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Abstract

Background: There has been a growing interest in clinical single-neuron recording, to better
understand epileptogenicity and brain function. It is crucial to compare this new information,
single-neuronal  activity, with that obtained from conventional intracranial
electroencephalographyduring simultaneous recording. However, it is difficult to implant
microwires and subdural electrodes during a single surgical operation, since the stereotactic
frame hampers flexible craniotomy.

Objective:We describenewly designed electrodes as well as surgical techniqu

these with subdural electrodes that enable simultaneous recording from hip
and broad areas of the cortical surface.
Methods: We designed a depth electrode that does not protrude i

precision of implantation, the recording st
electrodes.
Results: Depth-microwire electrodes .

Intracranial electroencephalography (iIEEG), recording the electrical activity of an ensemble
of neurons using electrodes placed directly onto the brain surface or into the brain tissue, has
been widely used and playsan important role in evaluating candidates for epilepsy surgery.l'
*A unique feature of iEEGis that it achieves millisecond-order temporal resolutionand
centimeter-order or finer spatial resolution, making it an ideal technique not only for detecting
epileptic foci, but also for functional brain mapping. In recent years,monitoring of single-unit
activity and local field potential (LFP) with microelectrodes during an epileptic seizure has

begun to be investigated in the human hippocampus or cerebral cortex.These kinds of

1




recordings have not been popular because of its unknown benefit and possible additional risk.
However, it is expected that the data from these recordings will contribute to predicting
epileptic seizures and to revealing the neural mechanism underlying seizure
initiation propagation and prediction >

Simultaneous recording ofsingle-unit activity, LFP and iEEGin animalshave shed new light
on the relationship between evoked surface potential and single-neuron activity, as well as the
cooperative behavior of neurons It is also expected that a study of the multilevel neural

and propagation of seizures.
In spite of theirpotential importance,10 these recordings have b
clinical settings because of surgical difficulties.! *While th

lesions associated with epilepsy.
The combined use of subdural surf:

stereotactic frame has pro

16-18

today.”  We combined t

males and 4 females; mean age 29.4 years; range 15 to 41 years) with
Ily intractable epilepsy participated in this study. Preoperative MRI findings
revealedhippocampal sclerosis, focal cortical dysplasia, periventricular nodular heterotopia,
cystic tumor, and non-lesional cases(Tablel).

The protocols for implantation, recording and analysis described here were reviewed and
approved by the institutional ethical committee of the University of Tokyo Hospital (#2954
for the development of intracranial electrodes for simultaneous recording of multichannel

iEEG and single-unit activity, #1797 for research on a functional neural network by




intracranial electrodes). Written informed consent was obtained from all patients and their
families.

Electrodes
We designed microwireelectrodes for single-unit/LFP recording combined with a polyamide
depth electrode for iEEG recording (Unique Medical, Tokyo, Japan) (Fig. 1). While the basic

concept of the electrodes draws on Behnke-Fried electrodes Mthe main difference here was

flexible than silicon. The electrode-microwirelead complex was L-shaped
handling it in the craniotomy field was easier and the positional stabilit

using medical imaging software (Osiri ippocampus, we planned two depth

e subiculum in the head and body of
the hippocampus. The entry point

the sulci. In most cases, the en int-was a ddle temporal gyrus, but in some cases it

rticularly when the entry point was at the superior
al trajectory that was as vertical as possible to the
brain surface.

In addition, ei i ires made of 80-im platinum/iridium were inserted through the

fsv of the hippocampus or subiculum. The impedance of each
range of 300 to 500 kU. We fixed the end of the microwires and depth
an instant adhesive immediately after insertion of the former into the latter, so
that the w
expectation

e electrode-microwirelead complexwould pulsate with the brain, with the
potential long-term micro-recording stability.

For surface iEEG, we used grid, strip and trapezoidelectrodes (Unique Medical, Tokyo,
Japan) with either 3-mm-diameter platinum contactsand a 10-mm separation or 1.5-mm-
diameter contacts with a 5-mm separation. The number and location of the recording sites
were determined solely based on clinical factors.

Surgical procedures




Under general anesthesia, the patients’ headswere fixed with a Mayfield radiolucent skull
clamp. 3-D-fast spoiled gradient echo (SPGR) MRIs of the subject’s brain, which consisted of
1.5-mm-thick axial slices with a resolution of 256 x 256 pixels in a field of view of 240mm,
was integrated into a frameless navigation system (Signa HDxt 3.0Tesla; GE Healthcare,
Milwaukee, WI,USA). Then the three-dimensional spatial coordinate was registered using
superficial markers and a surface mergefor a navigation system (Stealth Station S7
Navigation; Medtronic Inc, MN, USA). Following craniotomy and dural opening, subdural
grid/strip electrodes for surface iEEG were temporarily placed on the surface of the-brain. We

in the grids if necessary. The depth electrode was then placed. It

point manually under the guidance of a navigation system. The i

procedures had beencomple
prevent CSF leak: ‘

nd high-resolution 0.5-mm-slice computerized tomography (CT)
5.3 days) after surgery (Fig. 2A). MRI and CT images were then co-
3-D constructing software (Dr.View; Asahi-kasei, Tokyo, Japan) (Fig. 2B).
the microwires were inferred from their relative positions to the depth

scans 3
registered
The locatio

electrodes.

