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ABSTRACT

Introduction: During intraoperative neurophysiological monitoring in neurosurgery, brain electrodes
are placed to record electrocorticography or to inject current for direct cortical stimulation. A low
impedance electrode may improve signal quality.

Areas covered: We review here a brain electrode (WISE Cortical Strip, WCS®), where a thin polymer
strip embeds platinum nanoparticles to create conductive electrode contacts. The low impedance
contacts enable a high signal-to-noise ratio, allowing for better detection of small signals such as high-
frequency oscillations (HFO). The softness of the WCS may hinder sliding the electrode under the dura
or advancing it to deeper structures as the hippocampus but assures conformability with the cortex
even in the resection cavity. We provide an extensive review on WCS including a market overview, an
introduction to the device (mechanistics, cost aspects, performance standards, safety and contraindica-
tions) and an overview of the available pre- and post-approval data.

Expert opinion: The WCS improves signal detection by lower impedance and better conformability to
the cortex. The higher signal-to-noise ratio improves the detection of challenging signals. The softness
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of the electrode may be a disadvantage in some applications and an advantage in others.

1. Introduction

Tissue resection during a neurosurgical intervention or the plan-
ning thereof requires a precise differentiation between patholo-
gical and functional tissue. More and more of the distinction is
performed with modern neuroimaging. For some aspects, elec-
trophysiological measurements remain indispensable. If an elec-
trode is placed directly on the brain, it serves several purposes,
mainly recording electrocorticography (ECoG) or injecting cur-
rent for direct cortical stimulation (DCS).

During neurosurgery in the sensorimotor region, ECoG may
be combined with peripheral somatosensory stimulation to
detect the phase reversal in the somatosensory evoked poten-
tial (PRSEP) which localizes the central sulcus between sensory
cortex and motor cortex [1-3].

Conversely to ECoG recordings, an electrode may be placed
directly on eloquent cortex to inject current for direct cortical
stimulation (DCS) [4,5]. The aim may be to delineate the
language areas or to elicit a direct cortical motor evoked
potential (DCMEP) [2,6-9]. DCS carries the risk to provoke an
intraoperative seizure [10]. As a warning sign for an impeding
a seizure, after discharges (AD) after a stimulation pulse may
be recorded in ECoG [11].

In patients with epilepsy, ECOG may be used to delineate
epileptogenic tissue against healthy tissue. There are mainly
two indications to perform ECoG recordings. First, semi-
chronic ECoG can be recorded for a few weeks in the epilepsy
monitoring unit [12]. Second, acute ECoG can be recorded
intraoperatively during resective surgery to detect sponta-
neous epileptiform patterns in the ongoing ECoG. The acute

ECoG is also used to record cortico-cortical evoked potentials
[13,14]. As a traditional epileptiform pattern, interictal epilepti-
form discharges (IED or spikes) are readily visible because of
their high amplitude [15,16]. As a more recently proposed
pattern, high-frequency oscillations (HFO) in the ECoG are
used in tailoring epilepsy surgery with the aim to improve
the rate of postoperative seizure freedom [17,18]. Among HFO,
fast ripple oscillations (250-500 Hz) were tested to indicate
epileptogenic tissue in ECoG [19,20]. However, intraoperative
HFO analysis is still restrained to few centers.

From a measurement point of view, HFOs are low in ampli-
tude, short in duration, occur rarely, and the generators of
HFOs are small. They are thus difficult to detect against the
background noise. Their detection requires an optimized mea-
surement chain to obtain sufficient signal-to-noise ratio (SNR).
Elements of the chain are the anesthesia settings [21], a low
noise amplifier [22,23] and a higher contact density on the
electrode [24,25]. Importantly, higher contact density entrains
a smaller contact area, increasing contact impedance and thus
the thermal noise in the recording. As a remedy, low impe-
dance contacts may reduce background noise, thereby enhan-
cing the SNR. A low impedance electrode may therefore be
desirable in particular for the detection of HFO in epilepsy
surgery.

