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Abstract

OBJECTIVE—The study objective was to evaluate intraoperative experience with 

newly developed high-spatial-resolution microelectrode grids composed of poly(3,4‐
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ethylenedioxythiophene) with polystyrene sulfonate (PEDOT:PSS), and platinum nanorods 

(PtNRGrids).

METHODS—A cohort of patients who underwent craniotomy for pathological tissue resection 

and who had high-spatial-resolution microelectrode grids placed intraoperatively were evaluated. 

Patient demographic and baseline clinical variables, and relevant microelectrode grid characteristic 

data were collected. The primary and secondary outcome measures of interest were successful 

microelectrode grid utilization with usable resting state or task-related data, and grid-related 

adverse intraoperative events and/or grid dysfunction.

RESULTS—Included in the analysis were 89 cases of patients who underwent a craniotomy for 

resection of neoplasms (n = 58) or epileptogenic tissue (n = 31). These cases accounted for 94 

grids; 58 PEDOT:PSS grids and 36 PtNRGrids. Of these 94 grids, 86 were functional and used 

successfully to obtain cortical recordings from 82 patients. Mean cortical grid recording duration 

was 15.3 ± 1.15 minutes. Most recordings from patients were obtained during experimental tasks 

(n = 52, 58.4%), involving language and sensorimotor testing paradigms, or obtained passively 

during resting state (n = 32, 38.1%). There were no intraoperative adverse events related to 

grid placement. However, there were instances of PtNRGrid dysfunction (n = 8) related to 

damage incurred by suboptimal preoperative sterilization (n = 7) and improper handling (n = 

1); intraoperative recordings were not performed. Vaporized peroxide (V-PRO) sterilization was 

the most optimal sterilization method for PtNRGrids, providing a significantly greater number of 

usable channels post-sterilization than steam-based sterilization techniques (905.0 [650.8–935.5] 

vs. 356.0 [18.0 – 597.8], p = 0.0031).

CONCLUSIONS—High-spatial-resolution microelectrode grids can be readily incorporated into 

appropriately selected craniotomy cases for clinical and research purposes. Grids are reliable when 

preoperative handling and sterilization considerations are accounted for. Future investigations 

should compare the diagnostic utility of these high-resolution grids to commercially available 

counterparts and assess whether diagnostic discrepancies relate to clinical outcomes.

Keywords

Mapping; Intraoperative; Electrocorticography; Gamma-Band; Passive; High-Resolution; Cortical

Introduction

Intraoperative functional cortical localization is critical for achieving successful outcomes 

after brain surgery. Several methods are used to achieve such outcomes including 

preoperative functional imaging studies and intraoperative neurophysiologic testing through 

techniques such as somatosensory evoked potential (SSEP) phase reversal for central sulcus 

localization, direct electrical cortical stimulation mapping, and subcortical stimulation.1,2 

More recently, intraoperative passive high gamma (70–170Hz) mapping (HGM) has 

emerged as a viable method for localizing functional cortical regions without electrical 

stimulation.3,4 This has been shown to help potentially better inform intraoperative surgical 

decision making.5,6

Passive HGM relies on electrocorticography (ECoG) through subdural strips or grids. 

Current commercially available US Food and Drug Administration (FDA)-approved clinical 
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ECoG grids have spatial resolution constraints in the form of 10 mm pitch on average 

with an electrode density of 1 electrode/cm2, although higher density clinical grids can 

be condensed below an interelectrode distance (pitch) of 4mm to improve resolution. 7 

Furthermore, these grids are situated on a plastic mold that has difficulty conforming to the 

cortical surface without manual handling, which in our experience, can cause discomfort to 

patients during awake procedures (investigator(s) personal observations).

In light of these limitations, a four-institution research collaboration between Oregon Health 

& Science University, University of California San Diego, Massachusetts General Hospital, 

and Brigham Women’s Hospital has developed ECoG grids composed of thin-film poly(3,4‐
ethylenedioxythiophene) with polystyrene sulfonate (PEDOT:PSS) and platinum nanorod 

grids (PtNRGrids).8,9 These material compositions circumvent the limitations of existing 

clinical ECoG designs and allow for higher spatial resolution (44–100/cm2), and improved 

delineation of cortical regions of functional importance.10–12

Here we describe our collected experience using high-spatial-resolution PEDOT:PSS and 

PtNRGrids for cortical surface recording. The primary and secondary outcome measures 

in patients who underwent a craniotomy procedure were successful microelectrode 

grid utilization with usable resting state or task-related data, and grid-related adverse 

intraoperative events and/or grid dysfunction. An overview of procedural considerations 

related to grid use, for neurosurgeons, is also provided.

