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Abstract

Intraoperative neuromonitoring (IONM) is a widely used practice in spine surgery for early 

detection and minimization of neurological injury. IONM is most commonly conducted by 

indirectly recording motor and somatosensory evoked potentials from either muscles or the 

scalp, which requires large-amplitude electrical stimulation and provides limited spatiotemporal 

information. IONM may inform of inadvertent events during neurosurgery after they occur, but 

it does not guide safe surgical procedures when the anatomy of the diseased spinal cord is 

distorted. To overcome these limitations and to increase our understanding of human spinal 

cord neurophysiology, we applied a microelectrode array with hundreds of channels to the 

exposed spinal cord during surgery and resolved spatiotemporal dynamics with high definition. 

We used this method to construct two-dimensional maps of responsive channels and define 

with submillimeter precision the electrophysiological midline of the spinal cord. The high 

sensitivity of our microelectrode array allowed us to record both epidural and subdural responses 

at stimulation currents that are well below those used clinically and to resolve post-operative 

evoked potentials when IONM could not. Taken together, these advances highlight the potential 
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of our microelectrode arrays to capture previously unexplored spinal cord neural activity and its 

spatiotemporal dynamics at high resolution, offering better electrophysiological markers that can 

transform IONM.

One Sentence Summary:

Generation of two-dimensional maps of human spinal cord activity using high-channel count 

surface microelectrode arrays

INTRODUCTION

Spinal surgeries most often work around the spinal cord, nerve roots, and associated blood 

vessels, with some cases requiring entry into the neural elements. In either case, surgery has 

an inherent risk for debilitating or devastating postoperative neurological deficits (1–4). For 

surgery involving the spinal cord and nerves, this risk is particularly profound when a safe 

entry or dissection pathway cannot be readily identified, such as when resecting intradural 

spinal cord tumors (5). For surgeries with risk of neurological injury, the surgeons will often 

use intraoperative neurophysiological monitoring (IONM) of the spinal cord to indirectly 

assess the functional integrity of motor and sensory pathways when operating in or around 

spinal neural structures.

IONM has previously been shown to improve surgical outcomes (1–4, 6–10), but in its 

current form, it only provides an indirect evaluation of the structural and functional spinal 

pathways. During IONM, somatosensory evoked potentials (SSEPs) are recorded from 

the scalp in response to electrical current stimulation of a peripheral nerve, and motor 

evoked potentials (MEPs) (11–15) are recorded from the upper and lower limb muscles 

in response to transcranial electrical stimulation (TES) (16–19). In recording SSEPs from 

the brain, the scalp, cranium, and dura all act as insulators resulting in low amplitude 

responses. As a result, high-amplitude stimulation currents must be applied with high-count 

stimulation trains to improve signal-to-noise ratio of the averaged recordings and extract 

electrophysiological signals from the recording system’s baseline noise (19–21). These 

stimulation trains also prevent real-time monitoring, where neurological injuries may not be 

noticeable for many minutes after the triggering event (22). Finally, the physical separation 

of the recording contacts on the scalp from the surgical site on the spinal cord prevents 

recording of spatiotemporal, anatomical, and physiological features of responses.

IONM is also not without controversies. The sensitivity and specificity of SSEP and MEP 

are not perfect, where false positives may lead to cessation of surgery and incomplete 

resection, false negative may lead to undetected injury (23–25). Additionally, there is still 

the practice of wake-up testing in certain spine surgeries such as scoliosis. Additionally, 

SSEPs may not change if the injury is purely motor or vascular.

We hypothesized that direct recording of SSEPs by microelectrodes on the surface of the 

spinal cord could increase the fidelity of these recordings and reduce the number of required 

trials, allowing real-time spatiotemporal mapping. We also predicted that recordings with a 

high channel count microelectrode array would offer two dimensional (2D) SSEP responses, 
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which would allow for more precise identification of the spinal cord functional midline at 

the point of resection. The functional midline is the only safe corridor to the inner structure 

of the spinal cord; therefore, its identification is of critical relevance. Unfortunately, there 

is no consistent or accurate anatomic landmark to the midline on the surface and moreover, 

it is often distorted with tumors/masses or rotated due to adhesions. Precise functional 

midline identification would be advantageous given that the position of the anatomical and 

functional midline has been found to be mismatched by up to 2 mm in 40% of patients 

(26, 27). Dorsal column (DC) mapping in spinal cord surgery was shown to decrease the 

occurrence of new postoperative sensorimotor dysfunction by 42% (28). There are limited 

studies that reported DC mapping by recording SSEPs directly from the surface of the spinal 

cord using linear 8-contact arrays (29, 30). In these studies, sparse mapping of the midline 

was performed by direct electrical stimulation of the dorsal column using a linear array of 

8 contacts made of Teflon-coated stainless-steel wires that were 76 μm in diameter and 1 

mm apart. The midline was identified by phase reversal in the recorded SSEPs. In two other 

studies, SSEPs were stimulated from the spinal cord surface and recorded from the brain, 

again identifying a rudimentary functional midline (31, 32).

