via interconnection 
24 to the event processing microcomputer 36 for Storage. 
0.132. It is also envisioned that instead of digitizing the 
signal from each signal electrode 15A through 15N, with 
respect to a common electrode 16, the input Stage could use 
any one or more pairs of brain electrodes with no single 
common electrode. 

0133) The processing 340 of FIG. 4 and 440 of FIG. 6 
are examples of two different implementations of multiple 
Step signal conditioning programs which can be run within 
the programmable digital signal processor 34 of FIGS. 2 
and 3. 

0134 FIG. 7 shows the software flow chart for event 
recording and processing 360 of the event processing micro 
computer 36 used for the Second Stage of the event detection 
sub-system 30 shown in FIGS. 2 and 3. Specifically, event 
recording and processing 360 represents the algorithms and 
Subroutines in Software used by the event processing micro 
computer 36 (hardware) as the event detection means and 
also to record relevant EEG and spectral band data. A 
primary objective of event recording and processing 360 
Software is to make possible the recording of AGC modified 
EEG signals 352A through 352N inclusive and the fre 
quency band signals 356-1 to 356-M inclusive by the central 
processing System 50. 
0.135 FIG. 8 indicates that the central processing system 
50 is capable of recording EEG and frequency band data for 
“X” minutes before a neurological event is detected and “Y” 
minutes after the neurological event is detected. The event 
recording and processing 360 of FIG. 7 is used to facilitate 
this data recording capability. Specifically, the EEG signals 
352A through 352N (also see FIG. 4) are stored in data 
FIFO memories 363A through 363N. If an event is detected, 
the FIFOs 363A through 363N can be read by the central 
processor 51 via the link 53 to retrieve the stored EEG data 
streams 373A through 373N for a time “X” minutes before 
the event. The central processor 51 can also read the data 
FIFOs 363A through 363N in real time after detection of a 
neurological event for a period of “Y” minutes. Alterna 
tively the data FIFOs 363A through 363N could be used to 
store and then read out “Y” minutes of data stored after the 
event is detected. In either case, the goal of retrieving “X” 
minutes of pre-event detection data and “Y” minutes of 
post-event detection data (as indicated in FIG. 8) can be 
achieved. It should be remembered that if there are N 
electrodes then there will be as many as N channels of AGC 
modified EEG data that can be recorded. However, the 
central processing System 50 may be programmed to record 
EEG data from a sub-set of the electrodes 15A through 15N 
(see FIG. 2). All data stored by the central processing 
system 50 can be retrieved by the patient’s doctor for 
analysis with the goal of improving the response of the 
System 10 So as to more reliably Stop a neurological event. 
0136 FIG. 7 also shows two different schemes for 
detecting an event. If the amplitude of the Sum of the time 



US 2002/0002390 A1 

synchronized squared EEG signals 355 exceeds the event 
detection threshold 369 as shown in FIG.5D (using thresh 
old detector algorithm 368 of FIG. 7), the algorithm 368 
sends a positive event detected message 358 to the event 
density counter/detector algorithm 371. The event density 
counter/detector algorithm 371 determines if there have 
been enough events in the most recent time period “T” to 
notify the central processor 51 with the event identified 
message 372 indicating that an event has really occurred. A 
typical time period “T” would be approximately 2 seconds 
but could be in the range from 2 to 100 seconds. The event 
density counter/detector algorithm 371 will reduce the num 
ber of false positive event identifications by eliminating 
short uncorrelated EEG bursts. If the number of events in the 
time period “T” is set equal to 1, then the system will be 
most Sensitive and any time Sample which exceeds the 
threshold 369 in the threshold detector algorithm 368, will 
be passed on as an event identified message 372. A typical 
Setting for the number of events for a two Second time period 
“T would be four. 

0.137 The system for detecting a neurological event 
based on the threshold detector 368 would involve process 
ing data for the entire frequency Spectrum of the Sum of the 
time synchronized and squared EEG signals 355. As shown 
in FIG. 4 the signal 355 can be transformed into a set of 
frequency band signals 356-1 through 356-M inclusive each 
of which signals is of limited bandwidth as compared with 
the broadband signal 355. Each of the frequency band 
signals 356-1 through 356-M of FIG. 7 can be analyzed by 
a threshold detector algorithm 367-1 through 367-M respec 
tively in a manner exactly analogous to the threshold detec 
tor algorithm 368 used to detect events from the broadband 
signal 355. 

0.138. In a manner analogous to the threshold detector 
algorithm 368, each of the set of threshold detector algo 
rithms 367-1 through 367-M can send a positive event 
detected signal 357-1 through 357-M to a corresponding 
frequency band event density counter/detector 369-1 
through 369-M when the amplitude of the frequency band 
signal 356-1 through 356-M exceeds a preset threshold 
level. The frequency band event density counter/detectors 
369-1 through 369-M will, analogous to the event density 
counter/detector 371, determine if there are a Sufficient 
number of events per time period “T” in any of the bands 1 
through M to send an event identified message 359-1 
through 359-M to the central processor 51 indicating that a 
neurological event has occurred. 

0139 Analogous to the storage of the AGC modified 
EEG signals 352A through 352N by the data FIFOs 363A 
through 363N, each of the M frequency band signals 356-1 
through 356-M is stored in FIFO memories 366-1 through 
366-M, So that if an event is detected, the FIFOs can be read 
by the central processing system 50 via the link 53 to 
retrieve the frequency band data streams 376-1 through 
376-M for a time “X” before event detection until Some time 
“Y” after event detection. As previously described, FIG. 8 
illustrates this concept for data Storage. 

0140 Constructing computer code to store and retrieve 
sampled digital signals from FIFO memory is well known in 
the art of Software design. Comparing an input Signal 
amplitude against a preset threshold, determining the num 
ber of counts per unit time and comparing the counts per unit 
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time against a preset number of counts per unit time are also 
well known in the art of Software design. 

0.141. It should be understood that the software which is 
the digital signal processor processing 340 (see FIG. 4) is 
run by the programmable digital Signal processor 34 accord 
ing to the DSP program instructions 348. In a similar 
manner, the Software for event recording and processing 360 
(see FIG. 7) is run by the event processing microcomputer 
36 of FIG. 4 according to the program instructions for DSP 
and event processing 375. Additionally the programming 
instructions for DSP and event processing 375 serves as a 
pass through for the DSP program instructions 348 of FIG. 
4. The program instructions for DSP and event processing 
375 are received by the event processing microcomputer 36 
(using the Software for event recording and processing 360) 
from the central processor 51 via the interconnection 52. The 
DSP program instructions 348 (see FIG. 4) are received over 
interconnection 25 by the digital Signal processor 34 from 
the program instructions for DSP processing and event 
processing 375 of FIG. 7. 