Methods

Study Design and Patient Selection

Patient data were obtained from all adult patients who consented to the placement of high-

resolution microelectrode grids during a craniotomy for resection of pathological tissue. 

Data was collected from January 1st, 2019 to September 10th, 2021 for both PEDOT:PSS 

and PtNRGrids, and through April 1st 2022 for PEDOT:PSS grids, at Oregon Health 

& Science University, University of California San Diego, Brigham Women’s Hospital, 

and Massachusetts General Hospital. This study was approved by the institutional review 

boards at all participating institutions (SMART IRB: 4838); subject consent was obtained. 

Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting 

guidelines were followed.13

Demographic, Clinical, and Intraoperative Variables

Demographic variables of interest included age and sex. Clinical variables of interest 

included indication for surgery, institution where surgery and grid placement were 

performed, and preoperative functional deficits. Intraoperative variables of interest included 

type of anesthesia used and clinical mapping modalities employed.

Microelectrode Grid Characteristics of Interest and Outcomes Measures

Microelectrode grid data included chemical composition, number of channels, 

microelectrode placement strategy, and intracranial location of microelectrode placement. 

Electrophysiology data collected during recordings are as previously reported.10–12,14 
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Successful use of grids for cortical recording, presence of intraoperative complications and 

adverse events related to grid use, and instances of microelectrode dysfunction and failure 

served as primary and secondary outcomes of interest. Additionally, adverse event data 

included instances of intraoperative cortical tissue damage following grid use, evidence of 

tissue damage on immediate postoperative imaging studies, and infection within 90-days 

after surgery.

PEDOT:PSS and PtNRGrid Chemical Composition and Configuration

Electrode grids were PEDOT:PSS and PtNRGrids (Figure 1). Specifications and nuanced 

differences between grid specific material compositions are as previously published.10 

In summary, PEDOT:PSS are composed of thin-film poly(3,4‐ethylenedioxythiophene) 

with polystyrene sulfonate. PtNRGrids are composed of elemental platinum, the most 

widely used biocompatible electrode material, and offer greater stability in vivo.9,15 Grids 

measuring 32mm x 32mm in size were composed of 1024 channels. Grids measuring 48mm 

x 48mm in size with 2048 channels were used in two cases. 128 channel grids had three 

conformations; 1) two 64-channel columns with 50µm pitch, 2) two 64-channel columns 

with 800µm pitch, and 3) a 4mm diameter circular grid.12

Microelectrode Grid Handling

All microelectrode grids were custom manufactured at the University of California San 

Diego Integrated Electronics and Biointerfaces Laboratory (IEBL) and received within 2 

weeks of an order request. Given microelectrode grid malleability and delicate nature, 

electrodes were packaged securely in DuraHolder Instrument Protection System (Key 

Surgical) pouches to minimize mechanical damage during the shipping process (Figure 2A). 

Once received, grids were typically stored within the packaging material, in a temperate 

environment with low to moderate humidity (between 50˗75°F), until use.

Microelectrode grids were maintained on a flat surface to prevent damage before and during 

transportation for sterilization or to the operating room (OR). If a microelectrode grid was 

handled, staff were advised and trained to hold vertically by the bonded extension board so 

that the microelectrode grid was suspended downward. As such, unwanted contact between 

any given electrode and immediate surroundings were minimized (Figure 2B).

Microelectrode Grid Sterilization

Microelectrode grid sterilization techniques have been described previously.10,16 Following 

the method of Uguz et al. 2016,16 PEDOT:PSS grids; were steam sterilized with a steam-

based gravity cycle in the autoclave of 250°F/121°C for 30 minutes followed by at least 

20 minutes of dry time. For PtNRGrids, a 28-minute non-lumen vaporized peroxide (V-

PRO) cycle, which involves aerosolization of hydrogen peroxide was used. PtNRGrids in 

their DuraHolder pouches were placed on a 470mm x 274mm x 90mm anodized tray 

with perforated bottoms enclosed within a SterilContainerTM system (Aesculap Surgical 

Technologies), allowing two grids to be sterilized simultaneously per cycle (Figure 2A). 