We fabricated high-channel number microelectrode arrays by leveraging low-impedance 

contact materials we have used before in cortical recordings such as poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) (33–36) and platinum 

nanorod (PtNR) (37) contacts. Our electrodes were fabricated on thin (~6.6 μm) parylene 

C substrates (38, 39), which allowed for high conformability to the pial surface of the 

spinal cord during IONM. We observed dynamic patterns of ipsilateral and contralateral 

SSEPs with high-resolution that allowed us to identify a microscale midline boundary. This 

high-resolution boundary was identified at clinical stimulation currents and persisted even 

when scalp SSEPs could not be identified. Our microelectrode array also outperformed 

clinical equipment given that our recordings were directly on the spinal cord surface and 

thus did not require substantial trial averaging. In the future, this technology could provide a 

practically instantaneous IONM method once data analysis and plotting are incorporated in 

real-time. Taken together, our microelectrode grid can improve IONM and could have other 

applications, such as for evaluation or even treatment of spinal cord injury (SCI).

RESULTS

Experiment design and surgical implantation

To assess the viability of recording spatiotemporal SSEP patterns with high quality 

and resolution from the surface of the spinal cord, we recorded SSEPs with a high-

density microelectrode array in subjects (N=6) undergoing intramedullary tumor or biopsy 

procedures in the cervical spinal cord (Fig. 1A). The microelectrode array recordings were 

adjunct to the surgery, completed with minimal disruption to the surgical flow of the 

procedure time and performed with institutional review board (IRB) authorization at the 

University of California San Diego and at Oregon Health & Sciences University. The 

microelectrode array recordings were performed during three timepoints in the surgery: 

epidurally and subdurally before tumor resection or biopsy and subdurally post-resection or 

biopsy. The electrode was placed on the exposed surface spinal cord for tumor resection, 
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covered the DCs and was centered over the anatomical midline of the spinal cord. That 

surface placement spanned an apparently normal areas of the spinal cord rostral and caudal 

to the lesion. The placement was documented with intraoperative photos from the surgical 

microscope. Suction and sponges were used to remove excess blood and cerebrospinal 

fluid (CSF) from the spinal cord surface to ensure good electrode-tissue contact during 

the recordings (Fig. 1B). Suction and sponges near the electrode did not negatively impact 

recording quality or introduce substantiative noise into the data.

Electrode design

Multiple electrode designs were used in the recordings from the six subjects (Table S1), 

with results presented in this work from subjects 4–6. Recordings from these subjects used 

a single electrode design and leveraged a long, high-density connector that was not available 

for the earlier subjects (Fig. 1C). Additionally, the overall width of the electrode was 

reduced from 1.6 cm to 6.4 mm in the final design to maintain stable contact with the dorsal 

column and account for variable width of the surgical area. These subjects were temporarily 

implanted with a microelectrode array with 372 PtNR contacts (diameter=30 μm) arranged 

in a rectangular array of 12×31 with 350 μm horizontal (circumferential) pitch and 400 μm 

vertical (axial) pitch providing a coverage area of 3.85 × 12 mm2. At the tip of the array, an 

additional 54 contacts of variable diameter in the range of 30 μm – 480 μm were arranged in 

clusters of three contacts per diameter on the left and right sides of the array. The goal of the 

multidiameter array was to validate the effectiveness of small contact sizes in recording high 

quality SSEPs.

The electrodes were designed to have a sterile/non-sterile interface junction along a long 

connector board (Fig. 1C) to facilitate the use of these devices in the operating room (OR). 

Whereas the whole thin film device and extender board of Fig. 1C were sterilized at the 

hospital before use, the extender board separated the recording electronics board from the 

sterile area, allowing it to be encased in a sterile bag, thus maintaining an overall sterile field 

in the OR. Additional details on packaging, sterilization, and OR use have been previously 

reported (40).

Our 6.6 μm parylene-C microelectrode arrays were much thinner than current clinical 

spinal cord grids (Fig. 1D, 1 mm thick silicone), therefore more conformal to the spinal 

surface and compliant to movement during recording. Additionally, the microelectrode 

arrays were transparent, which gave the surgeon an unobstructed view of the surface spinal 

anatomical features when the grid was in place. The 1kHz electrochemical impedance 

of the microelectrode array used in subject 5 measured in phosphate buffered saline post-

fabrication was 22.77 ± 15.11 kΩ. The impedance values did not change significantly 

(p=0.5926) after Sterrad sterilization, a hydrogen peroxide gas plasma technology which 

is compatible with the PtNRGrids (40), and were 23.24 ± 5.42 kΩ post-sterilization (Fig 

1E). On the pial surface, the contacts exhibited slightly higher impedance values, with a 

mean of 35.82 ± 14.21 kΩ, an increase that is expected when measuring on tissue (41). 

These impedance values are representative of those measured across subjects 4–6 (Fig. S1). 

Our recording analysis focused on microelectrode contacts that exhibited a 1kHz impedance 

lower than 120 kΩ as recordings with contacts with higher impedances are susceptible 
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to noise. After fabrication, sterilization and throughout multiple surgical placements and 

recordings, our microelectrode arrays maintained a yield above 87% (Fig. 1E, Fig. S1). 

These measurements show the stability of the microelectrode array throughout sterilization 

and all experimental procedures.

Stimulation paradigm

The IONM team delivered electrical stimulation to both upper limb (typically median) and 

lower limb (typically tibial) nerves in trains of 40 at 2.78 Hz. Stimulation current amplitudes 

were initially set to clinical amplitudes used by the IONM team between 30 mA – 50 mA 

depending on the subject. The stimulation amplitudes were then decreased to ½, ¼, and ⅛ 
of these clinical amplitudes. For subject 5, the current amplitudes used were therefore 30, 

15, 7.5 and 4 mA, which was the lowest current amplitude used for stimulation across all 

patients.