0142. The thresholds to be used for detection by the 
threshold detector algorithms 368 and 367-1 through 367-M 
and the required event densities for event identification by 
the event density counter/detector algorithms 371 and 369-1 
through 369-M, will typically be programmed to minimize 
the chance of missing a "real' neurological event even 
though this could result in the occasional false positive 
identification of an event. This bias toward allowing false 
positives might typically be set to produce from 72 to 5 times 
as many false positives as “real’ events. 

0143. It is also envisioned that the software for event 
recording and processing 360 might not require a separate 
microcomputer but could operate either as a set of Subrou 
tines in the central processor 51 or a set of Subroutines in the 
programmable digital Signal processor 34. 

0144. It is also envisioned that the event recording and 
processing Software 360 could be programmed to provide an 
event detection means based on detecting Specific aspects of 
the waveform of either time or frequency domain outputs of 
the Signal conditioning by the digital Signal processor 36. 
Such aspects of the waveform could include pulse width, 
first derivative or waveform shape. 
0145 FIG. 9 shows a flow chart of the software for 
central processor processing 510 as run by the central 
processor 51 of FIG. 2. The central processor 51 receives 
event detection messages 372 and 359-1 through 359-M, 
EEG data streams 373 A through 373N and the frequency 
band data streams 376-1 through 376-M from the event 
processing microcomputer 36. The central processor 51 of 
FIG. 2 also sends and receives data to and from the data 
communication sub-system 60 via interconnections 56 and 
57. The processing 510 processes these messages, Signals, 
and data Streams. 

0146 Algorithm 514 receives the event detection mes 
sages 372 and 359-1 through 359-M provided by the event 
processing microcomputer 36 via the link 53. When the 
algorithm 514 receives Such a message indicating that a 
neurological event has occurred, the algorithm 514 calls the 
subroutine 512. The calling of the Subroutine 512 by the 
algorithm 514 is indicated by the element 515. The Subrou 
tine 512 reads and Saves to the central processor's memory 
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55 via the link 518, the last X minutes of stored EEG data 
streams 373 A through 373N and frequency band data 
streams 376-1 through 376-M from the event processing 
microcomputer 36. The algorithm 512 will continue to read 
and save to the central processor's memory 55, the next “Y” 
minutes of EEG data streams 373A through 373N and 
frequency band data streams 376-1 through 376-M from the 
event processing microcomputer 36. As seen in FIG. 8, 
these data Streams may include a blank period during 
stimulation followed by data which can be analyzed to 
determine the efficacy of the treatment. The algorithm 514 
also causes a Signal 511 to be sent to the Stimulation 
sub-system 40 via the link 54 to cause the stimulation 
Sub-System 40 to respond as programmed to Stop the neu 
rological event. 

0147 Values for X and Y will typically be several min 
utes for X and as much as a half-hour for Y. The memory 55 
must be large enough for at least one event and could be 
large enough to hold 10 or more events. The values X and 
Y like other parameters are programmable and adaptable to 
the needs of each particular patient. 

0.148. The I/O subroutine 517 receives physician com 
mands from the data communication sub-system 60 via the 
link 56 and, in turn, reads and sends back via the link 57 the 
data stream 519 containing the event related data previously 
stored in the memory 55 by the algorithm 512. These data 
are transmitted to the external equipment 11 by the data 
communication sub-system 60 via the wireless link 72 as 
shown in FIGS. 2 and 11. 

0149 The I/O subroutine 517 also plays a key role in the 
downloading of Software programs and parameters 59 to the 
programmable sub-systems of the implantable system 10 of 
FIG. 2. These programmable sub-systems include the event 
detection sub-system 30, the central processing system 50 
and the stimulation sub-system 40. The programmable com 
ponents of the event detection sub-system 30 are the pro 
grammable digital Signal processor 34 and the event pro 
cessing microcomputer 36 shown in FIG. 3. The 
programming instructions and parameters 59 for the pro 
grammable sub-systems 30, 40 and 50 are downloaded 
through the I/O subroutine 517 by the programming and 
parameters downloading Subroutine 516 of the central pro 
cessor processing 510. The Subroutine 516 stores the instruc 
tions and parameters 59 and downloads the program instruc 
tions for DSP and event processing 375 (also see FIG.7) for 
the event detection sub-system 30 via link 52 to the event 
processing microcomputer 36. The subroutine 516 also 
downloads the Stimulation Sub-System instructions and 
parameters 592 via the link 54 to the stimulation Sub-system 
40. The subroutine 516 also updates the memory 55 with the 
programming instructions and parameters 594 for the central 
processor processing 510. 

0150 Programmable microprocessors or self-contained 
microcomputers, such as the Intel 8048 and 8051, which 
contain read only memory for basic programs and random 
acceSS memory for data Storage and/or program Storage, can 
be used to implement the central processor processing 510 
as previously described. It is also envisioned that a custom 
VLSI chip involving microprocessor, Signaling and memory 
modules could be produced Specifically for this application. 
All of the previously described algorithms to Store data, Send 
notification signals and messages and make decisions based 
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on input data are Straightforward for a Software programmer 
to implement based on the current State of the art. 
0151. It is also clear that current memory technology 
should be suitable for EEG storage. For example, the EEG 
Storage for a 4 electrode System using 8 bits (one byte) per 
Sample at a Sampling rate of 250 Samples per Second 
(required for frequencies up to 125 Hz) will require 60,000 
bytes per minute of data Storage. Having 100 minutes of 
Storage would require only 6 megabytes, which is readily 
achievable using current memory chip technology. Thus if 
both X and Y were each 1 minute, then a total of 50 
neurological events could be stored in the 6 megabyte 
memory. 

0152. It is also envisioned that with well known data 
compression techniqueS Such as adaptive pulse code modu 
lation, the memory requirements can be reduced signifi 
cantly. 

0153. It should be understood that instead of using ran 
dom acceSS memory to Store the EEG data, non-volatile 
memory such as “flash memory” could be used to conserve 
power. 

