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Purpose: Human neuronal activity, recorded in vivo from microelectrodes, may offer valuable insights into phys- 
iological mechanisms underlying human cognition and pathophysiological mechanisms of brain diseases, in par- 
ticular epilepsy. Continuous and long-term recordings are necessary to monitor non predictable pathological and 
physiological activities like seizures or sleep. Because of their high impedance, microelectrodes are more sensitive 
to noise than macroelectrodes. Low noise levels are crucial to detect action potentials from background noise, 
and to further isolate single neuron activities. Therefore, long-term recordings of multi-unit activity remains a 
challenge. We shared here our experience with microelectrode recordings and our efforts to reduce noise levels 
in order to improve signal quality. We also provided detailed technical guidelines for the connection, recording, 
imaging and signal analysis of microelectrode recordings. 
Results: During the last 10 years, we implanted 122 bundles of Behnke-Fried hybrid macro-microelectrodes, in 
56 patients with pharmacoresistant focal epilepsy. Microbundles were implanted in the temporal lobe (74%), as 
well as frontal (15%), parietal (6%) and occipital (5%) lobes. Low noise levels depended on our technical setup. 
The noise reduction was mainly obtained after electrical insulation of the patient’s recording room and the use of 
a reinforced microelectrode model, reaching median root mean square values of 5.8 μV. Seventy percent of the 
bundles could record multi-units activities (MUA), on around 3 out of 8 wires per bundle and for an average of 
12 days. Seizures were recorded by microelectrodes in 91% of patients, when recorded continuously, and MUA 

were recorded during seizures for 75 % of the patients after the insulation of the room. Technical guidelines 
are proposed for (i) electrode tails manipulation and protection during surgical bandage and connection to both 
clinical and research amplifiers, (ii) electrical insulation of the patient’s recording room and shielding, (iii) data 
acquisition and storage, and (iv) single-units activities analysis. 
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. Introduction 

Intracranial electroencephalography (iEEG) investigation prior to
pilepsy surgery represents a rare opportunity to access human neu-
onal assemblies function in vivo for extended periods of time. A surgical
mplantation of intracerebral electrodes can delineate the epileptogenic
ocus, called the seizure onset zone (SOZ), when non-invasive electroen-
ephalography (EEG) and neuroimaging have been insufficient to local-
ze the epileptogenic focus in drug-resistant patients ( Crandall et al.,
963 ; Engel et al., 2005 ; Reif et al., 2016 ; Zijlmans et al., 2019 ). 

Different types of electrodes can be surgically implanted, alone or in
ombination: subdural strip electrodes, grid electrodes, or depth elec-
rodes for stereoelectroencephalography (sEEG). All of these electrodes
ontain several macrocontacts , spaced several millimeters to centimeters
part. Each macrocontact has a size of a few mm and measures neu-
onal activity from a large population of neurons ( Buzsáki et al., 2012 ;
arvizi and Kastner, 2018 ). 

Microelectrodes have small contact areas at the tip of isolated wires,
ith a diameter of around 40 μm. Compared to macrocontacts, mi-

rowires provide two main advantages: an increased spatial resolution,
llowing the recording of local field potentials (LFPs) at submillime-
er scale from small neuronal assemblies; and the ability to record
ction potentials of sampled neurons, i.e.multi-unit activities (MUAs)
rom which single-unit activities (SUAs) can be isolated after spike sort-
ng ( Pedreira et al., 2012 ; Stacey et al., 2013 ). The first acute record-
ngs of units in the human mesial temporal lobe were made in 1971,
uring and between seizures ( Verzeano et al., 1971 ). Macroelectrodes
ave been modified to allow the insertion of a flexible bundle of mi-
rowires ( Babb et al., 1973 ). Subsequently, microelectrodes have been
nserted for the duration of the iEEG in the epileptogenic focus in hu-
ans ( Babb and Crandall, 1976 ; Wyler et al., 1982 ) and different micro-

lectrode types have been developed. Hybrid depth electrodes have mi-
rocontacts interspaced between macrocontacts ( Howard et al., 1996 ).
n the Ad-Tech Behnke-Fried macro-microelectrodes model ( Fried et al.,
997 ), microwires are inserted through the macroelectrode shaft, pro-
ruding into the cerebral tissue beyond the tip of the depth macro-
lectrode. In the DIXI hybrid macro-microelectrodes model, the mi-
rowires exit the macroelectrode shaft between macrocontacts and
ave a tetrode rather than a single-wire configuration ( Despouy et al.,
019 ). The Utah array is a two dimensional array of 4 mm × 4 mm
hat contains 96 microelectrodes and can be implanted at the surface
f the cortex ( Schevon et al., 2008 ). Lastly, high density poly(3,4-
thylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) microelec-
rodes were recently proposed, for acute recordings in the operative
oom during surgery ( Paulk et al., 2021 ). 

Microelectrodes are implanted in patients with epilepsy for research
urposes and the analysis of the LFP, MUA or SUA recorded have pro-
ided valuable insights into neuronal codes or underlying physiological
rocesses, as well as cognition ( Axelrod et al., 2019 ; Ekstrom et al.,
003 ; Fried et al., 1997 ; Kim et al., 2019 ; Kreiman et al., 2000 ;
akretz et al., 2021 ; Mormann et al., 2008 ; Quiroga et al., 2005 ). Record-
ngs allow testing of cognitive processes such as working and episodic
emory, with temporal precision through single-trial studies in brain

reas without epileptic activities. For example, important findings were
btained in the mesial temporal lobe, in the amygdala and hippocampus
ith Behnke-Fried electrodes ( Fried et al., 1997 ), where the isolation
f SUA was essential to describe individual neurons’ behaviors. Itzak
ried’s group described category specific SUA, such as imagery neurons
2 
roved our recording setup and are now able to record (i) microelectrode signals
s duration, and (ii) MUA from an increased number of wires . We built a step

e trajectory planning to recordings. All these delicate steps are essential for
f units in order to advance in our understanding of both the pathophysiology

oding of cognitive and physiological functions. 

n the human mesial temporal lobe ( Kreiman et al., 2000 ) and place
ells in the human hippocampus ( Ekstrom et al., 2003 ). Some mesial
emporal lobe SUAs could be selectively activated by distinct pictures of
iven objects, landmarks or individuals, such as “Jennifer Aniston neu-
on ” ( Quiroga et al., 2005 ). Long-term recordings (up to 3 weeks) dur-
ng presurgical implantation allow dedicated time periods for cognitive
asks, which can be repeated over several days and weeks. This has obvi-
us value for studying memory encoding and retrieval ( Kornblith et al.,
017 ; Rutishauser et al., 2021 ; Staresina et al., 2019 ). 

Microelectrode recordings have also been a major tool for investigat-
ng the pathophysiology of epilepsy, notably the ictogenesis, i.e. how the
rain initiates seizures. Epileptic seizures on EEG are the main electro-
hysiological marker of epilepsy. Recognizing the most precocious and
aster components of the ictal discharge is a key step in identifying the
OZ ( Fisher et al., 1992 ; Talairach and Bancaud, 1966 ; Wendling et al.,
003 ). Microelectrodes inserted in the SOZ can capture single-unit ac-
ivities at the beginning and the development of seizures and help to de-
cribe SOZ networks ( Lambrecq et al., 2017 ; Schevon et al., 2012 , 2008 ).
n addition, according to the waveform and firing properties of isolated
eurons through spike sorting, it is possible to distinguish putative pyra-
idal cells and interneurons, and to describe their respective involve-
ent in the generation of seizures ( Elahian et al., 2018 ; Truccolo et al.,
011 ; Weiss et al., 2016 ). Microelectrodes have also been used to de-
cribe single unit behaviors during interictal events like epileptic spikes
nd have shown heterogeneous firing patterns ( Alvarado-Rojas et al.,
013 ; Despouy et al., 2019 ; Keller et al., 2010 ; Ulbert et al., 2004 ).
icroelectrodes can also detect other epileptic markers that are not de-

ected on adjacent macroelectrodes, such as high frequency oscillations
HFOs), specifically in the fast ripple band (250-500 Hz). Initially iden-
ified from microelectrode recordings, HFOs were assumed to be gener-
ted by small neuronal assemblies of about one mm 

3 ( Zijlmans et al.,
017 ). Microelectrodes have also revealed microseizures as discrete
hythmic activities that would not be detected by macroelectrodes, due
o the better resolution of microelectrodes for sampling the local field
otentials of much smaller neuronal assemblies ( Schevon et al., 2008 ;
taba et al., 2014 ; Stead et al., 2010 ). 

Detection of units on microelectrodes signal requires a high signal to
oise ratio (SNR), that depends on the noise level in the signal but also
n the distance of the electrode from the soma of the neuron ( Rey et al.,
015 ; Buzsáki et al., 2012 ). The higher the noise level is, the more dif-
cult it is to detect action potentials of lower amplitude. The accuracy
f the spike sorting algorithm to assign the action potentials detected
o different neurons will also be affected by a high noise level because
f an alteration of the action potential waveforms ( Buccino et al., 2020 ;
haure et al., 2018 ; Wild et al., 2012 ). As for all electrophysiological
ecordings, electro-magnetic noise from the surrounding environment,
s well as movement artifacts are major noise sources for the signal.
herefore, and because it is not possible to move the microwire of the
ehnke-Fried electrode to approach the soma of a neuron, it is crucial
o decrease those noise sources, especially because microwires have a
ery small diameter, that makes them very fragile and sensitive to noise
 Misra et al., 2014 ). 