Response amplitudes and thresholds

For both epidural and subdural placements, SSEPs had an onset latency of 10 ms and 

peak latency of ~12 ms (Fig. 1F, Fig. 2A–D). This is consistent with previous recordings 

with low-channel count microgrids from the surface of the spine (11, 42, 43). Averaged 

maximal peak-to-peak SSEP amplitudes ranged from 8–10 μV for 30 mA stimulation to 

~1 μV for 4 mA stimulation for 30–40 trials. Representative channels with high response 

amplitudes are shown in Figure 1F. Statistical analysis was used to evaluate whether the 

peak-to-peak amplitudes were statistically significant compared to pre-stimulus baseline. 

This was in particular a question for low stimulation currents where the signal to noise ratio 

was low, which we classified as below SNR = 6 (Table 1). A Mann Whitney U test showed 

significance at almost all current amplitudes at p < 0.001 (Table 1). However, for 4 mA 

current amplitudes in both epidural and subdural placements, the effect size was equal to or 

less than 1, indicating that any differences may not be observable or clinically relevant. A 

similar low effect size of −1.15 was observed for 15 mA left subdural recording, which we 

suspect was caused by a fluid build-up on the spinal cord leading to poor electrode-tissue 

contact for this stimulation amplitude. Generally, for high current amplitudes, response 

amplitudes were significant (p-values can be found in Table 1) for both epidural and 

subdural placements. Overall, these results indicate that both placements are appropriate 

for detection of neural signals.

During each case, we also performed a control recording on skin to confirm that the changes 

in voltage we observed were due to neural activity and not the stimulation artifact. In this 

subject, the peak-to-peak amplitudes of skin recordings at the clinical stimulation amplitude 

were below 1 μV (mean=0.56 ± 0.18 μV), which was lower compared to the baseline 

(mean=0.75 ± 0.24 μV) (Fig S2). Similar patterns were observed among all subjects.

Spatiotemporal response patterns

Our microelectrode array was placed on the spinal cord allowing it to capture spatiotemporal 

features of the SSEPs, which current IONM clinical equipment cannot resolve because the 

recording electrodes are placed on the surface of the scalp. Whereas amplitudes of the 

responses were similar between the epidural and subdural placements, subdural recordings 
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were more localized, especially for higher current amplitudes where response amplitude 

varied substantially across the array (Fig. 2A–D). Epidural recordings showed more uniform 

responses across channels compared to subdural recordings, which manifested in a wider 

spread of responses across the array. Spatiotemporal profiles of subdural recordings showed 

similar patterns in response propagation for different stimulation currents. A plot of peak-

to-peak responses for all current amplitudes calculated from these time evolution plots is 

shown in Fig. S3. These response patterns and dependencies on stimulation currents are 

consistent with recordings from other subjects (Figs. S4–S5). Higher response amplitudes 

were registered on the side of the body where the stimulation was delivered; left channels 

were more responsive for left median nerve stimulation and right channels for right median 

nerve stimulation. This is consistent with spinal cord anatomy as the DCs are largely 

ipsilateral to the peripheral nerves entering the spine.

The conduction velocity of the SSEPs was calculated from the approximate distance of the 

median nerve stimulating electrode to the recording microelectrode and the peak latency. 

This was found to be 50 ± 4.5 m/s assuming an arm length of 0.6 m. Previous reports 

provide conduction velocities in the range of 91.3 ± 7.2 m/s for Aα nerve fibers (44) and 

63.4 ± 4.5 m/s (45) and 69.3 ± 6.6 m/s for Aβ nerve fibers, which carry sensory information 

(46). Our lower estimated conduction velocity might be explained by errors in estimation of 

arm length and the synapsing of the nerve fibers onto interneurons in the spinal cord. Our 

calculated SSEP and the onset time of the response could be used to assess neurological 

damage since changes over 10% in onset latency in clinically recorded scalp SSEPs are 

considered a sign of spinal cord dysfunction (47).

Mapping of the functional midline

The anatomical spinal cord midline in normal tissue can be identified anatomically by the 

dorsal median sulcal vein as it enters the midline raphe or at the middle point between the 

root entry zones on either side of the cord (29). This anatomical midline can be distorted 

by tumors, edema, neovascularization, or scar formation, prohibiting its identification using 

anatomical landmarks. To prevent inadvertent dissection of the DCs, which can result in 

postoperative morbidity that can be disabling, functional mapping is used to locate the 

midline to inform the spinal incisions (myelotomy). Using the spatiotemporal features of 

the recorded SSEPs, we performed analysis to map the functional midline for epidural 

and subdural recordings pre-resection and subdural recordings post-resection. The midline 

was identified with better precision in the subdural recording, which is consistent with the 

more localized response profiles for this placement. By tuning the thresholding method 

for positive responses and their amplitudes as described in the Methods section, we were 

able to isolate ipsilateral responses to stimulation and outline a midline spanning 2–5 

channels equivalent to a distance of 700 μm to 1.75 mm (Fig. 2F). This mapping is of 

higher resolution than reported previously with the use of 8-channel microgrids (29, 30), 

where their contact spacing were equal to or larger than 1 mm. Additionally, with our 

microelectrode, the midline can be traced in the rostrocaudal direction, which cannot be 

done with the linear microgrid. The epidural functional midline was difficult to define given 

the large spread of the responses (Fig. 2E). These results were consistent in subject 4 (Fig. 