0154 FIG. 10 illustrates the stimulation sub-system 40 
including its interconnections to other Sub-Systems. The 
stimulation Sub-system 40 is used to stimulate the brain, 
responsive to a detected event. The preferred embodiment of 
the Stimulation Sub-System 40 comprises a delay processing 
microcomputer 420 and N signal generatorS 422A through 
422N attached to the electrodes 15A through 15N by the 
wires 17A through 17N. The event detection signal 511 from 
the central processor 51 is received by the delay processing 
microcomputer 420 which first sends a signal via the link 29 
to the event detection Sub-system 30 to shut down event 
detection during Stimulation. The delay processing micro 
computer 420 will then feed Stimulation command Signals 
410A through 410N to the signal generators 422A through 
422N for a specific pre-programmed time period. The Stimu 
lation command signals 410A through 410N may be simul 
taneous or may have a relative delay with respect to each 
other. These delays can be downloaded by the instruction 
and parameter download 592 from the central processor 51 
via the link 54. It may be desirable that the delays be 
adjusted so that the stimulation signals 412A through 412N 
from the signal generators 422A through 422N reach the 
neurological event focus in the brain at the same time and 
in-phase. This could enhance performance of the Stimulation 
Sub-System 40 in turning off a neurological event. Alter 
nately, experience may indicate that certain Signals being out 
of phase when they arrive at the neurological event focus 
may be particularly efficacious in aborting a neurological 
eVent. 

O155 The stimulation command signals 410A through 
410N can be used to control the amplitude, waveform, 
frequency, phase and time duration of the Signal generators 
output signals. 

0156 The typical stimulation signals 412A through 412N 
generated by the Signal generatorS 422A through 422N 
should be biphasic (that is with equal energy positive and 
negative of ground) with a typical frequency of between 30 
and 200 Hz, although frequencies of between 0.1 and 1000 
HZ may be effective. It is also envisioned that pure d-c 
Voltages might be used, although they are less desirable. If 
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frequencies above 30 HZ are used, the Signal generators 
could be capacitively coupled to the wires 17A through 17N. 
The typical width of the biphasic pulse should be between 
250 and 500 microseconds, although pulse widths of 10 
microSeconds to 10 Seconds may be effective for a particular 
patient. Typical Voltages applied may be between 1 millivolt 
and 10 volts rms. The stimulation would typically be turned 
on for Several Seconds although times as short as a 1 
millisecond or as long as 30 minutes may be used. 
O157 Biphasic voltage generation circuits are well 
known in the art of circuit design and need not be dia 
grammed here. Similarly, the code to have the delay pro 
cessing microcomputer 420 provide different command 
parameters to the Signal generatorS 422A through 422N is 
easily accomplished using well known programming tech 
niques. 
0158 Although the delay processing microcomputer 420 
is shown here as a separate unit, it may be practical to have 
the central processor 51 or the event detection microcom 
puter 36 of FIG. 3 provide the required processing. Con 
Solidating many of the processing functions within a Single 
processor is practical with the system 10 of FIG. 2 as the 
real time demands on any one System typically occurs when 
the others are not extremely busy. For example, during 
processing to identify an event, there is no need for data I/O, 
EEG storage or stimulation. When an event is detected and 
there is a need for EEG Storage and Stimulation, there is 
reduced need for event detection processing. 
0159. It is also envisioned that the stimulation Sub 
System 40 could operate with only one electrode Such as a 
Single electrode centrally located at an epileptic focus, or a 
deep electrode implanted in the thalmus or the hippocampus 
of the brain. If this were the case, the delay processing 
microcomputer 420 would not be needed, and only a single 
Signal generator circuit would be required. By “located at an 
epileptic focus” it is meant that the electrode would be 
placed within 2 centimeters of the center of that focus. 
0160 FIG. 11 shows the block diagram of the data 
communication Sub-System 60 and the external data inter 
face 70 including interconnections to the central processor 
51 and the physician's work- station 80. When communi 
cation from the physicians workstation 80 to the central 
processor 51 is desired, the antenna 730 of the external data 
interface is placed near the antenna 630 of the data com 
munication sub-system 60. The workstation 80 is then 
connected by the cable 74 to an RS-232 serial data interface 
circuit 740 of the external data interface 70. The RS-232 
serial data interface circuit 740 connects to the RF trans 
mitter 720 and RF receiver 710 through the serial connec 
tions 722 and 712, respectively. Alternatively, if the patient 
is remotely located from the physicians workstation 80, the 
workstation 80 can be connected to the RS-232 serial data 
interface over a dial-up connection 75 using the modems 
750 and 85. 

0.161. Once the connection 74 or 75 has been established, 
wireless signals 72 can sent to and from the RF transmitter/ 
receiver pair 610 and 620 of the data communication Sub 
system 60 and the RF transmitter/receiver pair 710 and 720 
of the external data interface 70. The wireless signals 72 are 
used to command Software updates via the link 612 through 
the serial-to-parallel data converter 614 and the link 56 to the 
central processor 51. The wireless signals 72 are also used 
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to send stored data back through the link 57 through the 
parallel-to-serial data converter 624 through the link 622 to 
the RF transmitter 620. 

0162 RF transceiver circuitry and antennas similar to this 
are used in data communication with heart pacemakers and 
defibrillators, and therefore, this technology is well known 
in the art of implantable programmable devices. RS-232 
interfaces, Serial to parallel and parallel to Serial conversion 
circuits, are also well known. 

0163 FIG. 12 is a block diagram of a hybrid analog/ 
digital embodiment of an event detection sub-system 130 
that uses time domain information for event detection. In 
this embodiment, analog circuitry 139 is used to process and 
detect possible neurological events, and digital logic cir 
cuitry 138 is used to check if the density of possible events 
is Sufficient to declare a “real' event. AS in FIG. 3, the 
incoming EEG signals 21A through 21N on wires 17A 
through 17N are amplified by the amplifiers 131A through 
131N which may also provide band-pass or low-pass filter 
ing and/or AGC of the signals 21A through 21N resulting in 
the amplified signals 121A through 121N which are then 
squared by the squarer circuits 132A through 132N resulting 
in the Squared signals 122A through 122N. The Squared 
Signals 122A through 122N are then processed by a Series of 
analog delay line circuits 133A through 133N to create the 
Squared and time Synchronized EEG signals 123A through 
123N, which are subsequently added together by the sum 
ming circuit 135. The resulting Summed time Synchronized 
signal 125 is then fed into a threshold detection circuit 136 
which will output a digital pulse 126 whenever the Summed 
time Synchronized signal 125 exceeds a pre-Set threshold. 
The digital pulses 126 collected over time are then processed 
by the digital logic circuit 138 to determine if the event is 
real or not. The delay parameters 124A through 124N are 
input to the delay lines 133A through 133N from the central 
processor 151 and can be pre-Set for a particular patient. 
Setting the values for these time delays could be based on 
measured delays of EEG signals received from an epileptic 
focus during diagnostic testing of the patient using the 
implanted system 10 of FIG. 2. During brain stimulation, a 
signal 129 is sent from the stimulation Sub-system 40 to shut 
down the amplifiers 131A through 131N to avoid amplifier 
overload or mistakenly identifying a Stimulation signal as a 
neurological event Signal. 