Furthermore, epileptic events, in particular seizures, have unpre-
ictable occurrences and require continuous and long-term electrophys-
ological monitoring to be recorded. Studying LFPs and unit activity dur-
ng those events is only possible with stable high quality microelectrode
ecordings during the whole monitoring period. Long-term microelec-
rode recordings are also essential for physiological and cognitive stud-
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es at the cellular level. However, continuous and long-term recordings
ith microelectrodes are technically highly challenging. Thanks to a

trong collaboration between several clinical teams of Pitié-Salpêtrière
ospital (Paris, France) and a research center (Paris Brain Institute), lo-
ated on the hospital’s site, we started to record epileptic patients with
ehnke-Fried microelectrodes in 2010. 

The aim of this paper is to share our experience of the last 10-year
ith continuous long-term microelectrode recordings and bring recom-
endations complementary to already published methodological pa-
ers. Electrode manipulation during the surgery is a crucial step to avoid
oise resulting from wire degradation and has been described in several
apers ( Misra et al., 2014 ; Minxha et al., 2018 ). Detailed quantifica-
ion of noise level depending on technical setting is important as well to
dopt the best methodology, but has not been quantified and described
n detail from our knowledge. We have described the technical issues we
aced, and the different improvements we made to reduce the noise level
n the signal, which is crucial to increase the possibilities to record MUA
nd SUA. We have first described our current recording methodology in
he Method section. The improvement of our data quality over time is
eported in the Results section with detailed noise level measures and a
uantification of multi-units recordings depending on different material
etups. In addition, we have summarized the main technical guidelines,
rom surgery to recordings, that we found essential to improve the qual-
ty of microelectrode recordings. 

. Materials and methods 

.1. Patients 

Since 2010, fifty-six patients with refractory focal epilepsy under-
ent a presurgical intracerebral electrode investigation with additional
icroelectrodes. The aim of the clinical intracerebral investigation was

o determine the SOZ when non-invasive explorations were inconclu-
ive. Non-invasive explorations included medical history, neurological
xamination, brain imaging (e.g. MRI, PET, SPECT) and long-term scalp
ideo-EEG monitoring. The continuous (24/7) video-EEG monitoring
ith intracranial electrodes took place in the Epilepsy Unit of the Pitié-
alpêtrière Hospital (Paris, France) and started the day after the implan-
ation. Recordings lasted for 2 to 3 weeks, depending on whether enough
nformative seizures were recorded. All patients provided informed and
ritten consent for the implantation of microelectrodes, which received
pproval from local ethic committees (CPP Paris VI, CNRS, 2004, 2006;
NSERM C11-16, C19-55). 

.2. Planning of stereotactic electrode placement 

Electrode planning was carried out by epileptologists, neurosurgeons
nd neuroradiologists, days or weeks before implantation. Macroelec-
rode trajectories and targets were defined only based on clinical ob-
ectives. They were very specific to each patient and trajectories were
ot necessarily orthogonal to the brain surface. The planification of
acro-microelectrodes trajectories was not influenced by the decision

f adding a microelectrode. Microelectrodes were added to a macroelec-
rode when there was enough gray matter beyond the last macrocontact
or the microwires to expand into. As the original 20 mm length of the
icrowires was too long, they were cut at a length calculated during

rajectory planning. 
Until end of 2017, macroelectrode trajectories were planned ac-

ording to a stereotactic Leksell frame and based on pre-implantation
rain MRI, using iplan® stereotaxy, version 3.0, BrainLAB System
 Budke et al., 2018 ; Ringel et al., 2009 ). Since the end of 2017, the ROSA
obot (Zimmerbiomet, Ind., USA) has been used to assist the surgery.
owever, the ROSA planning software did not allow to map 3D cortical

urfaces or to visualize multiple electrode trajectories simultaneously.
herefore, the STIM core facility of the Paris Brain Institute developed a
tereotactic sEEG toolbox (EPILOC). One of its modules, STEREO-PLAN
3 
 Fernandez-Vidal et al., 2019 ), allows clinicians to perform sEEG plan-
ing. EPILOC includes several image processing pipelines: corregista-
ion of multimodal pre-operative sequences, anatomical segmentations
nd computation of patient specific models and a dedicated 3D SLICER
 Fedorov et al., 2012 ) graphic interface. The graphic interface allows to
isualize all the previous pipeline results, referenced to the ACPC native
rientation, and to easily plan and edit trajectories with different depth
lectrode models. Multiple structural and metabolic imaging modalities
such as PET and SPECT data) can also be merged in the native patient
pace, to add further information pertinent to the planning of intracere-
ral trajectories. 

.3. Surgical placement of the electrodes 

The stereotactic implantation of intracranial electrodes was per-
ormed in the Department of Neurosurgery. Prior to the insertion of
icroelectrodes into the dedicated hollow macroelectrodes, microwires
ere cut by the neurosurgeon to the desired length defined during the
lanning (generally 2-3 mm, Supp. Fig. 1). They were cut using Yasargil
icroscissors, all at the same length and perpendicularly to the elec-

rode axis, and then gently bend outwards until they had a splayed pat-
ern, like an “umbrella ”, that will be maintained when they extend
n the brain. ( Fig. 1 ). This splayed pattern provides a better chance of
ecording action potentials ( Babb et al., 1973 ; Misra et al., 2014 ). All
lectrodes were fixed on the skull with hollow screws that prevent post-
urgical movement of the electrodes ( anchor bolts : ADTECH LSBK1-BX-
6 length 13mm, and LSBK1-AX-06 length 21mm). Once all intracranial
lectrodes were implanted, the patient’s skin was cleaned and sanitized
ith soap, water and betadine. The head was then prepared for long-

erm video-EEG recording with careful bandaging ( Fig. 2 and Table 1 ),
ecessary to avoid any damage to the electrodes and to improve comfort
f the patient during hospitalization. 

A post-operative CT-scan and MRI were always performed after im-
lantation and merged with the presurgical MRI to verify the electrodes’
ositions (see 2.6.2). An X-ray was also performed to confirm the spread-
ng of the microelectrodes. 

.4. Connection to the recording system 

Patients were connected to the acquisition system during the first
ay after implantation. First, all supplemental EEG scalp electrodes were
laced on the patient’s head (where there were no implanted elec-
rodes). A ground electrode was placed under the collarbone, and 2
CG electrodes were placed on the chest. Secondly, the depth electrode
ails were connected to CABRIO connectors (Ad-Tech ®, Wisconsin) for
he macroelectrodes and CHET headstages (Neuralynx®, Inc., Bozeman,
O) for the microelectrodes ( Fig. 3 , Tables 2 and 3 ). Connecting the tails

s a crucial step in the electrode manipulation and requires a lot of care.
e therefore established a procedure to increase the patient’s comfort,

void any wrong manipulation and tensile load on the electrode tails
hat could break the wires, and avoid any tension on connection ca-
les that could lead to disconnection. To maintain sterility, the bandage
one in the surgery room was not removed until the patient was dis-
harged. Steps G to J from Fig. 3 were redone every 2 to 3 days in order
o repaste the scalp electrodes, but connectors were not moved to avoid
anipulating the electrode tails. 

.5. Recording material 

.5.1. Electrodes 

The number of macroelectrodes that were implanted in each patient
anged from 4 to 13, including 1-4 hybrid macro-microelectrodes. All
lectrodes were produced by Ad-Tech Medical Instrument Corporation
Ad-Tech®, Wisconsin). The standard macroelectrodes consisted of 4-12
latinum contacts of 1 mm of diameter, 2.41 mm of length and 5 mm
f inter-contact distance with nickel-chromium wiring and polyurethane



K. Lehongre, V. Lambrecq, S. Whitmarsh et al. NeuroImage 254 (2022) 119116 

Fig. 1. Multimodal microelectrode identification. A . Cranial 
CT Scan on a coronal plan showing the trajectory of the macroelec- 
trodes and the localization of microelectrode bundles (red arrow). 
B . Automated superposition of the CT scan with the anatomical T1 
MRI, allowing the visualization of microelectrodes’ position in the 
brain parenchyma together with the automated identification of 
macroelectrode contacts (red circles) along the intracerebral tra- 
jectory. C . Radiographic image showing the bidimensional loca- 
tion of intracerebral electrodes. The red arrow indicates the loca- 
tion of a microelectrode bundle, seen in the previous pictures. In- 

set’s : magnification of microelectrode wires. Note the spreading of 
the microwires. Inset’s on the right : Schematic representation of the 
macro-micro electrode geometry. D . 3D Epiloc anatomical recon- 
struction of subject cortical anatomy, showing the implantation 
scheme of the intracerebral macroelectrodes. 