Electrode grids were typically used within 6 days of sterilization.
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Operating Room Preparation

Sterilized grids were transferred to a Mayo Stand and the extension board inserted through 

a ~10cm opening within the Situate Sterile Drape (Figure 2B). Another smaller opening 

was created to pass touch-proof connectors for a pair of sterile subdermal needle electrodes, 

which serve as separate reference and ground electrodes placed in the temporalis muscle 

or scalp. Then, Tegaderm was used to securely seal the drape openings (Figure 2B). While 

sterile staff engaged in sterile technique to secure the sterile component of the extension 

board in place, another non-sterile member of the team on the other side of the drape 

connects the extension board to an amplifier board (Figure 2C). The drape is then pulled by 

a nonsterile member of the team over the amplifier board and its outgoing serial peripheral 

interface (SPI) cables (Figure 2D). Channel yield and impedance testing is then performed 

prior to placement (Figure 2E). Once the electrode is satisfactorily positioned over cortical 

regions of interest, Greenberg or C clamps were fastened to the acquisition board to secure 

the grid in place (Figure 2F). At this point, the recording set-up is complete and ready 

for signal acquisition (Figure 2G). An overview of teams’ workflow process is shown in 

supplementary figure A.

Electrophysiologic Data Collection and Signal Processing

All microelectrode grid were placed after clinical passive HGM but before standard 

electrical stimulation mapping. Final grid placement was documented in 3-dimensional 

space using a Stealth neuronavigation system and/or surgical microscope snapshots. Post-use 

channel yield and impedance data was collected in the OR after recordings were completed. 

Following use, microelectrode grids were re-sterilized and placed in storage.

Electrophysiologic data was collected using an Intan (Intan Technologies LLC, LA, CA) 

1024-channel recording system sampled at 20 or 30 kHz with a voltage scale of −5mV 

to 5mV at a time scale of 200ms or an ORH128 Intan Recording System. ORH128 

Intan Recording System data is acquired at 30 kHz and filtered by the default Intan 

setting, with cutoffs 1 Hz to 7.5 kHz using the OpenEphys acquisition graphic-user 

interface software (http://www.open-ephys.org/).17 Electrode impedance testing during the 

experiments involved Intan RHD2000 software from Intan Technologies (Los Angeles, CA). 

The Intan amplifier was set to a sampling rate of 20kHz with a bandwidth of 7.6kHz. 

Electrodes with more than 1000 channels were recorded with customized amplifier boards 

and Intan recording controllers were used to stream recorded data, which were spatially 

mapped with a recording laptop using in house MATLAB scripts (Mathworks, Inc. Natick, 

MA). Channels with impedance magnitudes above 100 kΩ in vivo at 1 kHz were excluded 

from analysis. Neighboring channels with diminished impedance magnitude were evaluated 

for potential shorts. All recorded signals underwent removal of 60 Hz line noise and 

harmonics with digital notch filters. Offline analyses were conducted using custom, in-house 

scripts in MATLAB.

Statistical Analysis

Statistics were largely descriptive in nature and performed using GraphPad Prism V9.0 with 

a significance threshold of α = 0.05. Categorical and dichotomous variables were reported 
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as counts and percentages. Continuous variables were reported as mean ± standard error or 

median [interquartile range] and compared using nonparametric Mann Whitney U-tests.

Results

Patient Demographics

Between January 1st, 2019 to April 1st, 2022, 89 patients had 94 grids placed during a 

craniotomy procedure for resection of pathological tissue. Mean patient age was 45.9 ± 

1.7 years with 63.0% and 24.7% operated on at OHSU and MGH, respectively (Table 1). 

Resection of intracranial neoplasms was the most frequent indication for surgery (65.2%). 

Most patients had no deficits preoperatively and underwent an awake craniotomy with 

monitored anesthesia care (68.5%) (Table 1).

