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Abstract— A validation of a closed-loop system-on-chip (SoC) 4
for epilepsy treatment is presented. A 12mr 0.13:m CMOS
SoC provides the functionality of neural recording, neural
stimulation and early seizure detection based on the bivariate
phase synchrony estimation algorithm. The SoC can operate in
a closed loop, has 64 neural recording and 64 neural stimulation
channels, and dissipates 1.4mW and 1.5mW across 64 channels
for neural recording and stimulation, respectively. Two in vivo ECOG
experiments with freely moving rats based on a non-convulsive  ELECTRODES
and convulsive seizure model are presented. The firsin vivo
experiment validates the results by comparing the output of the
SoC with a SIMULINK model of the implant. The second in Ly
vivo experiment validates the SoC in early seizure detection and BRAIN CORTEX s Sss
as a closed-loop intractable epilepsy treatment with 80 percent
efficacy. Long Evans rats are used for all experiments. All data
are cross-validated by a conventional benchtop amplifier.
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Fig. 1.  Wireless closed-loop neural recording and stimofatSoC for
intractable epilepsy treatment.

I. INTRODUCTION

Approximately 50 million people worldwide are epilepticnormal neuroelectrical phase synchrony of epileptic seiin
Epilepsy is the third most common neurological disorddhe brain and dynamically aborts them by means of electrical
following stroke and Alzheimer's disease, but it imposegeurostimulation.
higher costs on society than stroke does. Approximately 30The form-factor novelty of the presented approach is ddrive
percent of epileptic patients suffer intractable epilepsyhat from the fact that the recording and processing of neurobdgi
the symptoms do not respond to medication. Half of theségnals needed to detect epileptic seizures accurateiyatjyp
individuals will ultimately be deemed candidates for soagji requires bulky electrophysiological equipment. Furthemen
resection of the source of the seizures (i.e., the seizumasjp significant computing resources are also required to enable
with its own risks. Preoperative epilepsy monitoring witlonline real-time early seizure detection which can theygtt
implanted electrode grids is done to localize the focus, amdternal electrical stimuli. Design of such instruments ha
to ensure that the resection can be accomplished withdgen a significant research direction around the world [g], [
producing neurological deficits. Resection of the focus @llw but to date, a closed-loop electrical neurostimulatoriziri
assessed patients portends an 80 percent chance of thegn baihigh-efficacy early seizure detector and implemented as a
rendered seizure-free. The remainder of all the patientis daonolithic system-on-chip (SoC) has not been engineered.
only be treated with vagus nerve stimulation [1] and deep A generic block diagram of the envisioned wireless neural
brain stimulation [2], both open-loop and of limited benefitstimulator with a closed-loop feedback is depicted in Fégur
None of these therapies consider the nonlinear dynamics1ofThe bidirectional system is connected to the brain thinoug
dysfunctional brain activity exhibiting themselves in ogas a set of electrodes and is implanted under the skull. Energy
in neural synchrony, or utilize an automated therapeutclfe is delivered wirelessy through inductive coils and recdrde
back approach such as the one employed in an experimeniga are sent by an RF wireless transmitter. The key building
commercial implant currently under development [3]. blocks for the implantable SoC are neural recording, signal

Epileptic seizure onsets are often characterized by specifirocessing for early seizure detection, neural stimutafa
precursors including increased fluctuations in phase sgnyh seizure abortion and a wireless interface.
and subsequent increased brain synchronization [4]. Therdn this paper we presei vivo results validating the utility
are many studies that have investigated the higher synghrai such a closed-loop SoC (presented in detail in [8]) in
fluctuations associated with epileptiform activities whghow treating intractable epilepsy. The SoC operates as a neural
that phase synchrony fluctuation is among the best seizuextor analyzer to compute the magnitude and phase of neural
precursors [5]. Our approach is to implement a novel ininputs and to estimate the phase synchrony between a pair of
plantable technology that wirelessly monitors online tihe aneural inputs. The magnitude, phase and the phase synchrony



features are used to trigger the neural stimulator to abort o
cancel a seizure. The rest of the paper is organized as fallow

i i - NEURAL VECTOR ANALYZER
Section I Qescrlbes the' clo§ed loop system and th_e prmeoty U CTOR ANALYZER
SoC. Section IV presenig-vivo results on rats to validate the
closed-loop implantable SoC.
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The early seizure detection algorithm is based on computing
the magnitude, phase and phase synchrony of neural signals,
in specific frequency bands in the neural signal spectruAmraY
When the computed phase synchrony increases above a pro_ff
grammable threshold in a moving average time window, ¢} X
seizure is detected. The seizure detection algorithm is d¢ s
scribed in detail in [9]. / £ S