Fig. 2. Main steps for the surgical ban- 

dage. A. Surgically implanted macroelec- 
trodes and macro-microelectrodes. The arrow 

shows an anchor bolt. B. Compresses wrapped 
around the anchor bolts of macro and micro- 
electrodes. The arrow shows an electrode tail. 
C. Bundling of tails in one or two parts above 
the head. D. Fixing together with compresses 
and bandages while avoiding to cover the elec- 
trode tails. E. Output of electrode tails through 
the bandage in 2 different sites. F. Making a 
chin strap. G. Coronal and sagittal adhesive 
strips to hold the bandage in place. H. Infu- 
sion protection box to protect microelectrodes 
before connection. I. Protection of all connec- 
tors and boxes in a plastic bag placed above the 
head, before connection in the patient’s room. 

Table 1 

Guidelines on electrode tails manipulation and protection during surgical bandage. 

Corresponding pictures from Fig. 2 

Wrapping of compresses around the anchor bolts for the patient’s comfort (to prevent irritation of the skin around the anchor) 
and to avoid sharp bending of the electrode tails at the anchor bolt outputs. 

A - > B 

Grouping of the electrode tails toward the desired output from the bandage. It is important to maximize the output length of 
the tails from the bandage to avoid any bending or pulling during the connection of the tails to the connectors. If the distance 
between the electrodes is too long, two outputs from the bandage should be prepared. 

C 

Covering of the head with bandages without covering the electrode tails and with respect to the prepared output of tails. D - > G 
Protection of microelectrode tails in an infusion box maintained in a plastic bag at the top of the head, to avoid any bad 
manipulation of tails between the surgery and the connection (i.e. during CT scan / MRI, sleep, etc.). 
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ubing. The macro-microelectrodes (Behnke-Fried model) included both
 hollow macroelectrode and a microelectrode bundle that spread out
rom the tip of the macroelectrode. The macroelectrode part of the
icro-macroelectrode consisted of 8 (BF08R-SP05X-000, BF08R-SP71X-
C2) or 9 (BF09R-SP05X-0MF, BF09R-SP61X-0BB) platinum contact
lectrodes of 1.3 mm of diameter and 1.57 mm of length, embedded
n the surface of a polyurethane tube with a hollow lumen. The micro-
lectrode, consisted of a bundle of 8 (model 1: WB08R-SP00X-0AA) or 9
4 
model 2: WB09R-SP00X-0AA; model 3: WB09R-SP00X-014) platinum-
ridium microwires of 40 μm diameter and 20 mm length. For all mod-
ls, the microelectrode bundle was inserted through the hollow macro-
lectrode, protruding 3-6 mm into the cerebral tissue beyond the tip of
he macroelectrode. For model 2 and 3, the 9 th wire was un-insulated
nd was provided for a possible use as reference. The suppression of
he insulation on several millimeters confers to this electrode a lower
mpedance and therefore a capacity to record from a larger neuronal
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Fig. 3. Main steps for the electrode con- 

nection. A&B. Bandage preparation with holes 
to add scalp electrodes outside the implanted 
zone. C. Placement of scalp electrodes. D. Past- 
ing of velcro bands on the bandage. E. Con- 
nection and placement of the connectors on 
the velcro bands. The arrows show the 2 con- 
nector types: CABRIO connectors from Ad-Tech 
and CHETs from Neuralynx. Note that Neural- 

ynx CHETs are closed with a plastic clip to prevent 

them from opening. These clips are made of small 

electrical raceways. Simple tape can be used too, 

but is less handy and often leaves the CHET sticky 

when removed. F. Grouping of all the connec- 
tor cables within a bandage. G. Covering of the 
connectors with compresses. H. Covering of the 
connectors with the “conductive tissue ”. I. Cov- 
ering and stabilizing with 2 bandages. J. Final 
covering with a net. K. Connection to the head- 
boxes. The arrow shows a head box. L. Place- 
ment of the headboxes in a bag. M&N. Fixation 
of the input and output cables on the bag. The 
arrows show how the cables are fixed. O. The 
bag is carried by the patient when moving. 

Table 2 

Guidelines on electrode tails manipulation and protection during connection. 

Corresponding pictures from Fig. 3 

Opening of small bandage parts outside the implanted zone, to create access for scalp electrodes A + B 
Placement and pasting of scalp electrodes C 
Preparation of velcro bands that will be used to fix the connectors on the head and prevent any pulling on the electrode tails: 
• Pasting of velcro bands on the wrap, outside the implanted area but preferentially on the top of the head, where the patient 
will not lie on while sleeping. 
• Pasting of small complementary pieces of velcro on all connectors 

D 

Connection and placement of the connectors on the velcro without pulling and bending of tails and cables. Electrode tails, 
especially for micros, must be handled very carefully to avoid unnecessary tensile load. The placement will be done: 
• According to the length of tail available 
• With all connector cables in the same direction in order to join them on a single side of the patient 
• With some compresses under tails to avoid bending if necessary 

E + F 

Wrapping of all connector cables together for the comfort of the patient but also to prevent from pulling on them F 
Covering of tails and connectors with compresses to smooth the compression of the cables with the bandage. Compresses 
should also be added under the macro-microelectrode tails if needed 

G 

Covering of the compresses with an electrically conductive silver cloth (Stretch conductive fabric, Less EMF Inc., Latham NY 
12110, USA) to shield poorly isolated electrode tails. The tissue is grounded to the patient through an alligator clip attached to 
the tissue 

H 

Covering with a bandage and a tubular net bandage to maintain the connectors and the tissue on the patient’s head I + J 
Connection of the connector cables to the headboxes and placing of the headboxes in a waist bag that will be carried by the 
patient if he needs to move. To prevent any disconnection, the connector cables and the output tether cables are attached to 
the bag. The tether cables are also attached to the amplifier carriage before their connection to the amplifier. 

K - > O 

Table 3 

Glossary. 

Name Definition 

Electrode tail ( Fig. 2 B) Output of the electrode from the brain 
CABRIO connector ( Fig. 3 E) Ad-Tech electrode connector 
CHET ( Fig. 3 E) Neuralynx electrode connector 
HeadBox ( Fig. 3 K) Connection box used to connect electrode connectors and send the signal to the amplifiers 
Tether cable Connection cable from the headboxes to the amplifier 

5 
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Fig. 4. Current acquisition setup. Signals recorded from macro 
and microelectrodes are acquired by the research Neuralynx sys- 
tem and sent from the Neuralynx acquisition PC to the clinical Mi- 
cromed acquisition PC through a direct network connection. The 
research and clinical acquisition PC send respectively the data to 
the research and clinical servers to fill the respective databases. 
The research building is located in the hospital and has a direct 
network connection to the epilepsy center building via a dedi- 
cated optic fiber. Black dashed lines represent cables for macro- 
electrodes, black plain lines represent cables for microelectrodes. 
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opulation, with less sensitivity to action potentials from surrounding
eurons ( Jurczynski et al., 2021 ). Model 3 was the same as model 2,
ut with an epoxy reinforcement on the area of attachment between
ails of the microelectrode and macroelectrode (Supp Fig. 1), supposed
o reduce the risk of failure at this weak point. 

Additional scalp electrodes were also recorded (T9, FT9, Fp1, Fz,
p2, FT10, T10, O1, Oz, O2, EKG). In the last 23 patients, electrodes
ssential for polysomnographic recordings (C4 or C3, M1 or M2, E1, E2
nd EMG) were added. 

.5.2. Amplifiers 

Over the last 10 years, three successive acquisition setups have been
sed, each one bringing specific improvements ( Fig. 4 and Supp. Fig. 2).

Oct. 2010 - Jun. 2012 - Macro and micro recorded on 2 different am-

lifiers (11 patients) : For the first microelectrode recordings, macro and
icroelectrode signals were acquired on two different amplifiers. All
acroelectrode signals were recorded continuously with the clinical am-
lifier (SD LTM, Micromed® S.p.A., Italy, 128 channels at 1024 Hz), and
icroelectrode signals were recorded a few hours per day, with the Lynx

mplifier (Digital Lynx, Neuralynx®, Inc., Bozeman, MO, 32 channels
t 32 kHz, Supp. Fig. 2.A). Macro and micro signals were synchronized
ffline with the help of an analogical trigger sent to both systems during
cquisition. 