Microelectrode Grids

Between January 1st, 2019 and September 10th, 2021 36 PtNRGrids were placed. Between 

January 1st, 2019 and April 1st 2022 58 PEDOT:PSS grids were placed. Overall, 32mm 

x 32mm 1024-channel grids (n = 48, 51.1%) were used followed by 128-channel grids 

(n = 44, 46.8%). Two 2048-channel grids were used. Grid placement was informed by 

anatomical landmarks and hypothesis under evaluation with temporal lobe regions being 

the most common (Table 2). There were 8 instances of PtNRGrid failure across 7 patients 

where obtained cortical recordings were either unusable or cortical recording could not 

be performed altogether. Seven such instances were attributed to sterilization related grid 

damage. One grid was damaged during sterile preparation in the OR after adhering to and 

ripping surgical gloves. Therefore, 86 of the 94 original grids were used to collect cortical 

recordings (Table 2).

Successful Cortical Data Collection and Experimental Testing

Cortical recordings were successfully obtained from 82 patients with 86 functioning grids. 

Four patients had cortical recordings performed with 2 grids. Grids were most frequently 

used for recording during experimental research tasks (58.4%) or passive, resting state 

(Table 1). For those who did have functional testing, most underwent receptive language 

testing (36.0%) followed by extremity somatosensory and motor testing (27.0%). For 

patients who underwent research task paradigms most participated in phonemic tasks 

(33.7%) followed by extremity motor and sensory tasks (23.6%) and passive somatosensory-

evoked potential recordings (19.1%) (Table 1).

V-PRO Sterilization Reduced Instances of PtNRGrid Dysfunction and Maximized Channel 
Yield

There were 8 instances of grid failure (Table 2). Seven instances involved 1028 channel 

PtNRGrids and were attributed to grid damage during steam-based sterilization. For 

context, during the initial few weeks tap water, steam-based autoclaving for PtNRGrids 

was used. However, inter-institution differences (investigator personal observations) in 

channel yield and impedance, were observed. These may be attributable to locale specific 

variations in tap water mineral content. This prompted adoption of a V-PRO cycle involving 

aerosolization of hydrogen peroxide. Improvements in channel performance resulted and no 
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further encounters or instances of intraoperative grid dysfunction were subsequently noted. 

Compared to steam-based sterilization, V-PRO conferred significantly superior channel yield 

(905 [650.8 – 935.5] vs. 356 [18.0 – 597.8], p = 0.0031) for PtNRGrids (Figure 3).

PEDOT:PSS and PtNRGrids; Not Associated with Intraoperative or Postoperative Adverse 
Events

There were no instances of intraoperative adverse events or visible tissue damage related to 

PEDOT:PSS grid or PtNRGrid use. Review of routine postoperative imaging did not reveal 

any focal abnormalities within or near the cortical regions overlaid by the grids irrespective 

of grid material composition. Additionally, agnostic of grid material composition, there were 

no cases of postoperative cranial infections within 90-days after surgery.

Functional Mapping, Clinical Testing, and Intraoperative Neuro-Monitoring

In this patient cohort, in a patient undergoing awake tumor resection, a 1024-channel 

PtNRGrid was placed over the central sulcus near the hand region somatosensory 

evoked potentials (SSEPs) were recorded (Figure 4A). After stimulating peripheral nerves, 

waveforms with characteristic phase reversal reflective of the M1-S1 functional boundary 

using both 1024-channel PtNRGrids and 2x8, 16-channel clinical ECoG grids, were 

captured. Somatosensory evoked potentials (SSEPs) captured on the PtNRGrid had a 

maximum interpeak amplitude over 20x greater than that of SSEPs capture on a clinical grid 

and demonstrated a clear phase reversal boundary. The PtNRGrid allowed for visualization 

of the functional boundary between sensory and motor cortices relative to the canonical 

anatomical boundary (Figure 4A). Both potential-based and correlation maps provided 

converging evidence of an offset curvilinear M1-S1 functional boundary indicative of 

pathological tissue induced functional reorganization.

After phase reversal mapping the M1-S1 boundary, we attempted to map sensory and 

motor-evoked cortical activity in the same patient. Using an experimental paradigm 

involving vibrotactile stimulation and a hand grasp task (Figure 4B), the PtNRGrid captured 

spatiotemporal dynamics of cortical motor and sensory activity with millimeter precision. 

Vibrotactile stimulation of fingertips elicited a focal increase in high gamma activity (HGA) 

in the primary somatosensory cortex. There were also spatially distinct patterns of HGA 

with stimulation of each individual fingertips, allowing us to discern neural correlates of 

motor activity through hand grasp trials (Figure 4B). Cortical activity captured by the 

PtNRGrid demonstrated that HGA began in the primary motor cortex before traveling to 

the M1-S1 functional boundary and ending in the primary somatosensory cortex where it 

lingered after completion of the grasp motion (Figure 4B).