S6). We were not able to identify the midline in patient 6 given the positioning of the 
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electrode and tumor effects (Fig. S7). Subdural post-resection placement also allowed for 

identification of the functional midline, which is described in a later section. These results 

show that subdural placement allows mapping of the functional midline.

Spatial phase gradient analysis of response propagation

We performed an analysis of the spatial phase gradient of the response to better understand 

response propagation. We calculated the phase gradients and overlaid streamlines for better 

visualization of wave propagation dynamics. We hypothesized that the neural responses 

originate from a bundle of axons deep within the spinal cord, and therefore we would 

expect to see the electric field lines aligned parallel to the axons generating action potentials, 

dropping off in strength radially from the center of these axons (48). The microelectrode 

array captures the 2D projection of these electric field lines along the surface of the spinal 

cord. Furthermore, since the neural response is propagating vertically in a rostral direction, 

the electric field strength will also vary as a function of time. Thus, the spatial phase 

gradient should primarily point in the direction of the traveling action potentials, though 

due to the complex nature of the 2D projected electric field lines, will also spread outward 

from the center of the response in the direction of decreasing electric field strength. We 

observed these phase gradient features in the subdural pre-resection and to a lesser extent 

in the post-resection recordings (Fig. 3). Post-resection recordings will be discussed below. 

We did not see a strong directionality of the phase gradient in the epidural recordings, which 

can be explained by the wide spread of potential across the array resulting in small changes 

in phase. Videos of the time evolution of the response, phase gradients, and streamlines are 

shown (Movies S1–S6). Phase gradient plots provide another means for SSEP monitoring 

and may inform of changes in SSEP propagation during surgical resection.

Validation of high-quality recordings with smaller PtNR contacts

Our microelectrode array included a multidiameter array at the tip to investigate any 

diameter-dependency of the recorded SSEPs and to confirm that smaller contact diameters, 

necessary for high-resolution mapping, do not lead to loss of information that is otherwise 

captured by larger contact diameter arrays. Larger contact diameters may have higher 

probability to overlap with fibers responsive to stimulation and may therefore potentially 

produce higher amplitude responses at lower stimulation currents. The diameters included 

were 30 μm, 60 μm, 80 μm, 110 μm, 140 μm, 170 μm, 210 μm, 240 μm and 480 μm. 

The contacts were organized in two mirrored clusters of 3 contacts per diameter (Fig. 

4A–B). Peak-to-peak amplitude responses from the left and right-side clusters showed 

stronger variation in the subdural versus epidural placement (Fig. 4C), with contacts 

positioned ipsilaterally to the stimulation side showing a stronger response compared to 

contacts positioned contralaterally. For example, epidurally, 30 mA left median nerve 

stimulation resulted in the left 140 μm cluster recording 4.85 ± 0.09 μV amplitude versus 

the right cluster recording 5.07 ± 0.06 μV. Subdurally, those left and right clusters recorded 

amplitudes of 7.26 ± 0.06 μV and 4.09 ± 0.15 μV, respectively (Fig. 4D). Given that there 

was strong spatial variability across the array and the variable diameter electrodes were 

inherently in different locations, we could not directly compare the peak-to-peak amplitude 

responses. Therefore, we also evaluated the pre-stimulus baseline standard deviation for 

the contacts, with the assumption that this parameter should not be affected by the contact 
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position. We found that the baseline standard deviation did not show a conclusive diameter 

dependency in either the epidural or subdural placement (Fig. 4 E,F). Epidural baseline 

standard deviation was consistently ~ 0.38 μV whereas subdural baseline standard deviation 

was ~ 0.18 μV. Finally, we computed the power spectral density (PSD) for both the epidural 

and subdural recordings over a 300 ms time segment after stimulus (Fig, 4 G,H). We did 

not see a diameter effect on the PSD, with all channels exhibiting a 1/f noise relationship 

followed by white noise. These data suggest that recording with 30 μm diameter PtNR 

contacts is as effective as recording with larger diameters, which further substantiates their 

use for high-definition mapping from the surface of the spinal cord.

Comparison to clinical IONM recordings

In subjects 5 and 6, we sought to understand how the research microelectrode recordings 

compared to clinical IONM recordings. Recordings from the microelectrode array could 

not be directly compared to those from the IONM equipment given the difference in trial 

numbers used to obtain the averaged traces for both. Only 30–40 trials were used in the 

averaging for the research grid at each current amplitude. The clinical IONM recordings 

needed longer stimulation trains given the lower amplitudes of responses at the scalp. As a 

result, the length of recording data segment that was averaged to achieve the mean traces 

differed between the research grid and clinical IONM data. However, a comparison could be 

made based on the general timeline of the surgery since any substantial changes in SSEPs 

were noted in the log sheet and typically lasted throughout the entire experiment recording 

session.

Epidural and subdural pre-resection and subdural post-resection recordings at 30 mA were 

compared to IONM recordings from similar timepoints in the surgery (Fig. 5). Research 

grid recordings showed a higher response amplitude compared to IONM recordings. For 

high current amplitudes, the range of response amplitudes measured with the research 

grid was much higher than for clinical IONM recordings, where 30 mA right median 

nerve stimulation resulted in a maximal 3 μV peak-to-peak amplitude response for the 

clinically recorded C3-C4 trace compared to microelectrode recordings of > 8 μV and > 

6μV responses for left and right 30 mA stimulation, respectively (Fig. 5A,B). The remaining 

clinical traces were only ∼ 1 μV.