Nov. 2012 - Oct. 2018 - Macro and micro recorded on same amplifiers

39 patients) : In 2012, the Neuralynx system was upgraded to the AT-
AS amplifier (Atlas, Neuralynx®, Inc., Bozeman, MO), to record with
p to 160 electrodes. Contrary to the previous system, the ATLAS am-
lifier also allowed the recording from all macro and microelectrodes
imultaneously, as well as continuously during the whole clinical inves-
igation of the patient, i.e. up to 3 weeks. Signals from macroelectrodes
nd microelectrodes were recorded at 4 and 32 kHz, respectively. Be-
ause clinicians need access to the data via the clinical database, the
ignal of the macroelectrodes (and the microelectrodes when the total
umber of electrodes did not exceed 128) was also recorded by the clin-
cal Micromed systems (1024 Hz). To record the signal in parallel, the
ignal was split using a specific cable provided by Neuralynx (MDR50),
ith a Neuralynx connection on one side and touch proof outputs for

he Micromed HeadBoxes on the other side (Supp. Fig. 2.B). 
Nov. 2018 - current - Macro and micro recorded on a unique amplifier

6 patients) : In 2018, the Micromed acquisition software was updated
ith a network connection between the Neuralynx and Micromed sys-

ems, allowing for a real-time data transfer from the Neuralynx acquisi-
ion system to the Micromed software and database. Consequently, since
018 only the ATLAS amplifier has been used to record all electrodes
6 
ontinuously and during the whole clinical investigation ( Fig. 4 ). This
ew setup avoided a duplication of the electrode connections to two
ifferent amplifiers, which was a source of possible connection errors
s each electrode was connected twice. Potential noise issues related to
he fact that two amplifiers were grounded together, were also avoided.
he acquisition sampling rate on Neuralynx was set to 4096 Hz for the
acroelectrodes and 32768 Hz for the microelectrodes. Signal from all

lectrodes was downsampled to 1024 Hz for Micromed. 
All Neuralynx recordings were realized with Neuralynx Cheetah ac-

uisition software. 

.5.3. Reference and patient ground 

Macroelectrode reference : For recordings with the Micromed system
before Nov. 2018), a scalp reference electrode was used, placed as close
s possible to the vertex of the head (Cz). For recordings with the Neu-
alynx system, the reference can be chosen from any of the recorded
lectrodes and can be different for macro and microelectrodes. For the
acroelectrodes, when available, a contact in the white matter with a
at EEG signal and without epileptic activity, was selected. If such elec-
rode contact was not available, the Cz scalp electrode was used. The lat-
er was avoided when possible, because scalp electrodes are more likely
o record muscle artifacts and to get detached from the skin, which in-
roduces noise in all data. 

Microelectrode reference : For each microelectrode, a microwire from
he same bundle, with no MUA and no artifacts, was used as reference,
o avoid injecting these activities in all electrodes. For model 1 and the
arge majority of model 2 and 3, one of the 8 microwires was selected.
sing the un-insulated reference microwire for model 2 and 3 resulted
ost of the time in a higher noise level in the microelectrode signals,
robably because the difference of impedance between the electrodes
as too high. It was used only for 3 patients. Using a normal microwire
s reference will enhance detection of very local activities but also elim-
nate all common activities recorded by the microwires, especially the
low components of the LFP that are generated from the averaged activ-
ty of a larger neuronal population. The un-insulated reference, on the
ontrary, will better preserve the slow components of the LFP but can
lso inject the same LFP activity in all microwires because of the differ-
nce of impedance and amplitude of signal captured by the electrodes.
he impact on the LFP, whatever the wire used as reference, can vary
epending on the distance between the microwires in the brain, which
s unpredictable with the Behnke-Fried electrodes ( Jurczynski et al.,
021 ). 

Signal quality of microelectrodes was daily checked. If MUAs or arti-
acts appeared on all wires, which usually meant that the reference was
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ontaminated by those activities, another microwire of the microelec-
rode bundle was selected as a reference. 

Ground : A scalp electrode on the collarbone was used for the patient’s
round. Before November 2018, when 2 different amplifiers were used,
he same patient’s ground was used for both by using a jumper cable. 

.6. Data management 

.6.1. Storage 

Microelectrodes are recorded at high sampling rate (32 kHz in our
onfiguration) which can lead to an important amount of data to manage
nd store when acquired continuously for several weeks. A single chan-
el recorded at 32 kHz for 2 h weighs almost 0.5 GB. In 2 to 3 weeks,
 continuous recording of around 100 macro and microelectrodes, in-
luding 8 to 32 microwires accumulates 2 to 3 TB of data. 

Because the research center (Paris Brain Institute) and the epilepsy
nit are located on the hospital grounds in different buildings with sep-
rated network infrastructures, an optic fiber was extended from the
pilepsy unit to the servers of the research center, allowing a direct data
ransfer since Feb. 2013. Every night, the data acquired by the Neural-
nx system was transferred to the server at the Paris Brain Institute, al-
owing for a quick visualization and analysis by researchers. Before stor-
ge on the server, all data was pseudo-anonymized if not already done at
he acquisition. All recorded data were segmented into files of 2 h max-
mum to optimize their reading access with the different visualization
nd analysis softwares. As Cheetah software did not allow segmentation
ithout losing samples between files, recordings were usually launched

or 24 h and segmented offline with Matlab software to 2 h without data
oss. Data were organized by patients with standardized nomenclature
nd organization to facilitate access to the desired dataset. Acquisition
ettings, imagery and clinical information were added to each patient’s
older. Access to the data was secured with personal ID and password,
nd obtained on demand for collaborators. Data acquired by the clinical
oftwares was stored and managed by the hospital IT infrastructure. 

.6.2. Electrode localisation and visualization 

Within the EPILOC toolbox, two modules have been developed to
ocalize implanted electrodes and their contacts spatially and anatom-
cally. They were based on several image processing pipelines, us-
ng Brainvisa ( Rivière et al., 2011 , https://brainvisa.info/web/ ) and
reesurfer ( http://surfer.nmr.mgh.harvard.edu/ ), that were built to: 1)
ompute anatomical models from the structural MRI preoperative se-
uence, 2) normalize this sequence on MNI template, 3) coregister pre-
nd post-operative sequences in the patient native space with the struc-
ural preoperative MRI as reference, using a block matching algorithm,
) automatically localize depth sEEG electrodes on CT postoperative se-
uences, by segmentation of electrode artifacts present on the postop-
rative TDM and their classification using their distance to the theoret-
cal trajectories planned on the stereotactic guidance device (ROSA or
eksell), 5) label all the contacts using the MNI atlases and the patient
pecific anatomical models. A first module allowed to check and correct,
f necessary, potential mismatches of the automatic localization stage.
he second module called EPILOC-VIEW created an interface that al-

owed users to navigate easily on a 3D scene, where all the results of
ifferent pipelines were merged. The user had the possibility to navi-
ate among the different implanted electrodes and contacts and focus
n each electrode by choosing a classical view or a view along the axis
f the electrode, which was important to better identify the traces of the
icroelectrodes ( Fig. 1 ). The structural image normalization allowed to

eport all the patient’s data in the MNI space and visualize them in both
ative and MNI spaces. Microelectrodes were detected on the postoper-
tive 3D CT scan. The superimposition with the pre-implantation MRI
equences allowed the identification of the individual anatomical local-
zation. Their localization in the seizure onset zone (SOZ) was extracted
rom the clinical reports. 
7 
.6.3. Signal visualization 

It is often necessary to inspect the raw signal not only to check data
uality and artifacts, but also to annotate pathological or physiolog-
cal activities for further analyses. However, data acquired since 2012
as difficult to read with available software. Macro and microelectrodes

ignals were acquired at different sampling rates which is typically not
upported in software for EEG visualization. Furthermore, before 2012
ata were acquired on different amplifiers, and saved in different data
les and formats. Data duplication due to conversion to different data

ormats becomes a storage issue with continuous recordings. In response
o these issues, an in-house EEG/MEG software, MUSE ( Ducorps et al.,
010 ) (Supp. Fig. 3), was updated to visualize macro and microelec-
rode signals directly from different file formats and at different sam-
ling rates. For macro and microelectrode signals that were acquired
n different amplifiers, the analog synchronization triggers were used
ffline to find the delay between the signals and to synchronize two vi-
ualization windows. When macro and microelectrode signals were ac-
uired synchronously on the same Neuralynx system, all signals could be
isualized at their original sampling rate. The MUSE software also gives
he possibility to filter macro and microelectrodes separately at different
requencies and to annotate artifacts and events of interest (i.e. seizures,
nterictal activities, etc). 

.7. Noise / data quality 

.7.1. Room isolation and noise measurements 

Because of their high impedance ( Stacey et al., 2013 ), microelec-
rodes are more sensitive to artifacts than macroelectrodes. The most
ervasive noise comes from the electrical recording environment, espe-
ially at 50/60Hz. The signal to noise ratio (SNR) can be insufficient if
he electrical environment is too noisy, which in turn will prevent the
etection of action potentials. The most effective way to reduce noise
n the data is first to prevent or reduce it, e.g., by changing the elec-
rical setup of the recording room. The hospital room used for the in-
racranial investigation was part of a building built in the 1960s. EMC-
M (Electromagnetic Compatibility - Zero Method, Soleil et al., 1992 ,
ttp://danielsoleil.com ) measurements were performed and uncovered
hat the EEG recording room was full of noisy sources from electrical
ower distribution. Therefore, in 2014 a specific electrical installation,
alled “Low-Noise ”, was performed to approach 0 Vp and 0 Ap, i.e. no
lectrical noise ( Fig. 5 ). This installation involved the followings: 

- the creation of an isolated ground plane of reference made of a cop-
per sheet of 0.3 mm thickness covering the floor of the room and
itself protected by an antistatic coating; 

- the electric power of the building, before arriving to the room, was
isolated with a low capacitor coupling transformer whose output was
a two-phase 230V rms, with its mid-point connected to the reference
plane; 

- all subsequent distribution of the current to the room outlets was fil-
tered by low HF-losses capacitors until outlets of the room to obtain
the Low-Noise. The two-phase and filtered power supply remove the
electric radiation of the main cords; 

- all outlet grounds of the room were shortetly referenced to the
ground plane. All metallic objects (bed, table, chair, etc…) in the
room were connected to the ground plane of reference when possi-
ble. 