Recording and Data analysis

Continuous video-EEG monitoring was performed from post-operative Days 1 to 25 until a
sufficient number of habitual seizures were recorded.The signals recorded from the
microwireswere referenced to an electrode placed againstthe internal surface of the dura or in

4




the intracranial space outside of the epileptic focus. The signalswere analog-filtered between
0.3 and 7.5 kHz and sampled at 30 kHz(Cerebus; Blackrock Microsystems, UT, USA). For
single-unit recording, the sampled data was digitally high-passfiltered at 750 Hz, and the local
waveforms for whichthe negative peak fell below the 3.7 SD of the background signal were
sorted offline using the T-distribution expectation-maximization paradigm (Offline sorter;
Plexonlnc, TX, USA). For LFP recording, the original data sampled at 30 kHz was down-
sampled at 2 kHz. iEEG was referenced to an electrode placed on the scalp or against

toolbox EEGLABwere utilized for data analysis *°

Evaluation of the procedures
To assess the feasibility of our procedures, we exami

navigation system, and the implanted point, termined from the overlay image of
postoperative 3-D-CT, were measured; th culated and then plotted on a 2- or 3-

ability of single-unit recording. The

'ngle—un%y data were transformed into a firing rate for a period
isplayed as a histogram. iEEG data was Fourier-transformed
¢ ras worth 131,072 samples. These data and the raw LFP
pared in the same time series. Fourth, we recorded visually
ned whether our methodology was applicable for cognitive study
ormed a familiar face detection task while gray-scaled photographs of
cluding four familiar faces of the patients’ sister, father, mother and
were presented in random order on a PC monitor at a viewing distance of 100
ulus was presented for 1000 milliseconds (ms), followed by a 3000 ms interval
period,using a Stimuli Output Sequencer (NoruPro Light Systems Inc., Tokyo, Japan).

Results

Post-operative CT revealed that depth-microwire electrodes implanted with a frameless
navigation system were placed within a margin of error of 3.6 = 2.3 mm (mean + SD) (Figs.
2, 3). No surgical complications (e.g..intracranial bleeding, CSF leakage,infection) were
noted in anypatients in this series. We recorded single-unit activity, LFP and iEEG from 9

5




subjects in a chronic and/or subacute phase. One subject was excluded from recording rate
and temporal stabilityanalysis because of damage to the ground/reference wire. The rates of
successful recording of single- or multiple-unit activity with microwires ranged from 0 to
40.6% (mean: 14.8%)(Table 1). In the evaluation of recording stability, no significant
differences were observed in the recording rate among each recording period (P=0.65;
Kruskal-Wallis test) (Fig. 4). Finally, we compared the interictal-ictal neural activity recorded
with a smgleumt LFP and iEEG in a local brain reglon of one pat1ent(F1g 5). In this eplleptlc

increasing activity prior to the clinical seizure onset. The earhest change w:
(Fig. 5, second row),followed by an increase in firing rate. We 0bs¢
firing rate and LFP immediately after the first local peak.

We also recorded a visually evoked single-unit response in sop

Discussion
Single-unit recording hasa high te
evaluateunitary output events of n
recording were applied to the

can cover a broad area

diseased area,as well.
2627

-
the disease. onship between the single-unit and ensemble activity of

een examined in humans because of technical difficulties.

‘enabled the simultaneous placement of broad-area subdural
well-known Behnke-Fried electrodeshave already been commercially
= United States, they were designed to be implantedwith a stereotactic frame
and to be fixed to the skull. A frameless navigation system enabled us to implant depth-
microwire electrodes at desired positions in a surgical setup without a stereotactic frame.We
made our depth electrode shorter and stiffer for more precise implantation without bending of
the shaft. We made the depth-microwire lead complex L-shaped so as to enable it to sit under
the dura without protruding from the brain surface, with the expectation of easier handling in
the craniotomy field and a natural pulsation with the brain. The expectations were achieved in

two aspects. First, there was no complication associated with depth-electrode placement.

Second, recording stability was maintained for longer than 3 weeks. Thislong-term stability




provided us enough time to record a sufficient number of habitual seizures and for the
subjects to perform cognitive tasks. Some hippocampal neurons showed a preference for a
particular member of the family. These characteristics matched the property of previously
reported human hippocampal neurons 2827

In terms of the implantation procedure, we paid special attention to the following three
points: First, the trajectory of the depth electrodeswas determined to completely avoid the

sulci and to be as vertical as possible to the brain surface in order to make the length of the

electrodes.
In comparison with a frame-base
waslarger. At the start of th

t control how the microwires would protrude and
/ Therefore, we did not employ the Point Setter arm,

-ain shift, it would most likely have deviated in one direction. The
m may be efficient, particularly when the target is set in a specifically
within the hippocampus. We are preparing such a system and will verify

whether it improves spatial accuracy and the rate of successful micro recording.

.

Other factors that influence the micro-recording rate may include the learning curves of the
implantation procedure and recording procedure, particularly regarding noise reduction
techniques,microelectrode properties, and the nature of the target neuronal areas. We found a
tendency in patients later in the series; namely, they showed higher recording rates and spatial
accuracy even though we were using the same electrodes. Our microelectrodes had a larger
diameter and a tapered tip with higher impedance than a Behnke-Fried electrode. An
appropriate diameter and impedance must be determined in the future. Micro-recording from

7




the primary motor cortex using the Neuroport system renders a higher recording rate.*’Since
itintegrates an amplifierinto the electrode, providing a higher signal-to-noise ratio, we must
clarify whether the employment of the technology improves the recording rate. We must
clarify,as well,how differences in neuronal density, and distance from the surface, affect the
recording rate.

Although increasing the type and number of electrodes may theoretically lead to a possible

increase in complications, such as intracranial bleeding or infection, we did not experience

techniquein a larger number of patients. Furthermore, recording stability
period than one month may be required in the future for use in epileps
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