0.164 Analog integrated circuits to multiply or Sum ana 
log signals are commercially available. Integrated circuit 
bucket brigade analog delay lines are also commercially 
available. It is also envisioned that a hybrid circuit contain 
ing multipliers, SummerS and delay lines could be produced 
to miniaturize the System 130. A Standard comparator cir 
cuit, also available as an integrated circuit, can be used as the 
threshold detector 136 to compare the signal 125 with a 
preset threshold. If the threshold is exceeded, then a pulse is 
sent via the connection 126 from the threshold detector 
circuit 136 to the event counter 141 of the digital logic 138. 

0.165. The digital logic 138, which counts the number of 
event pulses per Second emitted by the threshold detector 
136, can be implemented using a simple programmable 
microcomputer Similar to that described for event recording 
and processing 360 shown in FIG. 7, or it can be imple 
mented by a collection of Standard digital logic and counting 
circuitry. Such a set of circuitry could use a counter 141 to 
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count the possible event pulses 126 generated by the thresh 
old detector 136. An event detected pulse 128 would be 
emitted by the counter 141 only when it overflows. If the 
counter 141 is reset once a second by a reset pulse 147 from 
an OR gate 146 which has been sent a pulse 144 from the 
clock 142, then only if the counter 141 overflows in the one 
second time period between reset pulses 147 will the event 
detected pulse 128 be generated. Certain available counter 
chips can be reset to a preset number rather than 0. In FIG. 
12, the event counter 141 could be implemented with Such 
a counter chip So that a reset signal will cause the counter to 
reset to a preset number 148 that would be set via the 
connection 145 from the central processor 151. Thus, for 
example, an 8 bit counter (which counts up to the number 
256) could be set to overflow when the number of pulses 
counted by the counter 141 causes it to count from the 
downloaded preset number 148 to the number two hundred 
and fifty-six in less than one Second. Of course, times of leSS 
than 1 Second or more than 1 Second can also be used for the 
time between the pulses 144 from the reset clock 142. The 
event detected pulse 128 is also used to reset both the clock 
142 and the event counter 141. An OR gate 146 will allow 
the event counter 141 to be reset by either the pulse 144 from 
the clock 142 or the event detected pulse 128. The process 
ing by the central processor 151 would be analogous to that 
shown in FIG. 9. 

0166 The specific threshold to be used for detection by 
the threshold detector 136 and the preset 148 for the event 
counter 141 will typically be set to minimize the chance of 
missing a “real' event even though this will result in 
occasional false positive identification of an event. 
0167 FIG. 13 is a block diagram of a hybrid analog/ 
digital representation of Still another embodiment of the 
event detection Sub-System 230 using frequency domain 
information for event detection. In this embodiment, analog 
circuitry 239 is used to process and detect possible events in 
each of M frequency bands. Digital logic circuitry 238 is 
used to check if the density of possible events is sufficient to 
declare a “real” event. The front end (up through and 
including the sum 135) of the analog circuitry 239 of the 
sub-system 230 is identical to the front end of the analog 
circuitry 139 of FIG. 12. As in FIG. 12, the incoming EEG 
signals 21A through 21N on wires 17A through 17N are 
amplified by the amplifiers 131A through 131N. These 
amplifiers 131A through 131N (which may also provide 
band-pass or low-pass filtering of the Signals 21A through 
21N) produce the amplified signals 121A through 121N. The 
amplified signals 121A through 121N are then squared by 
the squarer circuits 132A through 132N resulting in the 
Squared signals 122A through 122N. The Squared signals 
122A through 122N are then processed by a Series of analog 
delay line circuits 133A through 133N to create the squared 
and time synchronized EEG signals 123A through 123N, 
which are Subsequently added together by the Summing 
circuit 135. The resulting Summed time Synchronized signal 
125 is fed to a set of analog band-pass filters 266-1 through 
266-M for the M frequency bands. The resulting band 
signals 256-1 through 256-M are examined by the threshold 
detectors 267-1 through 267-M analogous to the threshold 
detector 136 of FIG. 12. Each of the threshold detectors 
(267-1 through 267-M) will generate a corresponding pulse 
(257-1 through 257-M) when a preset threshold is exceeded 
analogous to the pulse 126 generated by the threshold 
detector 136 of FIG. 12. The pulses 257-1 through 257-M 
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are fed into the event density counter/detectors 268-1 
through 268-M each identical to the digital logic circuit 138 
of FIG. 12. The event density counter/detectors 268-1 
through 268-M will feed the detected frequency band event 
pulses 258-1 through 258-M to the central processor 251. 
0.168. The central processor 251 processes events from 
event density counter/detectors in a similar manner to the 
central processor 151 of FIG. 12. The main differences are 
that the counter presets 259-1 through 259-M may be 
different for each of the bands as required to optimize 
Sensitivity. During responsive brain Stimulation, a signal 129 
is sent from the stimulation sub-system 40 to shut down the 
amplifiers 131A through 131N to avoid amplifier overload 
or mistakenly identify a Stimulation Signal as an event 
Signal. The processing by the central processor 251 would be 
analogous to that shown in FIG. 9. 
0169 FIG. 14 is a diagram of an implantable system 910 
which can respond to a detected neurological event by 
infusing medication from an implantable medication System 
91 into the patient’s body through the hollow catheter 93. 
The system 910 is identical to the system 10 of FIG. 2 
except that the programmable drug delivery Sub-System 91 
replaces the stimulation Sub-system 40 of FIG. 2 as the 
Sub-System which provides the response to an neurological 
event detected by the event detection Sub-system 30. In this 
embodiment, the Signal indicating that an event has been 
detected and the programming instructions for the implant 
able drug delivery system 91 are transmitted via the link 96 
from the central processor 51. It may be desirable to place 
the outlet of the catheter 93 into the cerebrospinal fluid 
(CSF) to provide rapid infusion to all areas of the brain, or 
it may be desired to have the outlet of the catheter 93 
positioned to deliver medication to one specific location in 
the brain or possibly into the bloodstream. 
0170 The operation of the system 910 of FIG. 14 for 
detecting and treating a neurological event Such as an 
epileptic Seizure is as follows: 

0171 1. The event detection sub-system 30 continu 
ously processes the EEG signals 21A through 21N 
carried by the wires 17A through 17N from the N 
electrodes 15A through 15N. 

0172 2. When an event is detected, the event detec 
tion sub-system 30 notifies the central processor 51 
via the link 53 that an event has occurred. 

0173 3. The central processor 51 signals the drug 
delivery system 91 via the link 96 to infuse medi 
cation through the catheter 93 into the patient's body 
as a means for Stopping a neurological event. 

0.174 4. The drug delivery system 91 delivers pre 
programmed drug infusion to the desired Site. 

0175 5. The central processor 51 will store EEG and 
event related data from X minutes before the event to 
Y minutes after the event for later analysis by the 
patient's physician. 