Noise measurements were done with a “Clean Energy Meter ” (Hager,
agerGroup, Blieskastel, Germany) before and after the improvements.
his measuring tool is a voltmeter that measures peak unreversed volt-
ges after elimination of 50 Hz power supply with a high pass filter.
witched to an Ampere meter, it can be used to check that there is no
urrent, even at 50 Hz, near the conductors connected to the isolated
round plane. 

All the works were in accordance with NFC 15-100 and NFC 15-211
nd the measurements were in line with IEC 61 000 -6 and -16. 

https://brainvisa.info/web/
http://surfer.nmr.mgh.harvard.edu/
http://danielsoleil.com
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Fig. 5. Synoptic electrical diagram of the 

electrical installation in the patient’s room. 

SPX 101: Hardening filter 2 phases. SPY 300: 
Capacitor bloc 3 phases 4.7 μF. SPY 200: Ca- 
pacitor bloc 2 phases 4.7 μF. SPY 201: Capac- 
itor bloc 2 phases 15 μF. SPZ 106: Magnetical 
bloc, hole 10 mm - Clean Energy HAGER. 

Table 4 

Description of main time periods of recording. 

Time Period Date 
Recording system for 
macro-electrodes 

Recording system for 
micro-electrodes 

Electrical shielding 
of the room 

Electrode 
model 

Number of 
patients 

1 Oct. 2010 - Jun. 2012 Neuralynx Micromed no 1 11 
2 Nov. 2012 - Jul. 2014 Neuralynx + Micromed Neuralynx + Micromed no 1 or 2 14 
3 Nov. 2014 - Oct. 2016 Neuralynx + Micromed Neuralynx + Micromed yes 1 or 2 14 
4 Feb. 2017 - Oct. 2018 Neuralynx + Micromed Neuralynx + Micromed yes 3 11 
5 Nov. 2018 - Sept. 2019 Neuralynx Neuralynx yes 3 6 
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.7.2. Signal quality measures and statistics 

In order to estimate the SNR of the microelectrode recordings, the
oot mean square (RMS) was calculated on 10 minutes of signal filtered
etween 300 and 3000 Hz, from 15 periods blindly selected without a
riori on data quality but equally distributed in time, over the whole
ecording of each patient. No selection regarding the signal quality was
one in order to keep an objective overview of the continuous recording
nd the possible quality variation in time. 

According to the literature and our observations, low levels of noise
ncrease the possibility to detect action potentials in the signal and the
ccuracy of the spike sorting ( Buccino et al., 2020 ; Chaure et al., 2018 ;
ild et al., 2012 ). To test whether a decrease in noise was associated
ith an increase in action potential recordings, the presence of MUA was
isually checked on filtered signals using MUSE software (300-300 Hz)
nd reported. The following measures were realized for each bundle:
he number of wires recording at least once MUA along the 15 periods,
eferred as overall MUA; the number of wires recording MUA the first
ay of recording (day 0), after 1 week (day 6) and after 2 weeks (day
3), referred as time-dependent MUA. The first day of recording started
he day following the implantation. 

According to the improvement steps (new recording system, electri-
al shielding of the room, reinforced electrode model) of our recording
rocedure, five major time periods could be identified from 2010 to
020 and are summarized in Table 4 . Variation of RMS values and MUA
uantification measured at the different time periods were evaluated
sing Generalized Linear Mixed Models (GLMMs). 

RMS: For the RMS, a GLMM with identity link and normal distribu-
ion was used, with RMS values for each of the 15 distributed periods of
ach patient’s wire as the dependent variable, the time period and the
umber of days after the first recording day as the fixed effects and the
atients’ ID with the wire‘s ID nested as the random intercept effects. In
rder to compare the proportion of extreme RMS values in each time pe-
iod, they were identified as RMS values > Q3 + 1.5xIQR, with Q3 and
QR calculated on all RMS values, and a pairwise Fisher’s exact test was
erformed between time periods and extreme RMS values identification.
s RMS values were right-skewed, they were log10 transformed. 

MUA: For the MUA, to test whether the overall MUA differed be-
ween time periods or was related to RMS values, two GLMMs with log
ink and Poisson distribution were performed, with the overall MUA
uantification as the dependent variable, the time periods or the me-
8 
ian RMS of each bundle as the fixed effects and the patients’ ID as
he random intercept effects. Lastly to test whether the number of wires
ecording MUA differed between time periods and days of recording, a
LMM with log link and Poisson distribution was performed, with the

ime-dependent MUA quantification as the dependent variable, the time
eriods and the day of recording as the fixed effects and the patients’ ID
s the random intercept effects. To test whether there was a difference
etween the time periods according to the day of recording, the inter-
ction between the time periods and the day of recording was added as
 fixed effect in the previous model. 

For RMS and MUA, type II Wald chi-square tests were used to test
ain effects and interactions and post hoc pairwise comparisons were

arried out when appropriate. Mean difference estimates (MDE) ± stan-
ard errors (SE) and mean ratio estimates (MRE) ± SE were reported
or post-hoc comparisons of RMS and MUA respectively. For all analy-
is and figures, RMS values from the microwires used as reference were
xcluded. 

The signal measures were calculated with Matlab (MATLAB. (2019)
ersion 9.7.0 (R2019b) . Natick, Massachusetts: The MathWorks Inc.) and
tatistical analyses and figures were achieved using R 4.1.2 (R Founda-
ion for Statistical Computing, Vienna, Austria. URL "https://www.R-
roject.org".)) and lme4 package (v1.1-27.1, Bates et al., 2014 , p. 4) for
LMM fit, emmeans package (v1.7.2, Lenth, 2020) for post-hoc com-
arisons and model representation, optimx package (v2021.1.12, Nash,
011) for GLMM convergence, and RVAideMemoire package (v0.9.81,
ervé) for pairwise Fisher’s exact test . 

.8. LFP-MUA/SUA pipeline analysis of epileptic events 

To illustrate the type of analysis that can be performed on epileptic
vents, this section presents a procedure developed in our lab to inves-
igate the firing behavior of neurons during interictal epileptic spikes
IEDs), which are brief paroxysmal electrographic discharges that can
e observed visually on EEG. Microelectrode wires were first selected,
ased on whether they showed MUA and IEDs. Artifacts and IEDs were
nnotated manually on the basis of visual observation of the microelec-
rodes. All annotations were done with MUSE, a software developed
n-house to allow the visualization of both macro and micro electrodes.
pike sorting was then done using Spyking Circus ( Yger et al., 2018 ),
ccording to the procedure outlined in detail in their reference docu-
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Fig. 6. Microelectrode localization. A. Distribution diagram of the electrode localizations with a detailed focus for the temporal lobe. The temporo-mesial region 
includes: hippocampal formation, amygdala, parahippocampus. The first number near the brain region’s name indicates the number of microelectrodes in the corre- 
sponding region, the 2d number indicates the percentage of microelectrodes. B. 3D MNI normalized localizations of the microelectrodes. Each dot is a microelectrode 
bundle. Red dots correspond to microelectrode bundles that recorded MUA and black dots correspond to microelectrode bundles that did not record MUA. The 3D 

figure was realized using BrainNet viewer ( www.nitrc.org ). Note that some dots appear outside of the brain because of the imprecision of the MNI normalization, especially 

for electrodes at the border of the temporal lobes where the MRI quality is not as good as for the rest of the brain. 
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C  
entation (https://spyking-circus.readthedocs.io/en/latest/) and refer-
nce article ( Yger et al., 2018 ) . In short, Spiking Circus uses a combi-
ation of density-based clustering and template matching algorithms to
utomatically cluster the detected action potentials into putative single
nits. Data is temporally whitened, and action potentials (APs) are au-
omatically detected at 6 (or higher) median absolute deviations (MAD)
f high-pass filtered ( > 300 Hz) signal. APs that occurred during anno-
ated artifacted periods were ignored, their inclusion would affect the
pike sorting accuracy. Clusters that were not stable across the recording
ere discarded from further analysis. Clusters were further evaluated
hether they reflected putative single-unit activity (SUA) or multi-unit
ctivity (MUA) based on their inter-spike-interval (ISI), the percentage
f refractory period violation, the consistency of their firing rate and
mplitude over time, and their waveform morphology. IEDs were au-
omatically aligned according to their cross-correlation. Average LFPs
nd spike times were then time-locked to the IEDs and plotted on the
ame time-axis. The analyses pipeline was implemented using custom
ATLAB scripts ( https://github.com/stephenwhitmarsh/EpiCode ), and

sed FieldTrip ( Oostenveld et al., 2011 ), a MATLAB (The Mathworks
nc., Natick, Massachusetts) toolbox for MEEG and spike analyses. 