The functional diagram of the implantable SoC is depicte(BRAN EL%TaE%Es
in Figure 2 and its micrograph implemented in a standard
1P8M IBM 0.13:m CMOS technology is shown in Figure 3. ANALOG :] DIGITAL
It consists of 64 neural recording and 64 neural stimulator
channels. Two pairs of neural inputs get amplified and then
bandpass filtered using a high-Q switched capacitor basdpas
filter. The center of the bandpass filter is set to a specifidban
in the neural signal spectrum.

For offline human experiments the BPF was set to 16Hz
or 32Hz. Forin vivo rat experiments, the bandpass filter was
set to either 4Hz or 8Hz. Next, the two inputs are passed to
two pairs of mixed-signal FIR filters, an all-pass and Hitber
FIR filter, to extract the (in-phase) real (I) and (quadratur
phase) imaginary (Q) components. The FIR multiplication is
performed in the analog domain within the energy efficient
SAR ADC. The add-and-delay blocks of the FIR filters are
implemented in the digital domain. This FIR implementation
minimizes the area and power dissipation as described in
[10]. Next, the real and imaginary components are fed to the
on-chip 10-bit CORDIC-based processor that computes the
phase synchronization value (PLV) as well as the instaotase
phase ¢) and magnitude (MAG). A threshold detector can be
programmed to trigger the neural stimulator in the feedback
to form a closed-loop system. To complete the system all
digital data can be transmitter wirelessly using an on-&hip
10.4GHz UWB transmitter. The closed-loop seizure detection
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Fig. 2. Functional diagram of the mixed-signal VLS| SoC.
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Fig. 3.  Micrograph of the 4mnx 3mm 0.13m CMOS SoC.

The analog front-end has a noise floor of@/1.,,,s between 02, p s TME@) 12 6 20
1Hz and 100Hz, a CMRR of 75dB, a gain of 60dB and EM ON-CHIP FILTERING AT 8Hz BAND ELECTRODET ‘
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capacitor (SC) filters, finite impulse response (FIR) filtansl o %
the processor, the SoC dissipates 1.4mW for 64-channets fro =
a 1.2V supply. Such low power is achieved by performing
signal processing in the mixed-signal VLSI domain [10]. In
the stimulation mode, the SoC dissipates 1.5mW from a 3.3V
supply. The magnitude extraction is accurate to belpW 8, ;

and the phase extraction operates properly with amplitades
low as 1QiV,,,s. The neural stimulator can provide biphasic VE @

currents with 8-bit resolution between @ and 1.2mA, With iy 4. Example of magnitude and phase locking value extractio a

4-bit duty cycle control, frequencies up to 5kHz and a vatagreely moving rat injected by GBL. Comparison of an offline SIMNK
compliance of 2V. model with online real-time SoC.
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The efficacy of the phase synchronization processor VLSI £ ' | |1 BENCHTOP AMPLIFIER
architecture in early seizure detection was verified on the E‘;w*ﬁw‘ et
intracranial EEG database from the international seizuee p . :
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diction project from University of Freiburg [11]. A 70 perte P ™R
detection rate is obtained when the false positives arecset t N
the rate of 0.6 false positives per hour and the detectian rat P
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approaches 100 percent when the false positives rate is set t poFIZUR

4+ ON-CHIP FILTERING AT 8Hz BAND ELECTRODEQ

1.2-2 false positives per hour [9]. This is comparable tepth
algorithms for early seizure detection, with the key adaget
that our approach utilizes a low-power SoC that computes on
line and is implanted, as opposed to existing offline soféwar
programs running on bulky computers.
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IV. ONLINE In vivo RODENT SEIZURE CONTROL
A. Validation of the Prototype In vivo