0176 6. The central processor 51 may initiate a 
“buzz” to notify the patient that an event has 
occurred by Sending a signal via the link 92 to the 
buzzer 95. 

0177 Programmable implantable drug delivery systems 
are described in Some detail in the Fischell U.S. Pat. No. 
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4,373,527. It is also envisioned that both electrical stimula 
tion and drug delivery could be used together to improve the 
outcome in the treatment of a neurological disorder. 
0178. It should also be understood that although the 
invention described herein has been described with analog 
or digital implementations of various aspects of the inven 
tion, the invention may combine analog and digital elements 
described herein in different combinations than as described. 

0179. In addition, although the previous descriptions 
relate to a fully implantable System, an externally worn 
System with implanted electrodes could function adequately 
and would allow a plug-in interface to the data communi 
cation Sub-System 60 and Simple battery replacement. It is 
also envisioned that the techniques described above would 
work with an external device with electrodes attached to the 
outside of the head. External devices would have great merit 
in determining if an implantable System would work well 
enough to be warranted. An external version with implanted 
electrodes could be used to record EEG signals from neu 
rological events to calculate the optimal programming algo 
rithms and parameters to be used by a permanently 
implanted System using the same Set of electrodes. 
0180. It is also envisioned that the EEG recording capa 

bilities of the present invention could be used without the 
event detection and Stimulation components to Store patient 
EEG activity for diagnostic purposes. 
0181 Novel arrangements for the physical placement of 
the various parts of a System for the treatment of neurologi 
cal disorders are shown in FIGS. 15 to 25 inclusive. Spe 
cifically, FIG. 15 shows a top view of an intracranial system 
600 consisting of brain surface electrodes 601, 602, 603, 
604, 605 and 606 connected by wires 611, 612, 613, 614, 
615 and 616 respectively which provide an electrical con 
ducting means to join the electrodes 601 through 606 to a 
control module 620. Thus the proximal end of each of the 
wires 611 through 616 is connected to the control module 
620, and the distal end of each of the wires 611 through 616 
is connected to an electrode. Inside the patient's head 9, 
these surface electrodes 601-606 are placed between the 
bottom of the cranium (i.e., inside the skull) and the top of 
the dura mater that Surrounds the brain. Thus this is an 
epidural placement of the Surface electrodes. Although Six 
Surface electrodes are shown in FIG. 15, it is envisioned that 
as many as 12 or more active electrodes could be usefully 
implanted. It is further envisioned that the metal case of the 
control module 620 could serve as a common or indifferent 
electrode which also could be considered to be at ground 
potential. It is further envisioned that the control module 
might utilize a case which is non-conducting in which only 
part of the outer Surface is conducting So as to provide one 
or more electrodes. Also shown in FIG. 15 is a deep 
electrode 601D connected by wire 611D to the control 
module 620. It is anticipated that as many as eight deep 
electrodes could be used with the intracranial system 600. 
One or more deep electrodes might advantageously be 
placed in the hippocampus and/or the thalmus or possibly 
Some other portion of deep brain tissue. 
0182 FIG. 16 is a simplified side view of the human 
head 9 into which the intracranial system 600 has been 
implanted. In this simplified view, only one brain Surface 
electrode 602 is shown and one deep electrode 601D. The 
brain surface electrode 602 is connected by the insulated 
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wire 612 to control module 620. Also shown in FIG. 16 is 
the deep electrode 601D connected by the wire 611D to the 
control module 620. 

0183 FIGS. 15 and 16 also show that the control module 
620 is located in an anterior portion of the patient's head 9. 
By an anterior portion is meant that it is located anterior to 
the head's lateral centerline (LCL) that roughly goes through 
the center of the ears. Furthermore, the control module 620 
cannot be situated on the anterior-posterior centerline 
(APCL) because just under the APCL is the very large 
Sagital Sinus vein, and it would be inadvisable to place the 
control module 620 at Such a location. The reason for 
placing the control module 620 in the anterior half of the 
patient's cranium is that the middle meningeal artery and its 
branches, (which arteries all lie posterior to the LCL) cause 
grooves to be formed in the underside of the cranium. 
Therefore, that location is also inappropriate for removing 
the considerable volume of cranium bone that should be 
removed for placement of the control module 620. 
0184 FIGS. 15 and 16 also show that the electrodes are 
connected by wires to the control module 620 via holes that 
are made by removing bone from the patients cranium. 
Specifically, the interconnecting wires 611, 612, 613 and 614 
pass respectively through the holes H1, H2, H3 and H4. It 
can also be seen in FIG. 15 that the wire 616 passes through 
the hole H1 and wires 615 and 611D pass through the hole 
H4. The reason for this method of sometimes running most 
of the wire length between the Scalp and the cranium and at 
other times running most of the wire length between the 
bottom of the cranium and the dura mater has to do with the 
movement of the Scalp relative to the cranium which occurs 
on the anterior portion of the patient's head and also is done 
to avoid placing the wires epidurally where the middle 
meningeal artery and its branches have made grooves in the 
interior surface of the cranium. Specifically, it will be noted 
that the wires 612 and 613 are placed under the scalp for 
most of their length because in this posterior portion of the 
patient’s head the scalp exhibits very little motion relative to 
the cranium but the middle meningeal artery and its 
branches do cause interior Surface grooves in the cranium in 
this posterior region of the head. The reverse situation is 
seen for the connecting wires 615 and 616. In this case, 
because there is considerable motion of the Scalp relative to 
the cranium in the anterior portion of the patient's head, 
most of the length of the wires 615 and 616 is placed 
epidurally where there are no grooves in the interior Surface 
of the cranium. 

0185. Indicated by phantom lines in FIG. 15 is the 
location of an epileptic focus 630 where an electrode 601 has 
been placed. AS previously described, it may be advanta 
geous to provide an electrical short circuit between Such an 
electrode 601 located over the epileptic focus 630 and the 
metal case of the control module 620 which acts as an 
indifferent, common or ground electrode. Also, responsive 
stimulation using only the electrode 601 may be sufficient to 
abort an epileptic Seizure with no other electrode being 
actuated. 

0186 FIG. 17 shows the location of the control module 
620 connected by wires 631 and 632 to a flat wire input 
output coil 635 that is placed in a posterior position on the 
patient’s head along the APCL. 
0187 FIG. 18 shows a cross section of the patient's 
cranium along the APCL showing the croSS Section of flat 
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wire coil 635 and also shows a patient initiating device 750 
having a case 751 and an initiating button 752. 
0188 FIG. 19 shows a cross section of the patient's 
cranium along the APCL again showing the croSS Section of 
the flat wire coil 635 and also the cross section of a cap 636 
which includes a flat wire input-output communication coil 
637. The flat wire coils 635 and 637 can act as emitting and 
receiving devices to provide two-way communication 
between the control module 620 and the external equipment 
11. 