In another patient with a temporal horn cavernoma undergoing a left temporal lobectomy 

for intractable epilepsy, PtNRGrid helped identify the seizure onset zone by capturing 

propagation patterns of seizure activity (Figure 5A). Using vector fields and streamlines, we 

characterized the spatiotemporal dynamics of spontaneous and bipolar stimulation-induced 

seizure activity (Figure 5B). We found that vector fields would gain coherence following 

both spontaneous and stimulation-evoked ictal events. Epileptiform discharges would 

reliably propagate away from the site of stimulation origin following bipolar stimulation. 
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Thus, for spontaneous seizure activity, the seizure onset zone could be inferred by tracing 

the propagated waveforms. For this patient, as indicated on the streamlines plot (Figure 5B), 

spontaneous seizure activity originated from the right lower corner of the grid, closest to the 

cavernoma, implicating it as the source of ictal activity. These findings were congruent with 

the patient’s prior stereoencephalography work up, and the epileptogenic tissue was resected 

as planned.

More recently, we employed a 32 x 32mm 1 mm pitch PtNRGrid and an auditory language 

testing paradigm to identify neural correlates of auditory language processing during an 

awake temporoparietal craniotomy for resection of a perirolandic neoplasm (Figure 6A). 

A PtNRGrid was placed over the patient’s left inferior parietal lobe and STG (Figure 

6B). Cortical activity captured by the PtNRGrid during auditorily delivered English words 

was analyzed. We found a robust cortical response to auditory word stimuli 500–600ms 

following stimuli delivery. When the cortical response captured on the PtNRGrid channels 

during word stimuli was averaged over this duration, a spatially distinct region of cortical 

activation could be discerned on the PtNRGrid (Figure 6C). Thus, using the PtNRGrid, we 

were able to identify a region within the STG that demonstrated preferential engagement in 

response to auditory language stimuli.

Discussion

Increasing, improving, and refining ECoG grid resolution capabilities has broad clinical 

implications of interest to the neurosurgical and neuroscience community, and disease 

treatment implications for patients. The aim of this study was to demonstrate that use of 

high-resolution electrode grids can be readily incorporated into a variety of standard of care 

practice and research settings if pertinent considerations are addressed.

Of the steps involved in the process of microelectrode grid use, we found that the most 

difficult was establishing a sterilization protocol for PEDOT:PSS grids vs. PtNRGrids. Uguz 

et al., and Tchoe, Y, et al, note that the optimal sterilization method seems to be dependent 

on the chemical composition of a given grid.10,16 As such, we cannot understate the 

importance of coordinating with hospital sterile processing staff to ensure that sterilization 

is conducted to optimize electrode performance. To date, no studies have compared the 

impact of different sterilization modalities on electrode grid parameters such as channel 

yield and impedance. However, for PtNRGrids in particular, we strongly recommend V-PRO 

for sterilization. While there is nothing definitively errant per se using other sterilization 

methods, V-PRO has performed the best for PtNRGrids, in our experience, and is readily 

available at most institutions.

Importantly, throughout our experience, we encountered no instances of adverse events 

or intraoperative complications related to microelectrode grid use. This was not entirely 

unexpected given diligent perioperative precautions and grid use that did not require the 

surgical team to make any substantial modifications, aside from added research time. 

Subjectively, patients better tolerated the microelectrode grids during passive cortical 

recording as grids do not need to be pressed down to conform to cortical surface contours.
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Notably, there were instances where the PtNRGrids did not function. These instances 

coincided with the time period immediately prior to implementation of V-PRO sterilization 

for PtNRGrids and could be attributed to electrode damage incurred during steam-based 

sterilization. Following the transition to V-PRO, there were no further instances of electrode 

failure prior to handling. This suggests that PtNRGrids are reliable if sterilized appropriately 

before use.