Although there was a loss of response to median nerve stimulation post-resection in subject 

5, affecting the right side more strongly, our microelectrodes still resolved responses; 

however, these responses were smaller than the pre-resection amplitudes. The maximum 

response amplitude decreased from 10 μV to 2.5 μV, whereas the clinical IONM equipment 

could not register a response (Fig. 5 C,D). Furthermore, the spatial variation in the responses 

was preserved in the microelectrode recordings. Stimulation with 30 mA resulted in clear 

left and right activation patterns, similar to those seen pre-resection (Fig. 5 E,F). The 

ability to map the functional midline was also preserved (Fig. 5G). Similarly, in subject 6, 

the research microelectrode recordings were of higher amplitude compared to the clinical 

recordings throughout the surgery (Fig. S8). These results highlight the potential of our 

microelectrode grids for IONM.
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DISCUSSION

Currently deployed clinical spinal cord arrays are limited in usability by size. The thickness 

of these electrodes is at least on the scale of tens or hundreds of microns and often much 

thicker (29, 30, 32, 49, 50). As a result, these electrodes have poor contact with the 

spinal cord and record lower amplitude responses, requiring higher stimulation currents. 

Moreover, existing clinical microelectrodes typically have platinum contacts. Platinum has 

high impedance, requiring large contact diameters and resulting in low-resolution coverage. 

Large diameters limit the number of contacts across the circumference of the spinal cord, 

encumbering the isolation of the midline. The microelectrode arrays we developed address 

these limitations and could therefore be used for high resolution functional mapping of the 

spinal cord. Because our grids are fabricated on parylene, they can be much thinner (here, 

6.6 μm thick) than platinum electrodes. Electrode contacts are composed of PtNRs and 

have much lower impedances compared to standard planar platinum contacts. The lower 

impedance of PtNRs enables scaling of the contact diameter while preserving excellent 

impedance values (~ 36 kΩ at 30 μm diameter) and recording capabilities, which offers the 

possibility of having higher density coverage.

In this study we transitioned from PEDOT:PSS to PtNR contacts, which have been shown 

to be more suitable for stimulation than other low-impedance microelectrode materials (38, 

39). Although we do not perform stimulation in this study, having spinal cord electrodes 

that can both record and stimulate would be the goal for many applications outside of 

neuromonitoring. The current iteration was a recording electrode only, but a hybrid version 

of record and stimulate electrode is currently under development, where one or a subset 

of channels deliver the stimulation and the remaining channels record. This, combined 

with a more robust fabrication process (see Materials and Methods), suggests that PtNR 

microelectrodes can be a good choice for human neural devices. Our grid was 6 mm wide, 

as recommended by the surgical team that performed the research in the clinical setting on 

the first 3 subjects. For 2 out of the last 3 subjects, we were able to identify the midline and 

in the third, we could not. Increasing the width of the array and its axial coverage may aid 

isolation of the midline across diverse subjects.

The advantageous design of our research microelectrode allowed us to discriminate 

stimulation currents at and above 7.5 mA. This is important since 30 mA stimulation, as 

was used in subject 5, is considered high and may cause a pain response. In general, currents 

over 10 mA are considered potentially painful (51). Therefore, reducing IONM current 

below this amplitude may benefit the patient by reducing anesthesia interventions during 

a procedure. However, systematic studies for correlating current amplitudes necessary for 

capturing when and where neural deficits occur in dorsal fibers can be formed are yet to be 

conducted.

Epidural and subdural recordings showed different spatiotemporal features, which means 

these placements could offer distinct applications. These differences are important given 

that epidural placement is easier to achieve and is less invasive. Epidural placement showed 

peak-to-peak response amplitudes generally on par with subdural placement. However, 

there was less localization of responses across the array, resulting in an incoherent phase 
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gradient. Surgery that requires identification of the functional midline inherently involves 

exposure of the dorsal spinal cord and subdural clinical procedures. Therefore, the subdural 

microelectrode array placement can be a valuable asset for making clinical decisions in 

such applications because of the high-resolution identification of the functional midline and 

phase gradients in 2D. On the other hand, although epidural placements cannot resolve 

spatial variations in the response, they could be informative for evaluating the quality of the 

response (whether it is present and to what extent), even when IONM responses cannot be 

detected. This is particularly important for decompression and other surgeries that do not 

involve opening of the dura mater.

Our research grid was superior compared to the clinical equipment in terms of the sensitivity 

of the system. We averaged 30–40 trials to achieve the mean peak-to-peak amplitude 

responses at a stimulation rate of 2.78 Hz, therefore requiring 10–14 seconds of recorded 

data. The clinical equipment stimulates at 1.41 Hz, requires over 300 trials, and often 

throws out trials, resulting in a necessary data segment of 4 minutes or more. This is a 

large improvement in responsiveness of the system and could allow for quicker detection 

of neurological damage. In addition, at high current amplitudes, even fewer trials would 

be necessary with our microelectrode, resulting in practically real-time responsiveness to 

surgical intervention. In subject 5, we were also able to capture SSEPs with our research 

microelectrode when the clinical IONM system could not. This subject showed temporary 

neurological deficit after surgery that quickly improved, which validates that the persistent 

responses seen by our microelectrode carry clinical value.