From the neurosurgeon’s point of view, an ECoG electrode
should not only be easy to handle during placement but
should also not slip from the optimal position. Unintentional
changes in electrode position could lead to misleading mea-
surements. However, there is a trade-off between electrode
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Article highlights

e The ECoG electrode (WISE Cortical Strip, WCS®) is made of conduc-
tive electrode contacts where platinum nanoparticles are embedded
in a thin polymer strip.

o Higher flexibility and adhesiveness together with lower impedance
yield improved signal-to-noise ratio in recordings.

¢ These improvements help in detecting challenging small signals.

» High-frequency oscillations are small signals that indicate epilepto-
genic tissue.

e The softness of the WCS may hinder sliding the electrode under the
dura or advancing it to deeper structures but enables recording form
the bottom of a sulcus.

adhesion and electrode stiffness. Ideally, the electrode should
be stiff enough to slide under the dura in small craniotomies
and soft enough to conform to the bottom of a sulcus.

We review here a brain electrode (WISE Cortical Strip,
WCS®), where a thin polymer strip embeds platinum nanopar-
ticles to create conductive electrode contacts. The flexible
strip electrode has low impedance contacts in experimental
measurements [26-29] and during neurosurgical interventions
[30,31].

2. Overview of the market

There is a wide variety of electrodes, many of them first
developed for animal experimentation, that have now
achieved FDA clearance and/or CE mark for use in patients.
An overview is given in a recent review article [32]. We focus
here on electrodes that are applied in intraoperative ECoG
(Table 1).

Table 1. Devices that are commercially available.

2.1. Traditional ECoG electrodes

In the traditional ECoG electrode, the recording contacts are
small platelets made from metal foil that are mechanically
attached to a polymer strip for handling. The electrodes are
commonly shaped as strips with four or more contacts
embedded in a polymer base layer of thickness 800 um.
More extensive recordings use two-dimensional arrangement
of contacts in a grid. The spacing between contact centers is
typically 10 mm and the contact diameter ~4 mm. The metal
contacts usually consist of stainless steel or platinum and have
a flat surface. Suppliers with a large market share are Ad-Tech
(Oak Creek, WI, US.A), Dixi (Marchaux - Chaudefontaine,
France), PMT (Chanhassen, MN, U.S.A) and inomed
(Emmendingen, Germany).

2.2. Recently introduced ECoG electrodes

There are several producers that have recently introduced new
ECoG electrodes or are working toward introducing new elec-
trodes. Common to many of them is the use of thin film
polymer strips. The conductive contact material may be
organic as in PEDOT:PSS to reduce impedance [33,34],
a material which however has no CE mark for patient use
yet. Among new ECoG electrodes with CE mark and FDA
clearance are those produced by SPES (www.spesmedica.
com) and by WISE (www.wiseneuro.com). A new ECoG elec-
trode produced by Cortec has FDA clearance (www.cortec-
neuro.com). An electrode that has not yet obtained a CE
certificate is produced by neurosoft (neurosoft-bio.com). The
thin film polymer base of these electrodes underlies their
softness that assures close mechanical contact to the curva-
ture of the brain. The softness or flexibility of an electrode is

Film Strip Contact
thickness substrate Contact Contact diameter Impedance FDA FDA CE
Name Manufacturer [um] material structure material [mm] [kQl clearance clearance year mark
Wise Cortical Strip ~ WISE S.r.l. 250 um Silicone Embedded Platinum 40mm 2.7 kQ K221123 2022 yes
thin film
Subdural Electrode  Ad-Tech Medical 800 um Silicone Metal foil  Platinum or 40mm 53 kQ K053363 2014 yes
Instruments Stainless
Corporation Steel
Cerebro — Multilayer Spes Medica From 200 pm Polyurethane Metal foil ~ Platinum or 30mm na. K211954 2022 yes
Cortical Electrode to 500 um Stainless
Steel
Cortex Strip Inomed 800 um Silicone Metal foil ~ Stainless Steel 45mm n.a. - - yes
Electrode Medizintechnik
GmbH
Cortical Electrodes  DIXI Medical 450 pm Silicone Metal foil ~ Stainless Steel 4.0mm na. K201931 2021 yes
IomM
Cortac Grids & Strips PMT Corporation 760 um Silicone Metal foil  Platinum or 45mm na. K082474 2009 yes
(strip) or Stainless
500 pm Steel
(grid)
Evo Electrode NeuroOne 80 um Polyimide Superficial ~ Platinum variable n.a. K192764 2019 -
thin film
AirRay subdural CorTec GmbH 500 pm Silicone Metal foil  Platinum- variable n.a. K183437 2019 -
cortical Iridium
electrodes
Blackrock NeuroCoG  Blackrock Unknown  Silicone Metal foil  Platinum- variable n.a. K191346 2020 -
Subdural Cortical Microsystems Iridium or
Electrodes Stainless
Steel