The capacity to characterize cortical activity with millimeter precision could have significant 

implications for surgical management of neurological disorders. Higher resolution ECoG 

setups may assist with improved demarcation of safe resection zones and mitigate advent 

of functional deficits following surgeries that either involve or are near eloquent cortical 

regions.5,6 This is especially valuable in the context of intracranial neoplastic processes as 

surgeons work to maximize resection extent to enhance survival without incurring functional 

deficit(s). Further, intracranial neoplasms, particularly gliomas, are known to induce 

functional reorganization.18–20 Tumor induced reorganization may render conventional 

anatomical landmarks less reliable for functional localization while contemporary mapping 

tools may have insufficient sensitivity.21

Recently, using PtNRGrids Tchoe, Y, et al, better defined the primary somatomotor 

(M1)-somatosensory (S1) cortical functional boundary, captured sensory and motor 

spatiotemporal dynamics, and recorded seizure onset and spread with millimeter precision.10 

Locating the functional boundary between motor and sensory cortices, commonly presumed 

to be central sulcus, is a critical surgical step, especially in the context of tumor resection.

M1-S1 functional boundary localization made possible by the microelectrode grids as 

described here demonstrates high precision observation and measurements that would have 

not otherwise been accessible. In this particular example, shift of the functional boundary 

towards the post-central sulcus indicated the presence of functional motor cortex tissue in 

the post-central gyrus, which was critically important for the purposes of achieving safe 

resection. This shift in eloquent tissue was also confirmed with “gold standard”, direct 

electrical cortical stimulation of this area (data not presented). The post-central gyrus 

is used as a surgical avenue for resection. If in the cases we present, we had assumed 

eloquent tissue(s) location based on putative gross anatomical demarcations, post-operative 

functional deficit(s) could have ensued. While current neurosurgical microsurgery is not 

necessarily performed with millimeter precision, delineating boundaries of safe resection 

with millimeter resolution opens doors for new, future, high-precision operative techniques.

Obtaining cortical recordings at higher resolutions presents some technical challenges. 

Contemporary clinical grid systems rely primarily on clinical acumen and human 

interpretation of captured cortical spectral activity.22 High resolution grids necessitate use 

of an automated software-based analysis.10 Given the high channel count of microelectrode 

grids, it would be impossible for humans to interpret captured electrophysiologic activity. 

This represents a potential paradigm shift in real-time intraoperative mapping with a gradual 

and increasing reliance on higher computational power, which parallels recent trends in bio 

interface technology advances.23 This phenomenon of automated analysis of ECoG data is 

not entirely novel and is available commercially (CortiQ, G tech, Austria),24 but at a more 
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modest resolution and requires clinical contextualization. Should high channel count micro 

electrocorticography be used ultimately for intraoperative functional cortical localization, 

processing the vast amounts of cortical recording data in near real-time would likely only be 

possible only through computing capability advancement.23

Brain computer interface (BCI) represents another intriguing window of opportunity for 

microelectrode grid use. BCI configurations that use current clinical ECoG grids are limited 

by modest spatial resolution.25 Meanwhile, the microelectrodes described here are capable 

of capturing brain activity with robust spatial resolution over a physiologically relevant 

area of the cortex,10 representing a dramatic improvement upon recordings obtained from 

previous micro and macro ECoG configurations.26,27 This allows for better characterization 

of the spatiotemporal dynamics unique to individual patients and should enhance BCI 

operation(s). Importantly, whether the PtNRGrids described here are safe for the long-term 

implantation required of a BCI has yet to be investigated. Further investigation is needed 

to evaluate the safety profile of microelectrode grids to assess suitability as potential 

neuroprostheses.

In our experience, we were able to integrate microelectrode grids into surgical 

workflow seamlessly. However, we stress and emphasize that successful incorporation 

of microelectrode grids into care is contingent on strong multidisciplinary collaboration 

between research, clinical, and ancillary staff. Additionally, development of a consistent 

workflow from order placement to postoperative recovery is imperative.

Study Limitations

We present data on the first series of patients, to our knowledge, to undergo intraoperative 

cortical recording with high-resolution microelectrode grids during a craniotomy for 

pathological tissue resection. The study is limited by the inherent bias of a retrospective 

design. While this was a multi-institution study, some biases may have affected the results 

because of patient volume at individual institutions. While, our interpretation of the results 

are that high-spatial-resolution grids will outperform standard clinical grids with regards 

to spatial resolution, there were no design experimental comparisons nor were clinical 

decisions made based upon microelectrode findings. All analyses were post-hoc. A guide 

for grid use is provided, however, we do not provide an overview on how to analyze 

recorded neurophysiological data. Overviewing spectral analysis techniques is beyond the 

scope of this article. We refer readers to other comprehensive publications related to this 

subject.28 Future investigations will assist with further clarification on the clinical utility 

of microelectrode grids and better characterize the diagnostic value of high-resolution grids 

compared to current clinical grids.