There were a few limitations to this study. First, the electrode location varied between 

subjects since surgery was performed at different heights of the cervical spinal cord. 

This made it impossible to directly compare recordings between subjects. The electrode 

was also placed in the vicinity of abnormal tumor tissue, which further increased the 

variability in recordings among patients. Additionally, there was slight variation in electrode 

impedances and the distribution of working channels between electrodes, which introduced 

more variability in the datasets. Nonetheless, the overall features of the responses were 

consistent, including response amplitudes, propagation velocity, midline mapping capability 

and epidural and subdural recording of spatiotemporal differences. Another limitation 

of this study was the inability to directly compare the clinical grid recordings and 

the microelectrode recordings due to different trial numbers used to produce the mean 

responses. Future studies will need to investigate and quantify these differences more 

thoroughly. Finally, this study included only six patients, with just one patient showing a 

decrease in SSEP amplitude during surgery. More patients need to be included in future 

studies to investigate the consistency in the research microelectrode performance and its 

ability to better detect neurological damage compared to existing IONM equipment.

This study was approved to be performed during operative pauses, and another limitation of 

this study was the inability to record during the surgical resection, which is a requirement for 

any IONM system. To address this limitation, we are developing microelectrodes that can 

surround but still leave access to the resection zone, creating a ‘window in a grid’ that will 

allow surgical procedures to proceed while providing real-time monitoring of spatiotemporal 

SSEP patterns from the dorsal surface of the spinal cord. The ‘window in a grid’ electrode 
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would provide coverage to the rostral and caudal segments of the spinal cord to the surgical 

plane, thus allowing direct comparison of SSEPs below and above the surgical site. With 

these improvements in place, our microelectrode system could become a complete and 

highly detailed IONM system. Furthermore, the PtNR microelectrode grid could be used for 

more traditional DC mapping given its stimulation capabilities (37).

In addition to IONM, we believe our PtNR microelectrodes have implications for the 

treatment of SCI by providing a high-resolution, high-coverage spinal cord grid. We 

speculate that our research grid could potentially be used to capture sensory information 

from the peripheral nerves below the point of injury to be relayed to the brain, which 

has been pursued recently (52–54), and provide the means for targeted sensory nerve 

stimulation. For this, further developments will need to be made to capture native 

sensory pathway neural activity as opposed to recording stimulated SSEPs and to perform 

stimulation with PtNR electrodes. Finally, we also believe our microelectrode array could 

mediate SCI treatment by identifying and stimulating the root entry zones in SCI patients, 

which has been shown recently to restore motor function (55).

In summary, we introduce a, high-density microelectrode grid and demonstrate its ability 

to outperform standard clinical IONM during spinal cord surgery. For both subdural and 

epidural placements, we evaluated stimulation responses that were present even when 

IONM did not resolve any responses. Our microelectrode was able to capture detailed 

spatiotemporal patterns of responses that can define with high precision the 2D maps of the 

functional midline during surgery. Our use of this grid in high-resolution mapping from the 

surface of the spinal cord shows that this microelectrode holds the promise for applications 

that may help neurosurgical procedures and neuromodulation therapies in the spinal cord 

and beyond.

MATERIALS AND METHODS

Study design

The research objectives of this study were to (1) evaluate whether direct recordings from the 

human spinal cord could reduce the stimulation thresholds required to detect neurological 

activity and quantify this difference, (2) quantify the spatial selectivity of our high-channel 

count grids and their ability to localize the spinal cord functional midline, (3) evaluate the 

differences in epidural versus subdural recordings to determine optimal grid placement and 

(4) assess whether the research grid can identify neurological signal when it is classified as 

absent by the standard intraoperative neuromonitoring (IONM) equipment. Randomization 

was not performed and did not apply to our study since this is a proof-of-concept technology 

study.

Research grid fabrication, characterization, and sterilization

Both PEDOT:PSS and PtNR research grids were fabricated on 7” × 7” × 0.06” photomask-

grade soda lime glass plate (Nanofilm), which were cleaned via O2 plasma at 200 W for 

5 minutes. Diluted Micro 90 (0.1%) was spincoated onto the glass plate to act as a release 

layer, after which the plate was coated with 3.7-μm-thick-parylene C using a parylene 
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deposition system (Specialty Coating Systems 2010 Labcoater). Next, two layers of gold 

traces (10 nm Cr, 250 nm Au) were deposited onto the plate using standard lithography 

techniques and AZ5214E-IR photoresist (MicroChemicals). This double layer of leads was 

found to improve device yield by reducing chance of disconnects due to particles during the 

photolithography process.

PEDOT:PSS grid fabrication.—For PEDOT:PSS grids, the metal traces were then 

encapsulated in 2nd and 3rd parylene layers, each 3.1 μm thick. Concentrated Micro-90 

(100μL in 50 mL DI) was spincoated before the 3rd parylene coating to allow for peel-off of 

this layer at a later step. Via (hole) through the parylene was performed via oxygen etching 

at 200 W for 39 minutes. PEDOT:PSS solution was spincoated onto the exposed contacts, 

cured at 150 °C for 60 min, and the 3rd parylene layer was then peeled off. The electrodes 

were laser cut and lifted off with DI water. Preparation of the PEDOT:PSS solution and more 

fabrication details can be found in previous publications, including (39).