. Results 

.1. Database description 

From October 2010 to September 2020, 56 patients (31 women; age:
ean = 33 years, range:18-60; duration of epilepsy: mean = 16 years,

ange:4-40) were implanted with a total of 122 microelectrode bun-
les (range: 1-4 per patient). Electrodes were mostly localized in the
emporal lobe (n = 90; 74%), with a predominance in the mesial tem-
oral cortex (n = 60), including hippocampal formation (n = 31), amyg-
ala (n = 14), parahippocampus (n = 6). Microelectrodes were also placed
ithin frontal (n = 19, 15%), parietal (n = 7, 6%) and occipital (n = 6,
%) lobes ( Fig. 6 A). Most microelectrode bundles were in gray mat-
er or lesioned tissue (n = 99; 81%), but some spread in the white matter
n = 4; 3%) or in extraparenchymal regions (n = 13; 11%). In the tempo-
al lobe, the proportion of microelectrodes in extraparenchymal regions
as 6/22 for amygdala, 2/44 for hippocampal formation, and 3/9 for

emporo-basal regions. 
Signal from microelectrodes was recorded from 55 patients and 119

icrobundles; one patient at TimePeriod 1 could not be recorded for
echnical reasons. For the first 10 patients from TimePeriod 1, micro-
9 
lectrodes were recorded a few hours (1-4 h) per day, for 10 days on
verage, with a total duration of 14.5 h on average. For the next 45
atients, microelectrodes were recorded continuously for an average of
6.2 days (min = 5 days, max = 27 days). Twenty-seven among the 122
icroelectrodes were located in the SOZ ( Fig. 6 B). 

During TimePeriod 1, seizures could be recorded with microelec-
rodes for 50% of the patients with a total of 33 seizures (5/10 patients,
ith 1 to 17 seizures/patient). Microelectrodes were in the SOZ for 2
atients. During TimePeriod 2 to 5, seizures could be recorded with mi-
roelectrodes for 91% of the patients (41/45 patients, with 2 to > 50
eizures per patient). Microelectrodes were in the SOZ for 16 patients. 

.2. Signal quality measures 

.2.1. Electrical noise in the room 

Room measurements before and after the new electrical installation
evealed that the noise level in the patient’s room decreased from values
round 8V High Frequency (HF) peak-to-peak to less than 0.1 V peak-
o-peak, corresponding to a 35 dB of reduction . 

.2.2. Data SNR 

The LMM investigating RMS differences over recording time periods
evealed a significant effect of the time period (Chi 2 = 99.29, p < 0.001,
ig. 7 , Table 5 for descriptive statistics). Compared to TimePeriod 2,
MS values were significantly lower during TimePeriod 1 (MDE ± SE = -
.50 ± 0.06, p < 0.001), when micro and macroelectrodes were recorded
eparately, and during TimePeriod 3 (MDE ± SE = -0.33 ± 0.06, p < 0.001),
imePeriod 4 (MDE ± SE = -0.47 ± 0.06, p < 0.001) and TimePeriod 5
MDE ± SE = -0.46 ± 0.07, p < 0.001) after the room has been electrically
solated. There was also a significant difference between TimePeriod 1
nd 3, with lower values during TimePeriod 1 (MDE ± SE = -0.17 ± 0.06,
 = 0.037), but no significant difference between the other time periods
p > 0.05). The difference between TimePeriod 3 and 4 was not signifi-
ant but the median RMS value was higher during TimePeriod 3. The
umber of outliers differed between all time periods (pairwise Fisher’s
xact test, all p < 0.001, Table 5 for descriptive statistics) apart between
ime Period 4 and Time Period 5. The period with less outliers was
ime Period 1, followed by Time Period 4 and 5, Time Period 3 and
ime Period 2. 

Moreover the LMM revealed a slight but significant increase of
he RMS over days of recordings (estimate ± SE = 5.53e-03 ± 6.23e-04,
hi 2 = 78.77, p < 0.001, Supp. Fig. 4). Individual data are presented in

http://www.nitrc.org
https://github.com/stephenwhitmarsh/EpiCode


K. Lehongre, V. Lambrecq, S. Whitmarsh et al. NeuroImage 254 (2022) 119116 

Fig. 7. RMS per wire and day for each pa- 

tient. Each dot represents the mean of RMS 
values measured over days for each wire. Note 
that the y axis is expressed on a log10 scale, 
values of 1, 2 and 3 corresponding respectively 
to 10μV, 100μV and 1000μV. Dots are plot- 
ted according to the log10(RMS) mean value 
and the patient ID expressed in year-month 
(YYYY-MM). Bars represent the standard devi- 
ation of the log10(RMS) values of each wire. 
The color code distinguishes the 5 time pe- 
riods (red: TimePeriod 1, blue: TimePeriod 
2, green: TimePeriod 3, purple: TimePeriod 
4, orange: TimePeriod 5). The patient’s room 

was electrically cleaned between TimePeriod 
2 and TimePeriod 3. The electrode model was 
changed to the reinforced model 3 between 
Time Period 3 and Time Period 4. Significant 
differences between time periods are indicated 
with stars ( ∗ : 0.05 > p < 0.01; ∗ ∗ : 0.01 > p < 
0.001; ∗ ∗ ∗ : p < 0.001). 

Table 5 

Descriptive statistics of each time period. 

Time Period RMS (μV) MUA (nb wires/bundle) 

N total Outliers Median Q1 Q3 N total Median Q1 Q3 

N % 

1 1527 3 0.20 6.30 4.48 9.15 19 2 0 4 
2 3497 412 11.78 16.96 9.80 36.21 34 0.5 0 2 
3 2718 101 3.72 6.45 4.73 11.72 26 3 0.25 4.75 
4 2336 33 1.41 5.87 4.73 8.10 20 3 1 6 
5 1654 34 2.05 5.82 4.53 8.26 15 4 1.5 5.5 
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upp. Fig. 5. A GLMM with the interaction between recording day and
he patient ID as the fixed effects precised significant positive correlation
etween RMS and days of recording for 25/55 patients, distributed in
ll time periods. The correlation was not significant for 19/55 patients
nd significantly negative for 11/55 patients. 

.2.3. MUA 

For 70% of recorded microelectrode bundles (82/119), at least 1
ire from the microelectrode bundle showed MUA, with an average of
 wires per bundle. The proportion of bundles recording MUA differed
etween time periods and reached 70.1 %, 50 %, 73.1 %, 85 % and 80
 for TimePeriod 1 to 5 respectively. 

As can be observed on Fig. 8 A, the relation between the RMS values
nd the number of wires recording MUA at least once was not linear. The
aximum number of wires recording MUA was observed for RMS value

round 7.4 μV. Above 7.4 μV the number of wires recording MUA de-
reased when RMS values increased, while below 7.4 μV the relation was
nverted. A first GLMM focusing on RMS values > 7.4μV and testing the
elation between the number of wires recording MUA and the RMS val-
es, confirmed a significant negative impact of high RMS values on the
umber of wires per bundle recording MUA (estimate ± SE = -0.07 ± 0.03,
hi 2 = 47, p = 0.034). A second GLMM focusing on RMS values < 7.4 and
esting the relation between the number of wires recording MUA and the
MS values, confirmed a positive correlation (estimate ± S = 0.47 ± 0.08,
hi 2 = 34.27, p < 0.001). 

The GLMM testing whether overall MUA differed between time pe-
iods revealed a significant time period effect (Chi 2 = 16.52, p = 0.002,
ig. 8 B, Table 5 for descriptive statistics). There were significantly less
ires per bundle recording MUA during TimePeriod 2 than during
imePeriod 3 (MRE) ± SE = 0.42 ± 0.12, p = 0.016), TimePeriod 4 (MRE ±
10 
E = 0.34 ± 0.11, p = 0.007) and TimePeriod 5 (MRE ± SE = 0.33 ± 0.11,
 = 0.006). 

The GLMM testing the time-dependent MUA revealed a significant
ffect of the time period (Chi2 = 17.96, p = 0.001) and of the day of
UA measure (Chi2 = 57.59, p < 0.001). Significantly less wires per

undle recorded MUA during TimePeriod 2 compared to TimePeriod
 (MRE ± SE = -1.53 ± 0.40, p = 0.001) and 5 (MRE ± SE = -1.48 ± 0.44,
 = 0.007). The number of wires recording MUA significantly differed
etween all days of recordings (day0 vs. day6: (MRE ± SE = 1.62 ± 0.19,
 = 0.001, day6 vs. day13: (MRE ± SE = 1.97 ± 0.33, p = 0.002, day0 vs.
ays13: (MRE ± SE = 3.19 ± 0.51, p < 0.001, Fig. 8 C). The introduction of
he interaction between the time periods and the day of MUA measure
s fixed effects in the model did not reveal any significant interaction
 Fig. 8 C). 

Interestingly, for 52 bundles, the total number of wires recording
UA at least once during the whole recording period, was higher than

he number of wires recording MUA the first day of recording, reflecting
he fluctuation from day to day of the presence of MUA on wires (see
upp. Fig. 3). 