Conclusion

High-spatial-resolution microelectrode grids for cortical mapping can be readily 

incorporated into neurosurgical craniotomy procedures. Microelectrode grids can potentially 

provide clinically relevant information about patients and better inform surgical planning. 

Nonetheless, analyses of postsurgical outcomes following the intraoperative use of these 

grids will better characterize their clinical value. Special attention to preoperative handling 
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and sterilization processes helps preserve the number of usable channels and optimizes 

recording resolution. Further investigations are needed to compare the diagnostic value of 

these grids to that of clinical grids and extrapolate whether potential diagnostic differences 

relate to clinical outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Photos of exemplar microelectrode grids (specifically PtNR grids) used. Note how the 

electrode contacts are invisible to the naked eye. On the right is a photo of the grid relative to 

a finger to provide a sense of how compact the microelectrode contacts are.

Tan et al. Page 13

J Neurosurg. Author manuscript; available in PMC 2024 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: 
Microelectrode grids in DuraHolder pouches placed in a sterilization tray (A). The extension 

board passed through the Situate™ Sterile Drape and secured by Tegaderm to create a sterile 

barrier (B). The green extension board is then connected to an amplifier board (C) and the 

drape is then pulled from the inner, nonsterile surface by a team member such that it covers 

the amplifier board and associated outgoing cables (D). Impedance and channel yield testing 

is then performed with sterile saline (E). Once properly positioned, Greenberg or C clamps 

are used to secure the amplifier board in place (F). The recording set-up is depicted in (G). 

The Intan amplifier, A, is connected to the amplifier board via 8 SPI cables, B. The amplifier 

board, C, is connected to the extension board and grid, D and E respectively. The right panel 

showcases the usage of microelectrode grids intraoperatively by the senior author. Adapted 

with permission from Tchoe et al. 2022.7
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Figure 3: 
Influence of sterilization modalities on PtNR grid impedance and channel yield Left panel 

presents exemplar outputs from an in-house MATLAB script used to conduct impedance and 

channel yield testing on PtNR grids. Note the greater median impedance magnitude increase 

(see in-laid Impedance Magnitude Histograms) following steam autoclaving compared to 

V-PRO. Right panel shows the difference in usable channels following V-PRO and steam-

based sterilization methods. Non-parametric Mann-Whitney U-test comparing channel yield 

of PtNR grids sterilized via steam (n = 7) vs. V-PRO (n = 20) indicated that V-PRO 

preserved significantly more channels (905 [650.8 – 935.5] vs. 356 [18.0 – 597.8], 

p=0.0031).
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Figure 4: 
PtNR microelectrode grid placement with the discrepancy in central sulcus vs. phase 

reversal identified M1-S1 functional boundary displayed (A). Top right left and right panels 

show grid placement and the position of the identified functional boundary (FB) relative to 

the central sulcus (CS), respectively. Bottom panels show FB vs. CS relationship identified 

through potential-based, left, and correlation coefficient maps, right. Schematic of sensory 

and motor experimental paradigm with associated findings (B). Bottom left quintet of panels 

show the localization and intensity of HGA for each fingertip in response to vibrotactile 

stimulation. The right vertical three panes show the progression of HGA over the primary 

motor and sensory cortical regions at 85ms, 205ms, and 300ms following hand grasp 

initiation. Adapted with permission from Tchoe et al. 2022.7
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Figure 5: 
PtNR microelectrode grid placement relative to the potential seizure focus, superior 

temporal gyrus (STG) and middle temporal gyrus (MTG) (A). Stimulation-induced and 

spontaneous ictal cortical discharges captured on microelectrode grid (B). Left panels show 

temporal changes in stimulation and spontaneous evoked brain wave amplitudes while 

streamlines plots are presented on the right with arrows indicating the direction of brainwave 

spread. Adapted with permission from Tchoe et al. 2022.7
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Figure 6: 
Intraoperative photograph showing the placement of the PtNR microelectrode grid in 

relation to the temporoparietal craniotomy (A). Illustration depicting the placement of the 

PtNRGrid in relation to the superior tempooral gyrus (STG) which is colored light purple 

(B). Heat map showing the degree of mean cortical response 500–600ms after auditory 

language stimuli delivery across PtNRGrid channels (C). Note the horizontal oblong region 

of particularly strong response shown in dark red.
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Table 1:

Patient demographic, clinical, operative and intraoperative testing data.