The flexibility of an electrode can be estimated from the thickness of the substrate material. Not available n.a.
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http://www.spesmedica.com
http://www.wiseneuro.com
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proportional to the thickness of the substrate material
(Table 1). The softness, in turn, may improve also the electrical
contact, i.e. reduce the electrical impedance. The integrated
production of these electrodes enables, in principle, higher
channel count for greater spatial coverage and higher special
resolution.

3. Introduction to the device
3.1. How the device works

The device presented here is a low impedance electrode (2.7
kQ [31]). It is currently available as a 4-contact cortical strip
electrode (strip thickness: 250 um; electrode material: pure
platinum; contact diameter 4 mm; inter-electrode distance
10 mm center to center, Figure 1 right). The fabrication
process first creates a silicon substrate and then uses
a beam of platinum nanoparticles to embed a thin conduc-
tive layer. The implanted platinum nanoparticles (diameter
<100 nm) create nanostructure with roughness <100 nm
[29]. The rough surface area is larger than a flat surface by
a factor ~ 70. The enlarged surface enables efficient charge
exchange between the contact and the surrounding fluid,
ensuring electrical charge transfer between the contact and

Figure 1. ECoG electrodes in the surgical field.

The WCS electrode (right) has dark platinum electrode contacts embedded in the carrier
material. A standard electrode (Ad-Tech, left) has electrode contacts that are platelets made
from platinum foil [30].
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the brain. This microscopic property of the surface results in
the low impedance of the electrode contact. Figure 1 left
shows a standard electrode (produced by Ad-Tech, strip
thickness 800 um; platinum electrode contact diameter 2.3
mm; exposed contact surface ~4 mm?; inter-contact distance
10 mm center-to-center) for comparison. For both electro-
des, the inter-contact distance 10 mm and the number of
four contacts amounts to a total electrode length of ~40
mm. With the Ad-Tech thicker film substrate material (800
um), the Ad-Tech is more stiff and not all contacts show
contact to the brain with their full area. The reduced area
may contribute to a higher impedance of the electrode
contact and the higher variability of the impedance
(Figure 2a). With the WCS thin film substrate material (250
pum), the WCS is more flexible and fits softly to the curved
brain surface.

3.2. Cost effectiveness

ECoG electrodes are produced for single use. Their placement
on the brain during surgery does not require specific tools.
Placement is self-evident and does not require specific training
of the neurosurgeon. We assume that the manufacturing cost
for the WCS are higher than for the other devices, since the
WCS is manufactured with a new technology and in small
quantity. However, manufacturing cost contributes only little
to the sales cost that may vary from country to country.

3.3. Performance standards

All ECoG electrodes must comply with the performance stan-
dards as they appear in the review publications for intraopera-
tive neuromonitoring [35] and for semi-chronic recordings
[12]. These comprise an acceptable impedance for neurophy-
siological measurements and an acceptable usability for neu-
rosurgical placement. The WCS is intended for intraoperative
use only.

In intraoperative neurophysiological recordings, the dura-
tion of recording may be critical. A low impedance of the
electrode contact may reduce the noise in a recording and
thereby improve the signal-to-noise ratio (SNR) of the signal of
interest. (Figure 2c) shows an example where the signal
exceeds the noise floor of the WCS (red lines). This means
SNR > 1 and the signal is detectable. When averaging, a lower
noise floor reduces the number of averages that are needed to
detect the signal with sufficient reliability. With shorter aver-
aging duration the neurophysiologist can provide faster feed-
back to the neurosurgeon. This may be relevant for low
amplitude signals like visual evoked potentials (VEP), cortico-
cortical evoked potentials (CCEP). The surgeon can then take
measures before the signal changes become irreversible.