No MUA were recorded in 37 microbundles. For the majority of
ases, this could be attributed to a localization outside gray matter, i.e.
xtraparenchymal (12 bundles), white matter (3 bundles), or a failure
n the extrusion from the macroelectrode (4 bundles were not visible on
he CT scan). For 8 bundles, the mean RMS was high ( > 10μV). Finally,
or 9 bundles there was no clear reason for the lack of MUA, as they
ere in the gray matter with RMS values < 5 μV. 

As one of our objectives was to record as many seizures as possible
ith MUA, we looked at the number of patients for whom it was possible

o record seizures with MUA. For 33 patients, we could record at least 1
eizure (range 1 to 10) with MUA on at least one microelectrode signal.
hose 33 patients correspond to 40% of patients during TimePeriod 1,
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Fig. 8. Number of wires per bundle recording MUA. A. Representation of the number of wires per bundle recording at least once MUA during the whole recording, 
in relation to the median of RMS values measured on all wires of the bundle. The blue line fits the data with the LOESS method which uses local averaging. The 
vertical black line is plotted at the peak of the fitting line. B. Representation of the estimated marginal means of the number of wires per bundle recording at least 
once MUA during the whole recording for each time period given by the GLMM. Bars represent low and high 95% confidence intervals. C. Representation of the 
estimated marginal means of the number of wires per bundle recording at least once MUA values for each time period and day of recording (0-6-13) given by the 
GLMM. Bars represent low and high 95% confidence intervals. For all plots each dot represents a bundle and the color code distinguishes the 5 time periods (red: 
TimePeriod 1, blue: TimePeriod 2, green: TimePeriod 3, purple: TimePeriod 4, orange: TimePeriod 5). Significant differences between time periods are indicated 
with stars ( ∗ : 0.05 > p < 0.01; ∗ ∗ : 0.01 > p < 0.001; ∗ ∗ ∗ : p < 0.001). 
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ut with few seizures per patient, 28% of patients during TimePeriod 2,
nd 76% of patients during TimePeriod 3 to 5. Among those 33 patients,
2 had the microelectrodes recording MUA localized in the SOZ. 

.3. Example of analysis pipeline for long-term continuous recording of 

pileptic activity 

The continuous and long-term recordings described here allows for
anual or automatic annotation of epileptic events during active and
assive wake state, as well as during sleep. Fig. 9 gives an example of
he analysis pipeline described in the method ( Section 2.8 ). Epileptic
pikes were visible on both macro- and microelectrodes ( Fig. 9 A & B).
he high-passed signal of the microelectrode showed action potentials,

.e MUA ( Fig. 9 C). Spike-sorting analysis isolated two different single
eurons, i.e SUA (red and blue), with different morphologies ( Fig. 9 F)
nd firing properties (as noted, by the histogram of their inter-spike
ntervals; Fig. 9 G). The firing rates of both neurons correlated with the
FP of the IEDs ( Fig. 9 D & E). 

. Discussion 

During the last 10 years, we collected a database of 119 microelec-
rode recordings in patients with epilepsy. Most microelectrodes were
mplanted in mesial temporal regions, consistent with the predominance
f temporal epilepsies ( Blumcke et al., 2017 ). Our post-implantation
maging analysis also revealed that most of the microelectrodes were
n gray matter as expected, but some were in white matter or meninges.
his mistargetings can be related to our implantation strategy: the deep-
st macrocontact is placed in the mesial cortex and microwires must
xtend from there toward the inner part of the brain. During the tra-
ectory planning, the estimated length for the microwires always com-
rises a margin of error of some mm, in case of potential deviation of
he macroelectrode trajectory during the implantation. However, more
eviation can occur and prevent the microelectrode from reaching the
argeted localization. We observed more mistargetings of gray matter
n some cerebral regions, such as amygdala, compared to other regions
uch as hippocampus, probably because the volume of gray matter be-
ond the tip of the electrode is smaller in amygdala. Nevertheless, the
ddition of microelectrodes did not increase the risk of hemorrhages and
nfectious complications ( Mathon et al., 2015 ). 

The analysis of the noise level and the presence of MUA on our mi-
roelectrode recordings showed a progressive improvement related to
everal technical changes. The analyses were performed on blindly se-
ected files equally distributed along the whole recording, in order to
11 
ave the most objective overview of noise levels. The electrical insula-
ion of the patient’s room came out as a major effect, and the use of the
einforced micro-bundle had smaller but not negligible consequences.
ost RMS values of the filtered microelectrode signal from the last time

eriods (i.e., our current recording configuration), were relatively low.
or Time Period 4 and 5, more than 85% and nearly 70 % of the mea-
ures were < 7.4 μV during the 1st and 2d week respectively, while they
ere below 10 % for Time Period 2. The number of wires per bundle

ecording MUA significantly increased over time periods —from 2010 to
020. The quality improvement of the data was efficient from the first
ays of the recording and allowed to keep a better quality (lower RMS
nd more wires with MUA) until the end of the recording. The reduc-
ion of RMS values in our data increased our possibilities to record MUA
nd therefore the probability to better isolate SUA through spike sort-
ng ( Buccino et al., 2020 ; Chaure et al., 2018 ; Wild et al., 2012 ). This
elation between MUA and SUA was indeed observed in several analy-
es conducted on our data. The more MUA were present in the record-
ngs, the more SUA could be isolated. According to Fig. 8 A, it seems
hat reaching a RMS < 10 μV is important to obtain a SNR high enough
o catch action potentials. The fact that we observed less MUA for RMS
elow 5 μV can probably be explained by a very low electrical and phys-
ological noise, i.e. the lack of MUA on the signal contributes to the RMS
eduction of the filtered signal. Interestingly, during our first microelec-
rodes recordings (TimePeriod 1), when microelectrodes were recorded
eparately from the macroelectrodes and for only a couple of hours per
ay, we obtained lower RMS, more MUA than during TimePeriod 2 and
ess outliers than during all other time periods. This might be explained
y the presence of researchers during the whole recording, systemati-
ally trying to reduce noise, i.e. by shielding all cables and starting to
ecord only when the noise level was low. The transition to a single
mplifier for macro and microelectrodes (TimePeriod 2) was first asso-
iated with a decrease of signal quality. However the decrease of RMS
alues during TimePeriod 2 reveals the impact of the improvements re-
lized at all steps from implantation to recordings. The significant differ-
nce in RMS values between TimePeriod 2 and TimePeriod 3 highlights
he importance of the electrical insulation of the patient room, whose fi-
ancial cost was balanced by the major noise reduction. However, mod-
fying the electrical installation is not always possible and it will also
ot prevent some electrical noise sources. Shielding cables to prevent
urrounding electromagnetic interference and avoiding ground loops is
ssential (see Misra et al., 2014 , for details). We could observe 50/60Hz
oise reduction in the microelectrodes by covering their poorly shielded
ail with a conductive tissue grounded to the patient (Stretch conduc-
ive fabric, Less EMF Inc., Latham NY 12110, USA). Furthermore, like
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Fig. 9. Example of single units time-locked to the LFP of IEDs. A. IED 

recorded by a macro contact. The macroelectrode iEEG signal is shown on a 
bipolar montage (M1-M2). B. Same IED as in A recorded by a micro wire (Micro 
1) at the tip of the macroelectrode represented in A, the signal is low-pass filtered 
at 50 Hz. C. Same signal as B but high-pass filtered at 500Hz. The filtered signal 
shows action potentials (multi-units activity). D. Spike sorting of Micro 1 signal 
resulted in a separation of action potentials into two different putative single 
units (red and blue color code). Red and blue lines represent the occurence in 
time of action potentials of each unit. E. Raster plot of 100 IEDs recorded by Mi- 
cro 1. Action potential times of each unit (red and blue) were time-locked to the 
IEDs, showing clear synchronization. F. Action potential waveforms of each unit: 
1000 random time courses with superimposed average. G. Inter-spike-interval 
histogram of each unit. 
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or all electrophysiological recordings, any electrical device plugged in
n outlet that touches the patient, the bed/chair where the patient is sit-
ing, or the connectors and tether cables, will introduce 50/60Hz noise
nd should be avoided. Therefore, if the patient needs to use a computer
r his phone, they should preferably run on battery. However, even on
attery, a laptop can be a source of noise for the microelectrodes when
12 
he patient touches the keyboard. One solution, especially for cognitive
asks where responses are mandatory, is to use optical cables to con-
ect to button response boxes. Wireless keyboards or mouses might also
ork, but should first be tested regarding the responses delays and jit-

ers. The patient’s bed, if it is electrically motorized, can also be a source
f noise. If it is the case, unplugging or using a manual bed should be
onsidered. We also experienced that keeping a loose scalp electrode
onnected to the Neuralynx amplifier was another source of slow wave
rtifacts for all electrodes connected to the same input board of 32 chan-
els. Hanging scalp electrodes have the impedance of the headbox or
ystem input and behave like an antenna in the air that will pick up the
oise in the environment. 