Variable Data value Distribution and frequency¶; total n = 89 patients, n (%)

Age (years) 45.9 ± 1.7

Sex

Male 47 (52.9)

Female 42 (47.1)

Institutional site

OHSU 56 (63.0)

MGH 22 (24.7)

BWH 8 (8.9)

UCSD 3 (3.4)

Surgical indication

Intracranial neoplasm 58 (65.2)

Intractable epilepsy 31 (36.8)

Pre-operative deficits

None   62 (69.7)

Motor   21 (23.6)

Visual field   7 (7.9)

Sensory    5 (5.6)

Language    4 (4.5)

Cognitive   3 (3.4)

Anesthesia

Monitored anesthesia care    61 (68.5)  

General anesthesia    28 (31.5)  

Clinical mapping

Phase reversal   45 (50.6)

Passive high gamma 50 (56.2)

Electrical stimulation 52 (58.4)

Subcortical 11 (12.4)

Intracranial recording setting*

Evoked response 11 (12.4)

Experimental task 52 (58.4)

Resting state 32 (38.1)

Functional domains tested

Receptive language   32 (36.0)

Facial sensorimotor 5 (5.6)

Extremity sensorimotor 24 (27.0)

Visual 1 (1.1)

Not assessed 32 (36.0)

Research tasks

Phonemic  30 (33.7)
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Variable Data value Distribution and frequency¶; total n = 89 patients, n (%)

Extremity motor/sensory 21(23.6)

Facial motor/sensory 2 (2.2)

SSEP recording   17(19.1)

Stimulation via electrode grid 8 (9.0)

Other/improvised 7 (7.9)

None 31 (34.8)

Frequencies are presented as mean ± standard error or count (% of all patients) when applicable. Note that for categorical variables where tallies for 
multiple categories can apply for a given patient, a (%) is not given.

Abbreviations: Oregon Health & Science University (OHSU), Massachusetts General Hospital (MGH), Brigham Women’s Hospital (BWH), 
University of California San Diego (UCSD), Somatosensory Evoked Potential (SSEP)

*
encompasses fence post technique (n = 1) and subcortical stimulation (n = 1)
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Table 2:

High-resolution microelectrode grid characteristics and use.

Characteristics Level Distribution and frequency¶; total n = 94 grids, n (%)

Intraoperative grid use

Success 86 (91.5)

Failure (PtNRGrid) 8 (8.5)

Channel count & grid dimensions

128-channel+  44 (46.8)

- 2x64 contact columns (50 µm pitch) 32

- 2x64 contact columns (800 µm pitch) 1

- Circular, 4mm diameter 11

1024-channel (32mm x 32mm) 48 (51.1)

2048-channel (48mm x 48mm) 2 (2.1)

Chemical composition

PEDOT:PSS (Patients, n = 57) 58 (61.7)

PtNRGrid (Patients, n = 25) 36 (38.3)

Grid placement*

Rolandic 10 (10.6)

Temporal lobe++  39 (41.5)

- Posterior STG 12 (12.8)

- Anterior STG 2 (2.1)

Temporoparietal  8 (8.5)

Extra-Rolandic parietal   4 (4.3)

Prefrontal lobe  10 (10.6)

Occipital 2 (2.1)

Overlying pathology  2 (2.1)

Multiple locations (relocated)  13 (13.8)

Placement strategy*

Anatomical landmarks 67 (71.3)

Passive gamma mapping  18 (19.1)

Direct cortical stimulation 3 (3.2)

Recording duration (minutes) 15.3 ± 1.15

¶
Frequency presented as mean ± standard error or count (% of all grids)

*
The 8 PtNRGrid failures are not tallied and reported under these categories.

+
Includes the 50µm and 800µm 2x64 contact column as well as the circular 128-channel grids

++
Includes posterior and anterior STG counts

Abbreviations: Poly(3,4‐ethylenedioxythiophene) with polystyrene sulfonate (PEDOT:PSS), Platinum Nano-rod (PtNRGrid), Superior temporal 
gyrus (STG), primary motor cortex (M1), primary sensory cortex (S1)
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