A GBL seizure model was used to validate the neural vector
analyzer and the phase synchrony extractor of the 8pC
vivo. The pharmacological agent GBL was injected into the
hippocampus of a Long Evans rat (50 to 90 days old) with
a dose of 100-120mg/kg to induce non-convulsive seizure-
like events. After injection of GBL, the magnitude and phasgg. 5. Example of an early seizure detection example on ayfreelving
synchrony in the 8Hz frequency band both increase as tfagin vivo. Seizure triggered by a kainic acid injection at time t=-5min.
freely moving rat experiences absence-like seizure #&gtivi
The amplified and bandpass filtered (at 8Hz) outputs of two
channels are shown in Figure 4 (top two plots). The amplified
and bandpass filtered outputs of two channels were processed Electrode No.  Bregma (B) _ Mediolateral (ML) _ Dorsoventral (D)
online in real-time by the SoC as shown in Figure 4 (bottom 1 *2 -2 *2
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three plots). Similarly, the amplified and bandpass filtered 3 38 -3 +1.8
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outputs were fed offline through a SIMULINK model of the
processor (described in [9]) as depicted in Figure 4 (bottom
(highlighted in red). A few points of interest are marked on . .
both plots for comparison. The two peaks on the magnitud@8d an analog-to-digital converter (MP100) to cross-waéd
match closely between the SIMULINK model and the sodhe results. Seizures were identified by examining the rat's
The phase synchrony has two peaks higher than a thresh§lgctrical activity recorded by the the benthtop amplifiad a
Both these peaks match closely between the SIMULINRY observing the rat's seizure-like symptoms, both by &ein

model and the SoC. epileptologists.
_ _ _ _ Rats were injected with a dose of kainic acid. The ad-
B. Online In Vivo Early Seizure Detection ministered dose was a 15-20ytky intraperitoneal injection.

A chronic model of a different type of seizure syndromelhe SoC provided voltage amplification and bandpass filerin
that simulates limbic epilepsy in humans, was used. Thereasvithin selected frequency bands. The information in these
is that most of malignant human seizures are of this typegwhirequency bands was then processed by the SoC in real-time
absences are considered sort of benign. This model is nigrmain the same chip. The magnitude of two neural inputs and the
termed in the literature the self-sustained status epilept phase synchrony between two neural inputs were computed
model in rats. It can be caused by injection of kainic acidhy the SoC.

Due to the spontaneous nature of the seizures with this modelln Figure 5 (top), the raw recording by the benchtop
it can be used to validate the early seizure detector anchhewamplifier after offline highpass filtering is shown. The rattha
stimulator. a seizure lasting 60 seconds starting at time t=130 seconds.

Four bipolar electrodes (Plastics One) were implantd€hinic acid injection was administered at time t=-5min. The
chronically into specific brain areas of Long Evans ratSoC processed the 8Hz frequency band with the analog output
(5090 days old) using a stereotaxic apparatus. The coordi-two neural inputs shown in Figure 5. The real-time magni-
nates of the implanted electrodes are summarized in Taklele and synchrony computed on-chip in the 8Hz frequency
I. Three electrodes connect to the closed-loop SoC. Thdsand are also shown in Figure 5. The processed magnitude
electrodes connect to two recording channels and providefaboth inputs increases during the seizure. The synchrony
reference voltage. The other electrode connects to a -diffeetween the two inputs increases above a threshold 10 second
ential CyberAmp 380 signal conditioner (Axon Instrumentspefore the electrical seizure onset, resulting in an eaizuse
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Fig. 6. Successful abortion of a seizure in a rat using thetop-neural 30 QN-CHIP 4H-BAND MAGNITUDE, ELEGTRODEQ!
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processing of phase synchrony between two inputs yielded é%w
early seizure detection of between 4 and 10 seconds before QS ON-CHIP PHASE LOCKING BETWEEN CHANNELS
the seizure onset. 3 o4 Y
. . . . o 50 1605
C. Online In vivo Seizure Abortion TIME (5) P

For this case, each channel was configured for both neuﬁ@l. 7. Example of closed-loop neural stimulation abortinge&we for a
recording and stimulation. Once a seizure was identifi@@ely moving ratin vivo. Seizure triggered by a kainic acid injection at time
electrically and visually by seizure-like symptoms, themad t=-5min.
stimulator was invoked by providing a low-frequency 5Hz,
100uA biphasic current between the same two electrodes. REFERENCES
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