PtNR grid fabrication.—Platinum nanorod (PtNR) contact formation on parylene C were 

prepared using a technique previously developed and described in our lab (40). Briefly, the 

metal traces and PtAg alloyed contacts were encapsulated in a second 3.1 μm parylene layer. 

After deposition of a Ti hard mask, the PtAg contacts and connector pads were exposed 

using a dry etch of the Ti layer with SF6/Ar gas followed by oxygen dry etching of the 

paylene C. The samples were lifted off with 6:1 buffered oxide etchant (BOE) and the 

PtAg was dealloyed in 60°C nitric acid for 2 min, thereby forming the PtNRs with Pt/Ag 

composition of approximately 95%/5%. The microelectrodes were bonded to custom-made 

extender PCBs as described in a previous publication (40).

The quality of the fabricated devices and their PEDOT:PSS or PtNR contacts were first 

evaluated using optical microscopy. Impedance magnitude and phase at 1kHz was then 

measured to ensure device functionality. If the devices had high yield, they were sent for 

sterilization to UCSD’s or OHSU’s sterilization facility. The sterilization processes used 

were steam with gravity mode at 121°C for 30 min for PEDOT:PSS electrodes and Sterrad 

with the default sterilization mode for PtNR electrodes.

Subjects and research grid placement

The research subjects were patients undergoing an intramedullary spinal cord tumor 

resection or biopsy procedure at the cervical segment with IONM with both epidural and 

subdural spinal cord exposure. Subjects were recruited by the neurosurgery team involved 

in this study. All patients voluntarily participated after informed consent in accordance with 

the University of California Institutional Review Board (IRB). Subjects were informed that 

participating in the study would not affect the treatment they received. Participants could 

withdraw at any time. Recordings were acquired from 6 participants.

Surgery proceeded as normal until epidural spinal cord exposure. During the surgical 

exposure, the recording equipment was set up on the non-sterile side of the operating 

room. The research grid was removed from the sterile tray by a scrubbed-in member of 

the neurosurgery team. A Situate Sterile Drape (Medtronic 01–0020) was used to interface 

between the sterile and non-sterile recording elements. The extender board of the research 
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grid was inserted through an opening in the drape and touch-proof connectors of a sterile 

twisted pair of subdermal needle electrodes were inserted through another hole. Two 

Tegaderm films (3M) were taped together to seal the openings. A member of the research 

team then connected the extender board and the recording equipment. The research grid was 

then placed in sterile saline solution in a kidney dish until the recording started. Impedance 

was measured to ensure proper equipment connection and grid viability after sterilization. 

Further details are described in (40).

Data collection

Recordings were taken at three timepoints in the surgery: (1) epidurally after spinal cord 

exposure, (2) subdurally, on the pial surface, before tumor resection or biopsy, and (3) 

subdurally after tumor resection or biopsy. Impedances were measured and plotted before 

each recording in both sterile saline and on the spinal cord itself to check for electrode 

damage and equipment connectivity issues. The total recording time for all three timepoints 

did not exceed 30 minutes during downtime of the surgery, so as not to cause adverse 

effects to the patient and surgical outcome. Recordings were collected using Intan’s RHD 

Recording Controller at 20 kHz sampling rate. A member of the research team dictated 

stimulation amplitude and location to the neuromonitoring team member. Notes were taken 

during stimulation to note approximate stimulation time and amplitude in the recording. 

Reference and ground needles for the research microelectrode were placed in nearby tissue. 

The clinical IONM system used to capture data from subjects 5 and 6 was Cascade’s 

IOMAX.

Data processing

Research grid data was processed in MATLAB. Data was filtered to remove 60 Hz noise 

and harmonics using a notch filter. Data was then bandpass filtered 30–300 Hz. The low 

frequency was chosen to be 30 Hz to remove changes in voltage due to DC voltage 

shifts and ECG artifact, which was below 30 Hz, while preserving the response frequency 

bandwidth (a spectrogram showed responses in the frequency range of 70–150 Hz). Stimulus 

artifacts from the non-filtered data were used to determine stimulation timepoints and these 

timepoints were compared to a custom-made stimulation artifact capture system for initial 

experiments, but this was found to be redundant for later experiments. Notes taken during 

surgery were used to classify each stimulus train based on the stimulation amplitude and 

location. Responses were computed by averaging a 20 ms time window after each stimulus 

artifact. Baseline data was computed by averaging a 20 ms time window within 20–80 ms 

before stimulus artifact. The onset of the time window varied between stimulations and was 

chosen to ensure no aberrant signals were present in the baseline recording. Baseline values 

were then subtracted from the averaged responses. Peak-to-peak amplitude was calculated 

by taking the difference between the highest and lowest data points in the time window 5–20 

ms after stimulus and within the 20 ms time window for baseline. The clinical data was 

downloaded from the IONM software IOMAX (Cascade) in the form of a .json file after 

the case. The data was bandpass filtered 30–750 Hz. The data was imported and plotted in 

Python along with corresponding timestamps and event notes from the IONM team.
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Midline mapping

A signal-to-noise (SNR) thresholding technique was used to evaluate the functional midline. 

The mean and standard deviation of the baseline peak-to-peak amplitude was calculated. For 

both left- and right-side stimulation, peak-to-peak amplitudes of the response with root mean 

squared (RMS) numbers less than a certain value were zeroed (Equation 1), thus creating 

individual threshold maps for each side. For subject 5, the value of 13 was arbitrarily chosen 

for the subdural recording based on the number of channels that did not meet this criterium. 