0189 The flat wire coil 635 serves several important 
functions for the operation of the implanted system 10. A 
first use is as the means to communicate by magnetic 
induction between the external equipment 11 and the 
implanted system 600. By “magnetic induction” is meant 
that an alternating magnetic field generated by (for example) 
the coil 638 generates an electrical current in the coil 635. 
Such an alternating magnetic field can also be modulated to 
provide the wireless two-way communication link 72 of 
FIG. 2. The external equipment 11 via the communication 
coil 637 can be used to read out telemetry stored in the 
control module 620 or reprogram the control module 620 
with new Software or operational parameters. Another use of 
the flat coil 635 is to allow the patients initiating device 750 
to cause a Specific action to occur within the implanted 
system 10. For example, the device 750 can be used to 
trigger a response from the implanted system 600 that would 
be initiated by the patient when he or she feels that some 
neurological event was about to occur. For example, when 
the aura of a seizure is felt or Some visual manifestation of 
a migraine headache, the patient would place the device 750 
over the Site of the implanted control module and then preSS 
the actuate button 752. The device 750 might have several 
buttons to initiate different responses from the implanted 
system 600. One response that the patient may wish to have 
accomplished is to hold in memory the prior Several minutes 
of recorded EEG data if the patient feels that data may be 
important to an understanding of his neurological condition. 
Furthermore, the pressing of different buttons could be used 
to initiate Some different response from the implanted SyS 
tem 600. Specifically, by pressing on the button 752, a coil 
within the patient's initiating device 750 can communicate 
by magnetic induction with the flat coil 635 to carry out a 
specific action such as: (1) hold data stored in the FIFOs to 
be read out at a later time, (2) provide a pre-programmed 
response to stop a neurological event, (3) turn off the 
implanted System, and (4) initiate any other action requested 
by the patient that has been pre-programmed by the physi 
cian. Another use for the flat coil 635, as shown in FIG. 19, 
is to connect the communication coil 637 via the wire 638 
to the charging equipment 639 as required to recharge a 
rechargeable battery that would be located in the control 
module 620. The external equipment 11 could also provide 
electrical power to the control module 620 during readout of 
telemetry or during reading in of new operational param 
eters. Powering the control module 620 from an external 
Source during Such times of high power drains could extend 
the lifetime of a primary (non-rechargeable) battery located 
in the control module 620. 

0190. Although FIG. 17 shows the flat coil 635 located 
remotely from the control module 620, such a coil could also 
be placed on the Surface of or interior to the control module 
620. Remote placement has the advantage that the high 
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frequency and intense alternating magnetic field required for 
communication or recharging would not be placed onto the 
electronics portion of the control module 620 thus avoiding 
interference with the operation of the system 600. The 
coupling by magnetic induction of the coil 635 with either 
the device 750 or the communication coil 637 can provide 
the wireless communication link 72 of FIG. 2. It is envi 
Sioned that any of the two-way communication capabilities 
described herein could be implemented with either the 
electromagnetic induction structures as shown in FIGS. 17, 
18 and 19 or by the radio frequency (RF) components shown 
in FIG. 11. 

0191 FIG. 20 is a top view of a thin-walled metal shell 
621 which acts as a base for the control module 620. FIG. 
21 is a cross section of the control module 620 and also 
shows the cross section of the shell 621 as indicated by the 
Section 21-21 in FIG. 20. FIGS. 20 and 21 show that the 
shell 621 has a flange 622 and four holes through which are 
inserted bone screws 623 that attach the shell 621 to the 
bony structure of the cranium. Also shown in FIG. 20 and 
21 are input wires (of which only wire 611 is indicated) that 
enter the insulating strain relief structure 640. On the interior 
of the shell 621 are male connecting pins 641 which are 
designed to mate with a female receptacle which forms part 
of the electronics module 626 that is shown in FIG. 21. The 
electronics module 626 contains most if not all of the 
electronic circuitry that is contained within the control 
module 620. Also shown in FIG. 21 is the battery 625 which 
has a top plate 624 that extends over the flange 622 of the 
shell 621. An O-ring 627 is used to provide a fluid Seal to 
prevent body fluids from entering the control module 620. A 
silicone rubber adhesive or Small metal screws could be used 
to join the top plate 624 to the flange 622 of the shell 621. 
The shell 621, battery 625, and electronics module 626 
constitute the three major parts of the control module 620. 

0.192 The control module 620, is designed for easy 
implantation within a Space in the cranium where the bone 
has been removed. The thickness of the cranium at the site 
of the implantation would be approximately 10 mm. There 
fore, the thickness of the control module 620 would be 
approximately the same 10 mm with a diameter of approxi 
mately 40 mm. To implant the control module 620, the hair 
would be shaved over the implantation Site, an incision 
would be made in the scalp, and the bone would be removed 
to make room for the control module 620. In a similar 
manner, holes Such as H1-H4 inclusive would be made in the 
cranium for the pass-through of wires connecting to the 
brain electrodes. 

0193 Although FIG. 21 shows the electronics module 
626 located beneath the battery 625, it also envisioned that 
those positions could be reversed if Such positioning offered 
a more advantageous construction. In either case, either the 
battery 625 or the electronics module 626 could be readily 
replaced through a simple incision in the Scalp over the Site 
of the implanted control module 620 after the hair has been 
removed from the incision site. 

0194 FIG. 22 illustrates an alternative embodiment of 
the invention in which the system 700 for the treatment of 
neurological disorders utilizes a control module 720 that is 
located in the patient’s chest. The system 700 uses epidural 
electrodes 701, 702 and 703 and a deep electrode 701D; the 
electrodes being joined by connecting wires 711, 712, 713 
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and 711D, respectively, through a wire cable 710 to the 
control module 720. The electrode 701 is shown placed at an 
epileptic focus 730. This system can be used in exactly the 
same manner as previously described for the system 10 that 
had a control module 20 that was placed within the cranium. 
0195 FIG. 23 illustrates another embodiment of the 
invention which utilizes a control module placed between 
the patient's Scalp and cranium and a remotely located 
implantable sensor/actuator device 850 located within the 
patient's body but not in the patient's head. The system 800 
could operate in one of two modes. In the first mode, the 
sensor/actuator device 850 would operate as a sensor for 
Sensing Some physiological condition Such as an elevated 
blood pressure or an electrical Signal from a nerve or muscle 
indicating the presence of pain. The active electrode 854 is 
connected by the wire 851 to the sensor/actuator device 850 
using the metal case of the sensor/actuator device 850 as an 
indifferent electrode. An electrical signal in the frequency 
range 1 to 500 kHz emitted from the electrode 854 could be 
used to communicate with the control module 820, thus 
providing a Signaling means to the control module 820 from 
the remote sensor/actuator device 850. Of course, Such 
Signaling means can also be provided from the control 
module 820 to the sensor/actuator device 850. The electrical 
signal from the sensor/actuator device 850 would be 
detected between the active electrode 801 and an indifferent 
electrode that could be the metal case of control module 820 
or it could be a separate electrode. The active electrode 801 
is connected to the control module 820 by the connecting 
wire 811. It should be noted that in FIG. 23, the electrode 
801 is placed epidurally at the bottom of the hole H8. This 
can be a comparatively simple way to place an epidural 
electrode. 

