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Abstract— Objective: This study aims to identify the impact of 

using edge sites over center sites on a planar silicon 

microelectrode array. Methods: We used custom-designed, 

silicon-substrate multi-site microelectrode arrays with sites on the 

center, edge, and tip. We compared their single unit recording 

capability, noise level, impedance, and histology to identify the 

differences between each site location. Wide and narrow devices 

were used to evaluate if the differences are consistent and meets 

theoretical expectations. Results: On the wide device, significantly 

more number of edge sites were functional than center sites over 

the course of 8 weeks with generally higher signal-to-noise 

amplitude ratio (SNR). On the narrow device, edge sites also 

performed generally better than center sites, but the differences 

were not significant and smaller than wide devices. The data from 

the tip sites were inconclusive. Conclusion: Edge sites 

outperformed center sites in terms of single unit recording 

capability. This benefit decreased as the device gets narrower and 

the distance to center sites decreases. Significance: We showed 

that a simple alteration to the site placement can greatly enhance 

the functionality of silicon microelectrodes. This study promotes 

assessing site architecture that can be an alternative way to 

modulating substrates for lengthening the lifetime of neural 

implants.   
 

Index Terms— Biological tissue response, chronic neural 

implant, impedance spectroscopy, planar silicon microelectrodes, 

single unit recording 
 

I. INTRODUCTION 

NTRACORTICAL microelectrodes generally fail to record 

or stimulate over a chronic implantation period (e.g., months 

to years) [1-6]. Several failure modes exist [1], among which 
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the biological failure has been extensively studied as all devices, 

without exception, eventually lose their functionality in the 

long-term. Although the abiotic failure is not to be neglected, 

the biotic failure (i.e., biological tissue response) is a critical 

contributor to the device failure. This is manifested by the 

degradation of the number of single units and the 

signal-to-noise amplitude ratio (SNR) of single units [2, 5, 6]. 

Histological studies have shown that microglia/macrophages, 

astrocytes, and infiltrated blood-derived products are activated 

and/or accumulated near the device; this reactive-tissue 

response impedes electrical conduction and releases neurotoxic 

factors [7-10]. A number of mechanical factors have been 

investigated to reduce the tissue response including device size 

[11-13], architecture [14-16], flexibility [17-24], tetheredness 

[13, 25], and insertion method [26, 27]. These studies showed 

success in the short-term and provided insight to 

microelectrode design and use; however, the solution to 

seamless chronic recording appears to require an integration of 

multiple factors [21, 28, 29]. 

The most extensively studied device design factor is related 

to the substrate of the device [11, 30-33]. Substrate is indeed a 

critical design parameter since it serves as a mechanical support 

for the electrode sites and insulates the underlying electrical 

connections. Substrate determines the extent of injury both in 

acute and chronic terms, and thus comparing the biological 

response and/or recording functionality across different 

substrate designs has been an area of interest. However, site 

architecture within a device is equally important as seen from 

the studies that investigated depth dependence in the reactive 

tissue response and recording/stimulation performance [34-36]. 

Traditional silicon-substrate arrays (i.e., Michigan Arrays) 

have been designed with sites along the center of the plane of 

the device; however, it is well described that the reactive tissue 

response is lesser near lower surface area regions of implants 

[37]. Here, we present a Michigan Array design having sites on 

the center, edge and tip of the device, enabling a comparison of 

recording performance at various locations on an implanted 

device. 

A few studies have laid the foundation of the concept of 

using edge sites. Seymour et al. demonstrated that a thin lateral 

wing attached to the main shaft induces significantly less severe 

tissue response than the main shaft [15], and also showed that 

sites with more exposed sides can perform better than one-side 
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channels adjacent to each other. Two distinct single units 

identified on channel 11 are presented on the right showing 

well separated clusters in the PC domain. Unit spikes at 48 DPI 

are not as clearly visible as 2 DPI, also seen with the decreased 

signal amplitude and the decreased number of units after 

sorting. The recordings from this rat/device were some of the 

 
Fig. 2. Representative neural recordings showing degradation of signal quality over time. Recordings from Rat044 at (A) 2 DPI and (B) 48 DPI. In the left panel of 
(A) 500 ms high-pass filtered waveforms are presented with a magnified view of a 50 ms interval. The right panel of (A) shows the sorted unit templates (top) and 

their representation in the 3D principal component domain (bottom). Channels 1–7 are center sites, 9–16 are edge sites, and 8 is the tip site. The left and right 

panels of (B) shows waveform, sorted unit templates, and their principal components for the 48 DPI data, respectively. 