However, in some applications, e.g. the somatosensory
evoked potential (SEP), the signal amplitude of the SEP is
high and a lower impedance will not further improve the
SNR. For high amplitude SEP, a low impedance electrode will
not provide an advantage for intraoperative recording.

The usability pertains to how the electrode can be placed,
how it conforms to the brain surface, and whether it provides
the desired adhesion to the brain surface.
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Figure 2. Impedance and noise level. (a) The median impedance was 6.9 kQ for
Ad-Tech and 3.4 kQ for WCS measured at 140 Hz.

(a) Linear spectral density (LSD) of the raw signal. Across all frequencies, the LSD of the WCS
electrode (blue) was higher than the LSD of the Ad-Tech electrode (red).

(b) Example of an evoked HFO event with small amplitude. The small amplitude did not
exceed the noise level of the Ad-Tech (blue lines), resulting in (SNR=0.9 < 1) and the event
went undetected. With the reduced noise level of WISE (red lines), the SNR increased to
SNR=1.6>1 and the HFO was detected. Adapted from [30].

For connection to the recording device during a neurosur-
gical intervention, ECoG electrodes with four recording con-
tacts are typically equipped with 1.5mm touch proof
connectors (DIN 42,802); this holds also for the WCS electrode.

3.4. Safety and complications

The WCS has received the CE mark certification and FDA
clearance after a risk analysis for design, use, and process
was conducted that has mitigated all risks. Verification and
validation activities have been performed during the design
and development of the device and are fully documented in

the documentation retained by the manufacturer and sub-
mitted and reviewed by the Notified Body for CE mark. In
addition to tests related to characterization and performances,
the following preclinical tests have been performed:
Biocompatibility evaluation (according to ISO 10,993-1)
which proves that the device is biocompatible for its intended
use; Electrical safety and electromagnetic compatibility
(according to the applicable parts of IEC 60,601-1, IEC
60,601-2-40, and IEC 60,601-2-26); Usability Engineering pro-
cess (according to IEC 62,366).

The medical device study [31] adhered to very high inter-
national standard (UNI EN ISO 14,155:2020) with standardized
AE categorization and a contract research organization (CRO)
so that AE were meticulously reported.

Since the WCS electrode has passed the tests for CE mark
or FDA clearance, its placement on the brain carries minimum
risk. It is not in itself at the cause of complications or adverse
events. A typical adverse event during neurosurgery is that
electrical stimulation causes an epileptic seizure [10]. While
the stimulation current passes through the ECoG electrode,
the cause of a stimulated electric seizure lies in an inappropri-
ate choice of stimulation parameters.

3.5. Contraindications

In some surgeries, ECoG electrode placement may require that
the electrode is slid under the dura. This may be the case
when the neurosurgeon creates only a small craniotomy (~40
mm diameter) to reduce the rate of adverse events and
increase safety during neurosurgery [36]. With this craniotomy
size, ECoG electrode placement may require that the electrode
is slid under the dura. The same holds for ECoG recordings in
the medial temporal lobe where the electrode strip has to be
advanced to hippocampus or amygdala where there is limited
surgical access. Sliding the electrode to the outskirts of the
surgical field is readily achieved with a traditional electrode
with strip thickness ~800 um (Section 3.1). This may be differ-
ent for the WCS electrode. It was designed to be very soft for
strong adhesion to the brain and for a high conformability to
the brain surface, which may be an advantage for placement
on widely exposed cortex in large craniotomies or placement
in the bottom of a sulcus. The lack of stiffness might be
disadvantageous when the electrode shall be slid horizontally
on the brain in order to slide under the dura or to the
hippocampus. This has been reported from neurosurgeons
for surgeries where electrode placement was difficult [31].