0196. Having received a signal from the sensor/actuator 
device 850 acting as a sensor, the control module 820 would 
send a signal via the wire 812 to electrode 802 to act on that 
portion of the brain that would result in a treatment of the 
physiological condition that caused the Sensor/actuator 
device 850 to communicate with the control module 820. 
Thus, for example, if the electrode 854 detects a pain signal 
from a nerve in the back, the electrode 802 could be used to 
turn off a certain region of the brain So that the patient would 
not perceive that pain. 
0197) A second mode of operation for the system 800 
would be when the intracranial portion of the system 800 is 
used for Sensing an adverse physiological condition, and the 
Sensor/actuator device 850 is used as an actuator to carry out 
Some treatment at a remote location to ameliorate that 
adverse physiological condition. In this mode, the electrode 
802 would sense the adverse condition and send an alter 
nating electrical Signal out from electrode 801 to carry out 
Some treatment at a remote location within the body. The 
electrode 854 would receive that signal and could cause the 
Sensor/actuator device 850 to carry out a pre-programmed 
treatment. For example, if a migraine headache is perceived 
by the control module 820, the sensor/actuator device 850 
could be instructed to release medication via the catheter 
853 into the cerebrospinal fluid (the CSF) to relieve that 
headache. Or a Parkinson's disease tremor might be detected 
and the neurotransmitter epinephrine would be appropriately 
released into the CSF to relieve that tremor. In another 
example, if the patient thought about moving a certain 
muscle that had been made inoperative due to interrupted 
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nerve conduction, that muscle could be activated by the 
electrode 856 which is connected by the wire 852 to the 
sensor/actuator device 850. 

0.198. It should be understood that the communication 
signal means between the control module 820 and the 
sensor/actuator device 850 could be modulated by any one 
of several well known techniques (such as AM, FM, phase 
modulation, etc.) in order to carry out proportional responses 
based upon the sensing signal received by the electrode 802 
and processed by the control module 820. It should also be 
understood that communication between the control module 
820 and the remote sensor/actuator device 850 could be 
accomplished by acoustic (e.g. ultrasonic) Vibrations from a 
buZZer at either location to a microphone at the receiving end 
of the transmission or by any Suitable electromagnetic 
communication means. Of course it is also understood that 
a multiplicity of electrodes could be used with either the 
control module 820 or the sensor/actuator device 850, and 
that both the control module 820 and the remote sensor/ 
actuator device 850 might together produce the response to 
a detected event. 

0199. It is further envisioned the signaling means 
between the control module 820 and the remote sensor/ 
actuator device 850 may be in the form of either analog or 
digital signals. 

0200 FIG.23 also illustrates how a buzzer 95 connected 
by the wires 92 to a control module 820 could be used as part 
of the means for Stopping a neurological event Such as an 
epileptic seizure. Since the buzzer could be located in close 
proximity to the ear, if it produces an acoustic output when 
an epileptic seizure is detected by the control module 820, 
that acoustic input into the brain can Stop the epileptic 
Seizure. Furthermore, a hearing aid type of acoustic output 
device 895 placed in the ear could have an acoustic output 
of a particular intensity and pitch that could turn off the 
seizure. The operation of either the buzzer 95 or the acoustic 
output device 895 would be automatic, i.e., when a seizure 
precursor is detected, an acoustic input Signal would be 
applied automatically. The device 895 could be actuated by 
receiving a signal from the buzzer 95. 

0201 FIG. 23 also shows a visual light source 896 that 
could be a light emitting diode in eyeglasses worn by the 
patient or a special flashlight type of device. Either device 
could be used with a particular wavelength of light and rate 
of flashing on and off So as to provide a visual input that 
could act as a means for Stopping an epileptic Seizure. 
Although the light source 896 could be automatic if it were 
on a pair of eyeglasses, if a flashlight type of device is used, 
the Visual input would be manually applied. 

0202 Also shown in FIG. 23 is a sensory actuator 897 
which can apply electrical stimulation to electrodes 898 
through wires 899 to the patient's skin. The sensory actuator 
897 might also produce mechanical vibrations applied 
directly to the patient's skin. 

0203 FIG. 24 shows an alternative embodiment of the 
invention, which uses a multiple pin, pyrolytic carbon 
receptacle 911 placed through the patient's Scalp which 
provides a multiplicity of electrical connections for the 
control module 920. Specifically, the system 900 has a 
control module 920 that is electrically connected to the 
receptacle 911 by means of the wire cable 922. The mating 
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plug 912 is connected by the cable 913 to provide two-way 
communication via electrical wires between the control 
module 920 and the external equipment 11. The plug 912 
and cable 913 can also be used with the charging equipment 
914 to recharge a rechargeable battery (not shown) located 
in the control module 920. 

0204 Also shown in FIG. 24 are other alternative means 
for providing two-way communication between the control 
module 920 and the external equipment 11. Specifically, 
FIG. 24 shows an acoustic (ultrasonic) transducer 931 
mounted on the control module 920 that can communicate 
with the externally located transducer 932 which is in 
two-way communication with the external equipment 11 
through the wire cable 933. In a similar manner, an infrared 
emitter/receiver 941 can Send an infrared Signal through the 
patient's scalp to an infrared emitter/receiver 943 that is 
connected by the wire cable 943 to the external equipment 
11. 

0205 By any of these methods, either direct electrical 
connection, or acoustic or infrared two-way communication 
the equivalent function of element 72 in FIG. 2 can be 
accomplished. It has already been established that two-way 
communication 72 can also be accomplished by a variety of 
electromagnetic means including an alternating magnetic 
field or by radio frequency communication. 

0206 FIG. 24 also shows other locations for electrodes 
that are to be placed in close proximity to the brain. 
Specifically, FIG. 24 shows an electrode 950 mounted on 
the outer Surface of the Scalp that is connected by the cable 
wire 951 to the control module 920. Such an external 
electrode 950 could also be used with an externally placed 
control module (not shown). Additionally, electrodes Such as 
the electrode 960 could be placed between the patient's 
Scalp and cranium and would be connected by the wire cable 
961 to the control module 920. Furthermore, electrodes Such 
as the electrode 950 could be placed between the dura mater 
and the arachnoid and would be connected via the wire cable 
971 to the control module 920. 