The value of 18 was chosen for the epidural recording. The left- and right-side threshold 

maps were combined by taking the square root of the sum of squared thresholds (Equation 

2).

find intensities − m
std < val = 0 Equation 1

intensitiesrigℎt
2 + intensitiesleft

2 = combined intensities Equation 2

Phase gradient analysis

The spatial phase gradient of the responses was calculated in MATLAB based on previous 

methods described in literature (40, 56, 57). The streamlines were generated with the 

streamline MATLAB function to illustrate the general directional trends of the local spatial 

phase gradient.

Statistical analysis

We used the Welch’s test to determine whether there was a significant change in impedance 

after Sterrad sterilization since we assumed unequal variance between samples.

We used the Mann Whitney U test to evaluate statistical significance of the peak-to-peak 

amplitude responses. This nonparametric test was chosen since the amplitude distributions 

for each current amplitude deviated slightly from a normal distribution, making a 

nonparametric test more appropriate. Response peak-to-peak amplitudes were compared 

against baseline peak-to-peak amplitudes. In each statistical test, the channels in the top 

20% based on SNR were used to ensure that the significance was not affected by non-

responsive channels. The Z-score was used to evaluate effect size, which is appropriate for 

nonparametric data, and multiple test correction was applied to the p-values since multiple 

tests were performed to evaluate various current amplitudes and stimulation points. Effect 

size was calculated by dividing the Z-score by the square root of the number of pairs 

(Equation 3). The Z-score was calculated in Python from the U statistic (Equation 4). 

P-values were corrected using the Holm method.

effect size = Z n where n = number of pairs Equation 3
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Z =
U − n2

2 + 0.5
n2*(N + 1) 12

Equation 4

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Experiment overview and electrode design. (A) schematic diagram of the placement of the 

research grid on the subject’s spinal cord. (B) Photograph of the research grid placed on 

the subdural surface of spinal cord during recording. (C) Research microelectrode bonded to 

extender PCB with the sterile/non-sterile junction point highlighted. (D) Comparison of size 

and thickness of the research microelectrode versus a clinical grid (CoverEdge X 32, Boston 

Scientific). (E) 1-kHz impedance magnitude histograms measured as fabricated in saline, 

post-sterilization in saline, and on spinal cord tissue. (F) Example single-channel responses 
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to different left and right median nerve stimulation current amplitudes recorded epidurally 

and subdurally pre-resection. The channel with the highest peak-to-peak amplitude response 

was chosen as the example channel for each condition.
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Figure 2. 
Time evolution plots of recorded SSEPs and functional midline mapping. (A) – (D) 

Spatial distribution of peak-to-peak amplitudes of responses to both left and right median 

nerve stimulation recorded epidurally and subdurally pre-resection. (E) Functional midline 

estimation from epidural recording of responses to 30 mA left and right median nerve 

stimulation. (F) Functional midline estimation from subdural recording of responses to 30 

mA left and right median nerve stimulation. Peak-to-peak response amplitudes over the 

entire recording segment can be found in Fig. S3.
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Figure 3. 
Spatial phase gradients and streamlines of SSEP responses. SSEP spatial phase gradients 

and streamlines in response to 30 mA left (top panels) and right (bottom panels) median 

nerve stimulation.
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Figure 4. 
Multidiameter array response analysis. (A) Image of multidiameter array at tip of research 

microelectrode. (B) Image of electrode placed subdurally on spinal cord during recording. 

(C) – (D) Averaged peak-to-peak amplitude responses recorded epidurally and subdurally 

to 30 mA left median nerve stimulation. (E) – (F) Averaged baseline standard deviation 

recorded epidurally and subdurally. (G) – (H) Power spectrum density analysis on baseline 

recordings from (E) – (F).
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Figure 5. 
Comparison to clinical IONM recordings. (A) – (D) Subdural pre-resection and post-

resection recordings to left and right 30 mA median nerve stimulation. (E) – (F) Time 

evolution of post-resection recorded responses to 30 mA left and right median nerve 

stimulation. (G) Functional midline estimation from post-resection recorded responses to 

30 mA left and right median nerve stimulation.
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Table 1.

Statistical analysis and significance of results from subject 5.

Mean SNR T-test Effect size

Epidural Left

30 mA 26.79 ± 0.93 2.45E-119 −1.73

15 mA 19.49 ± 1.29 2.45E-119 −1.73

7.5 mA 8.53 ± 2.05 1.24E-112 −1.67

4 mA 1.19 ± 0.12 4.32E-17 0.73

Epidural Right

30 mA 14.25 ± 0.46 2.45E-119 −1.73

15 mA 18.94 ± 1.66 6.89E-119 −1.73

7.5 mA 5.11 ± 0.76 8.27E-78 −1.39

4 mA 3.00 ± 0.69 4.60E-5 0.29

Subdural Left

30 mA 28.86 ± 2.27 7.50E-25 −1.72

15 mA 5.62 ± 1.02 7.45E-12 −1.15

7.5 mA 8.24 ± 1.71 2.53E-20 −1.54

4 mA 3.67 ± 0.82 0.0145 −1.00

Subdural Right

30 mA 9.08 ± 0.45 7.50E-25 −1.72

15 mA 17.62 ± 3.15 5.29E-23 −1.79

7.5 mA 4.47 ± 1.05 0.275 −0.14

4 mA 4.69 ± 1.42 4.19E-4 −0.64
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