4. Clinical profile and post-marketing findings
4.1. Pre-approval

There was one pre-approval medical device study with the
title ‘WIN Study’ (WIN: WISE cortical strip for Intraoperative
Neurophysiological monitoring). The pre-market study was
conducted 04/2019-01/2020 as a prospective, multi-center,
open-label, one-arm, interventional, non-inferiority study [31].
The study concluded that the impedance of the WCS elec-
trode (median 2.7 kQ) was significantly lower than the impe-
dance of the Ad-Tech device (median 5.3 kQ). This might be



due to better adhesion and conformability to the brain surface
and also the rough surface structure of the platinum contact
surface of the WCS electrode. No limitations with respect to
safety were noted. The WCS electrode was suitable for record-
ing continuous ECoG and for recording SEP in the ECoG on the
brain surface. Likewise, direct cortical stimulation of the motor
cortex through the WCS electrode was suitable to elicit motor
evoked potentials (MEP) in the muscles.

The impedance of the electrode did not change over time
within the duration of the intraoperative measurements [31].

To document the neurosurgeons perspective, questionnaires
on the usability of the WCS electrode were collected. Some
neurosurgeons’ comments pertained to surgeries with small
craniotomies not exposing the motor cortex, where the strip
electrodes had to be slid under the dura for correct positioning.
In 9/32 surgeries the neurosurgeons reported difficulties when
sliding the WCS under the dura because the WCS is very flexible
and lacks stiffness. Thus, it was concluded at the time of the
investigation that the use of the WCS might be limited when
performing neurosurgery in a small surgical field.

4.2. Post-approval

A first peer-reviewed post-approval study focused on whether
the lower impedance of the WCS electrode would improve the
detectability of events in the HFO frequency band. The study
re-analyzed a subset of the SEP data that had been recorded
for the pre-approval study (Sarnthein 2022). For analysis the
data were filtered in the HFO band. The SEP response is
associated with and HFO at its crest [37,38]. This approach
resulted in a recording setup where the timing of the HFO
events is precisely defined [30]. As a first result of this study,
impedance was lower for the WCS than for the Ad-Tech also in
this subset of recordings (median 6.9 kQ for Ad-Tech and
median 3.4 kQ for WCS, Figure 2a). As a second aspect, the
study analyzed the noise characteristics of the continuous
ECoG in the frequency domain. The linear spectral density
(LSD, Figure 2b) of the WCS electrode (red line) was lower
than the LSD of the Ad-Tech electrode (blue line) across the
whole spectral frequency range. As the main result of the
study, the noise level and the SNR in the HFO band
(Figure 2¢) improved from Ad-Tech (165 nV, SNR=7.5) to
WCS (90 nV, SNR=12.8). To investigate whether the SNR
improvement was actually of clinical relevance, the study
quantified the rate of HFO that were detected, i.e. the number
of SEP sweeps where the response in the HFO band had SNR
> 1. The number of HFO detected with WCS electrode (100%)
slightly exceeded the number of HFO detected with Ad-Tech
electrode (91%), thus quantifying the advantage of the WCS
electrode for HFO detection.

A second peer-reviewed post-approval study performed
cortico-cortical evoked potentials in epilepsy surgery to iden-
tify the language tracts [14]. The WCS electrode is shown in
a figure where it was slid under the dura.

A series of other post-approval studies were not peer-
reviewed yet because the WCS electrode has become com-
mercially available only since 2022 [39-41]. Moriconi et al.
recorded spontaneous ECoG in epilepsy surgery from areas
that were planned for resection including the mesial

EXPERT REVIEW OF MEDICAL DEVICES . 5

temporal lobe. They reported ‘The WCS has a better adhe-
sion and conformability to the brain surface and also
a better signal acquisition on ECoG than the traditional
electrode. The higher flexibility of the WCS electrode limited
its use in deeper structures (like amygdala and hippocam-
pus) for greater handling difficulties’ [41]. A single case
conducted from the same clinical center has added ‘that
WCS features allowed to perform high quality registration
from the bottom of the sulcus, leading to surgical resection
of highly epileptogenic cortex’ [39]. Castelli et al. elicited
MEP and recorded SEP and cortico-cortical evoked poten-
tials in the ECoG during epilepsy surgery where they
reported ‘The unique strip’ features represent a promising
advancement in IOM during brain surgery, providing excel-
lent versatility in harder condition’ and that the WCS ‘fea-
tures were enhanced in particular condition, such as
stimulation/recording in the context of surgical cavity,
where standard and more rigid four contact strips tend to
lose the adherence to the brain surface resulting in signifi-
cant signal distortion’ [40].