The reference is also important for reducing noise levels. Even if ref-
rences can always be changed offline, the use of the best reference dur-
ng acquisition enhances the chances to have a good signal. For exam-
le, if the reference is damaged and sensitive to movements/noise and is
ikely to saturate, then all signals will saturate and it will not be possible
o gain signal by offline re-referencing. A good reference also contributes
o on-line estimates of the signal quality, so that the recording setup can
e adapted when necessary. Because we often observed, like Misra et al
014 , an increase in noise level with the un-insulated wire, we mostly
referred a normal microwire for model 2 and 3, despite the impact on
he LFP. This is not the choice of all centers recording with microelec-
rodes, probably because of the possibility to re-reference off-line prior
pike-sorting if needed. Several re-referencing techniques can be used
ike using a local reference or the average of all wires. In addition to
hose classical techniques, Jurczynski and colleagues ( Jurczynski et al.,
021 ) also proposed an adaptive version of the zero-reference method.
he impact of the un-insulated wire that differs from one patient to an-
ther would need further investigation, as well as the impact on unit
ecordings and spike sorting. 

Any damage of the microwire will increase not only the impedance
f the electrode ( Misra et al., 2014 ) and 50/60Hz noise, but also artifacts
ue to movement. Damage can happen at any time between the surgery
nd the end of recording, especially when the electrode was manipulated
nd could explain a decrease in data quality. Therefore, we established a
rocedure from the surgery to the end of recording ( Tables 1 & 2 ), where
t each step, electrodes are manipulated carefully: by the neurosurgeons
hen they cut the wires and insert them into the macroelectrode, by the
urses when they wrap the head with the bandage, and by the techni-
ians when they connect the tails to the connectors. Interestingly, we
bserved less extreme RMS values (less outliers), probably related to
ess damage of wires, after switching to the more resistant model of the
ehnke-Fried microelectrode. Noisy channels were in general present
rom the beginning of the recording, revealing a degradation of the elec-
rode more likely to occur between the surgery and the beginning of the
ecording than during the recording. The reinforcement of the electrode
eems therefore to decrease the risk of breaking and improves the qual-
ty of the recordings during the whole acquisition. 

We also observed that the RMS values slightly increased over time
nd that this was associated with less MUA recordings. The increase in
MS might be due to an increase in the microwires’ impedance, as ob-
erved on another electrode model ( Despouy et al., 2020 ). The loss of
UA could also be due to the inflammatory reaction around the micro-

lectrodes, which insertion in the neural tissue can cause gliosis leading
o the loss of sensitivity of the recording ( Babb et al., 1973 ; Polikov et al.,
005 ). Despite the reduced number of wires recording MUA at the end
f the recording, it often happened that MUA appeared on new wires
r reappeared after a ‘silent’ interval. This fluctuation would need fur-
her exploration. However we hypothesize that it might be due to a
light movement of the electrode or the brain, as previously described
 Babb et al., 1973 ), allowing the wire to record from other neurons
han the previous ones. Alternatively, it might be due to changes in
mpedance due to movements of the electrode tail. 

Improved quality of continuous and long-term recording from mi-
roelectrodes, increases the possibility to record seizures with micro-
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Table 6 

Summary of main guidelines. 

Main guidelines 

Very careful manipulation of the microelectrodes at all steps ( Figs. 2 & 3 / Tables 1 & 2 ) 
Prefer the most robust Ad-Tech microelectrode if you use Ad-Tech electrodes ( Section 2.5.1 ) 
If possible, the recording room should be shielded or have a clean electrical installation ( Section 2.7.1 ) 
Shield as much as possible (cables, electrode tails; Section 4 .) 
Avoid ground loops ( Section 4 .) 
No electrical device plugged in an outlet should touch directly or indirectly the patient ( Section 4 .) 
If possible, reduce to a single amplifier. If not, both amplifier should be connected to the same outlet and grounded to the same patient’s ground ( Section 2.5.2 ) 
The patient should never be connected to the electrical ground for safety reasons 
Do not connect scalp electrodes to Neuralynx if they are not pasted to the patient’ skin ( Section 4 .) 
Prepare an appropriate IT infrastructure in case of long-term recording of microelectrodes, to collect the high amount of data generated 
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lectrodes, which is a crucial requirement to study ictogenesis and the
ellular mechanisms related to seizures emergence. Our data shows that
t was indeed necessary to record continuously from macro and mi-
roelectrode, in order to capture seizures whose occurrence is unpre-
ictable. A first analysis of 38 seizures from 9 patients, recorded by mi-
roelectrodes within the SOZ showed that neuronal spiking activity at
eizure initiation was highly heterogeneous and not hypersynchronous
 Lambrecq et al., 2017 ). However, recording from the seizure-onset-
one remains a challenge, which by definition, is unknown at the begin-
ing of the intracranial investigation. In addition, Behnke-Fried micro-
acroelectrodes can only record deep structures like the mesial tempo-

al structures, but are not tailored for sampling neocortical structures.
n the contrary, cortical multielectrode arrays (Utah arrays) provide
overage of neocortical structures, but provoke cortical damage and can
nly be used on structures that will be surgically removed. Hybrid elec-
rode models with microwires protruding between macrocontacts, e.g.
IXI tetrodes (MICRODEEP® Micro-Macro Depth Electrode), are a good
ay to record units in more superficial cortical areas ( Despouy et al.,
020 , 2019 ). 

The number of wires per bundle that recorded MUA remained quite
ow, around 3 out of 8 (range 0-8), and did not seem to be only a SNR
ssue as very low RMS with no MUA could be observed. The absence
f MUA might also be related to the distance between the wires and
ctive neurons. One solution would be to adapt the length of the mi-
rowires, once implanted in the brain in order to try to get closer to
eurons if no MUA is recorded. As far as we know, DIXI tetrodes are the
nly electrode model proposing such a technology that allows to pull
ut the wires up to 2 mm. Beside, another interesting feature of DIXI
icroelectrodes is their tetrode configuration rather than single wires,
hich should allow better separation of single units based on the spa-

ial distribution of action-potential recordings. Most unsupervised spike
orting software can use the tetrode configuration to separate detected
ction potentials in different units ( Buccino et al., 2020 ). 

Keeping 3 weeks of continuous recording, including microelectrodes
t high sampling rate, generates a large amount of data to be stored,
ackuped, analyzed and shared. This is only possible with an efficient
T infrastructure, allowing high storage capacity but also fast and se-
ured data access. As an example, we generate around 2 TB of data per
atient. In addition to the storage capacity, there is also the question
f data organization, including all the metadata related to the patient
nd the recordings. Each patient investigation is different in terms of
lectrode localisation, SOZ, medication and all those metada are neces-
ary to analyze the electrophysiological data, to study epilepsy or cog-
itive processings. A structured database becomes essential when the
umber of patients increases. We therefore developed a secure survey
nd database that can include clinical information, electrode localiza-
ion and technical settings. Another possibility, which is not mutually
xclusive, is to adopt the BIDS dataformat ( Holdgraf et al., 2019 ), that
s standardized, adapted for data sharing and gives the possibility to
dd metadata for each recording. Finally, a good organization combined
o a suitable analysis pipeline (see Section 2.8 and Fig. 9 ), a power-
 D

13 
ul spike sorting tool tailored for long-term data ( Buccino et al., 2020 ;
haure et al., 2018 ; Niediek et al., 2016 ; Rey et al., 2015 ; Wild et al.,
012 , Yger et al. 2018 ) and high computational capabilities are essential
eys to achieve analyses of large amounts of collected data. 

. Conclusion and perspectives 

We showed that it is feasible to record high quality, long-term and
ontinuous microelectrode signals in vivo in patients with epilepsy. Our
rocedure allows the recording of both LFP and single neurons activ-
ty during physiological (as wakefulness and sleep) and pathological
as interictal epileptiform discharges and seizures) periods. We shared
ur experience to improve the quality of these recordings and we pro-
osed several technical guidelines ( Tables 1 , 2 and 6 ), that are comple-
entary to other methodological papers on microelectrodes recordings

 Minxha et al., 2018 ; Misra et al., 2014 for Behnke-Fried electrodes;
espouy et al., 2020 for Dixi macro-microelectrodes). We described in
etail head wrappings after the surgery that are crucial steps in the elec-
rode manipulation, and quantify noise level depending on acquisition
etup and environnement. 

Studying ictogenesis in focal epilepsies using intracerebral micro-
lectrodes is faced with a great number of specific challenges: (i) to
ecord in the actual SOZ, (ii) to record unitary activity during seizures,
iii) to follow the same neuron over time during different epileptic
vents, and (iv) to be faced to great interindividual variability. In the fu-
ure, the increased availability of microelectrode technology and shared
ecording-protocols will increase the pool of human microelectrode data
mong neuroscientists and help overcome these difficulties. Progress
ill likely come from additional technical advancements, like the de-
elopment of a mobile microelectrodes which could be moved further
n or out when unitary activities are lost, or the development of non-
enetrating cortical microelectrode arrays ( Khodagholy et al., 2015 ).
icroelectrodes show great potential in the field of epilepsy ( Chari et al.,

020 ). In the coming decades, we expect that they will increasingly con-
ribute to deciphering the cellular mechanisms of seizure generation and
o establish new markers of the epileptogenic focus. 
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