0207. It should be noted that any of the electrodes 
described herein that are in the general proximity of the 
brain either inside or on top of the patient's head or deep 
within the patient’s brain can all be considered to be “brain 
electrodes.” 

0208 FIG. 25 illustrates a system 980 for the treatment 
of neurological disorders that uses an external control mod 
ule 990 with either internal or external means for stopping 
a neurological event. Specifically, the Scalp mounted elec 
trode 994 connected by the wire 996 to the control module 
990 could be used to detect a neurological event. Of course 
one could use a multiplicity of Such Scalp-mounted elec 
trodes. Once a neurological event has been detected, the 
control module 990 could actuate an acoustic input device 
895, or a visual light input device 986 or an actuator 897 for 
other sensory inputs. Thus, such a system 980 envisions a 
control module 990 mounted external to the patient that uses 
external remote actuators that can provide acoustic, visual or 
other Sensory inputs that could stop an epileptic Seizure. 

0209 Furthermore, the system 980 envisions the use of 
the externally mounted control module 990 with electrodes 
mounted in close proximity to the brain or actually within 
the brain (i.e. “brain electrodes”). Specifically, the electrodes 
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801 and 802 could be mounted on the dura mater and a deep 
electrode 801D could be placed within the brain itself. The 
wires 811, 812 and 811D could be connected to receptacle 
982 that is mated to the plug 984 that connects by the wire 
992 to the control module 990. The electrodes 801, 802 and 
801D could be used either for sensing a neurological event 
or for providing an electrical Stimulation to Stop Such a 
neurological event. 
0210. In FIG. 25, the remote sensor/actuator device 850 
can be used as part of the means for Stopping a neurological 
event by applying an electrical Stimulus to one or two vagus 
nerves by means of the electrodes 854 and/or 856. This 
could also be accomplished using the system shown in FIG. 
23, i.e., with any control module 820 (or 20) that is 
implanted beneath the scalp. In FIG. 25 the catheter 853 can 
be used to apply medication as part of the means for 
Stopping a neurological event. The Sensor/actuator device 
850 can be triggered to stop the neurological event by means 
of a Signal originating from the externally mounted control 
module 990. 

0211 Also shown in FIG. 25 is an external remote 
actuator 897 which can apply electrical stimulation to elec 
trodes 898 through wires 899 to the patient's skin. The 
actuator 897 might also produce mechanical vibrations 
applied directly to the patient's skin as another form of 
Sensory input. 
0212. Additional objects and advantages of the present 
invention will become apparent to those skilled in the art to 
which this invention relates from the Subsequent description 
of the preferred embodiments and the appended claims, 
taken in conjunction with the accompanying drawings. 

What is claimed is: 
1. A System for treating a neurological disorder in a 

patient, the System comprising: 

a control module adapted to be implanted in the patient, 
wherein the control module includes a data communi 
cation Subsystem; and 

external equipment comprising an external data interface 
and a physician's WorkStation connected to communi 
cate through the external data interface; 

wherein the data communication Subsystem and the exter 
nal data interface cooperatively enable a bi-directional 
communication data link between the control module 
and the external apparatus, and 

wherein the physician's WorkStation is adapted to 
eXchange data with the control module. 

2. The System for treating a neurological disorder of claim 
1, wherein the physician's WorkStation is adapted to retrieve 
EEG data from the control module. 

3. The System for treating a neurological disorder of claim 
2, wherein the physician's WorkStation is further adapted to 
display data representative of the EEG data. 

4. The System for treating a neurological disorder of claim 
1, wherein the control module is adapted to detect and Store 
neurological events, and wherein the physician's WorkSta 
tion is further adapted to retrieve a history of detected 
neurological events from the control module. 
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5. The System for treating a neurological disorder of claim 
4, wherein the physician's WorkStation is further adapted to 
display data representative of the history of detected neu 
rological events. 

6. The System for treating a neurological disorder of claim 
1, wherein the physician's WorkStation is further adapted to 
transmit a programmable parameter to the control module. 

7. The System for treating a neurological disorder of claim 
1, wherein the physician's WorkStation is further adapted to 
transmit a Software update to the control module. 

8. The System for treating a neurological disorder of claim 
1, wherein the data communication Subsystem includes a 
first antenna comprising a first coil of wire and the external 
data interface includes a Second antenna comprising a Sec 
ond coil of wire. 

9. The System for treating a neurological disorder of claim 
8, wherein the bi-directional communication data link com 
prises a wireleSS data link. 

10. The system for treating a neurological disorder of 
claim 8, wherein the bi-directional communication data link 
comprises an RF data link. 

11. The System for treating a neurological disorder of 
claim 8, wherein the bi-directional communication data link 
comprises an inductive data link. 

12. The System for treating a neurological disorder of 
claim 1, wherein the physician's WorkStation is connected to 
the external data interface by a Serial data link. 

13. The System for treating a neurological disorder of 
claim 1, wherein the external data interface includes a first 
modem, the physician's WorkStation includes a Second 
modem, and the physicians workstation is connected to the 
external data interface by a trans-telephonic data link. 

14. The System for treating a neurological disorder of 
claim 13, physician's WorkStation is located at a position 
remote from the external data interface and the control 
module. 
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15. A System for treating a neurological disorder in a 
patient, the System comprising: 

a control module adapted to be implanted in the patient, 
wherein the control module includes a data communi 
cation Subsystem; and 

external equipment comprising an external data interface 
and a patient's initiating device connected to commu 
nicate through the external data interface, 

wherein the data communication Subsystem and the exter 
nal data interface cooperatively enable a data link from 
the external apparatus to the control module, and 

wherein the patient's initiating device is adapted to 
receive a command from the patient and transmit a 
command Signal representative of the command to the 
control module. 

16. The System for treating a neurological disorder of 
claim 15, wherein the control module is programmed to 
perform an action in response to the command Signal. 

17. The System for treating a neurological disorder of 
claim 16, wherein the command indicates that the patient has 
perceived a neurological event, and wherein the action 
comprises initiating a therapeutic response to the neurologi 
cal event perceived by the patient. 

18. The system for treating a neurological disorder of 
claim 17, wherein the action comprises delivering an elec 
trical Stimulation signal to a brain of the patient. 

19. The system for treating a neurological disorder of 
claim 15, wherein the action comprises Storing EEG data in 
a buffer of the control module for later retrieval. 

20. The System for treating a neurological disorder of 
claim 15, wherein the action comprises deactivating the 
control module. 