5. Alternative devices

There are several companies currently working on flexible
ECoG electrodes (Table 1). Those with CE mark include SPES
and WISE. The Cortec electrode has FDA clearance. Electrode
development in an earlier stage include neurosoft. Common
to these electrodes is their softness that assures close mechan-
ical contact to the curvature of the brain. This, in turn may
improve also the electrical contact, i.e. reduce the impedance.

6. Conclusion

Low-impedance brain electrodes for neurophysiological mon-
itoring of the ECoG reduce noise. The improved signal-to-
noise ratio improves detection of difficult signals such as
those in the HFO frequency range. Improving the measure-
ment chain may extend the diagnostic value of HFO as
a biomarker for epileptogenic tissue. Placement of the soft
WCS electrode remains an issue, but the above advantages of
the WCS may outweigh this issue in many applications.

7. Expert opinion

Electrophysiological measurements during neurosurgical inter-
ventions are of utmost importance, not only to monitor neu-
rological functions but also to help differentiating between
pathological tissue (e.g. tumor or seizure onset zones) and
healthy parenchyma. Brain electrodes are used intraopera-
tively mainly for recording electrocorticography (ECoG) or for
injecting current for direct cortical stimulation (DCS). In daily
practice, the main applications are the recording of the phase
reversal in the somatosensory evoked potential (PRSEP) which
localizes the central sulcus between sensory cortex and motor
cortex as well as the mapping of eloquent cortical function
(e.g. motor function or language areas) by injecting current for
direct cortical stimulation. Furthermore, another common clin-
ical application is the detection of epileptogenic tissue by
performing ECoG for that purpose.



6 e J. SARNTHEIN AND M. C. NEIDERT

There are several soft thin film electrodes that have
recently been introduced to the market and WCS (WISE
Cortical Strip) is one of them. WCS is made of a thin poly-
mer strip that embeds platinum nanoparticles to create
conductive electrode contacts. When placed on the cortical
surface in a large surgical field, soft electrodes such as WCS
have advantages over traditional stiff electrodes because of
their high surface adhesion and high conformability. The
high conformability has also enabled recording from the
bottom of the sulcus [39,40], in contrast to stiffer devices.
However, some users have noted difficulties if the elec-
trode has to be advanced to deep structures like the
hippocampus [41] or slid under the dura for small cranio-
tomies [31].

When speculating 5 years ahead, we expect several devel-
opments. For soft thin film electrodes, a mechanical place-
ment aid may facilitate electrode placement on brain
structures other than the plain cortex freely exposed in the
surgical field. This is a low-tech solution that will greatly
enhance the usability of soft electrodes and overcome the
main challenge (lack of stiffness during placement) in clinical
practice. From the measurement perspective, thin film electro-
des with a dense array of recording contacts will become
readily available for human use [24,25]. The strict regulatory
requirements and the high price of the devices may slow
down adoption of these devices in clinical practice.

As a challenge downstream of the electrode, dense array
recording entrains the demand for amplifier systems with
a large number of recording channels. The more frequent
and more expanded recordings spur the demand for more
reliable documentation of the recording sites with respect to
the imaging obtained for surgical planning and with respect
to the postsurgical imaging of the extent of the resection
volume. While a very powerful interface between neurophy-
siological recording and anatomical imaging has been pro-
posed [42], its implementation requires highly qualified
manpower with knowledge in neurophysiology, anatomy,
imaging modalities, and neurosurgery. Still, we expect that
this advanced documentation will spread to further neurosur-
gery centers together with the use of thin film ECoG electro-
des. An open question for future studies is whether the
improved recording qualities actually improve recording of
clinically relevant patterns in the ECoG. Is the recording of
high-frequency oscillations clinically relevant? Finally, we
need to document whether the application of improved
ECoG electrodes improves postsurgical patient outcome.
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