  

 
Fig. 3. Fraction of active microelectrodes as a function of DPI (left) and WPI (right). The heatmaps (top) show the percent activity of each animal the order of 

which is shown in the box on the left. The line graphs (bottom) show the average of the fraction of active electrodes across animals. (A) Wide devices 

(GP_1x16_249) and (B) narrow devices (GP_1x16_132). Error bars reflect the standard error of the mean. ANCOVA was run over the duration of the DPI and 

WPI, and paired t-tests were run on each DPI and WPI (significance level: * α<0.1, ** α<0.05). Letters in the Rat# indicate right (R) or left (L) hemisphere. 
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highest quality recordings in this study; many of the devices 

failed to record any single units at 48 DPI. 

Most of the sites gradually failed to record single units over 

time, but the lifetime of each site varied significantly. Fig. 3 

depicts the fraction of active microelectrodes, defined as the 

fraction of the number of sites that recorded single units at least 

once in the given time interval [6], within each DPI and WPI. 

This survival fraction provides an overall picture of the 

functionality of sites. Single unit activities were consistently 

high during the first week and degraded starting from 1 WPI. 

However, in almost all of the time points, edge sites had higher 

single unit activity than center sites. This was particularly 

pronounced on the wide devices. Not all time points were 

significantly different (p<0.05) with paired t-tests, but the 

difference over the period of 0–6 DPI and 0–7 WPI were both 

significantly different (p<0.05) with ANCOVA. Although the 

trend of edge sites outperforming center sites still existed with 

narrow devices, fewer time points were significantly different 

(p<0.05) with paired t-tests, and over the period of 0–6 DPI and 

0–7 WPI were both not significantly different (p>0.05) with 

ANCOVA. Also, there was no significant difference between 

the averages of wide and narrow devices (p>0.05). 

The SNR also gradually declined over time (Fig. 4). Note 

that SNRs were averaged only across the sites that had single 

units and thus the average SNR does not exactly reflect the 

trend observed in the fraction of active electrodes. Nevertheless, 

the SNR of edge sites were significantly greater than center 

sites on the wide devices at 0–6 DPI (p<0.05). As not many 

single units were recorded from center sites during 2–7 WPI, 

the comparison at 0–7 WPI was not statistically significant 

(p>0.05). Narrow device showed a similar trend that edge sites 

were generally better than center sites, but the differences at 

0–6 DPI and 0–7 WPI were not statistically significant 

(p>0.05). 

Noise levels generally increased up to 2–3 WPI and slightly 

decreased in the later time points (Fig. 5). For both wide and 

narrow devices, the day of implantation (0 DPI) was not the day 

with the lowest noise level. Noise levels decreased for the first 

1–2 DPI and then started to rise. The difference between center 

and edge sites were minimal and consistent over time for both 

wide and narrow devices. On the wide devices, no statistically 

significant differences were observed (p>0.05) with center vs. 

 
Fig. 4. SNR as a function of DPI (left) and WPI (right). The heatmaps show the average SNR of each animal and the line graphs show the average of the SNR 
across animals. (A) Wide devices (GP_1x16_249) and (B) narrow devices (GP_1x16_132). Error bars reflect the standard error of the mean. ANCOVA was run 

over the duration of the DPI and WPI, and paired t-tests were run on each DPI and WPI (* α<0.1, ** α<0.05). Letters in the Rat# indicate right (R) or left (L) 

hemisphere. 
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edge sites at any given time points. On the narrow devices, edge 

sites generally had higher noise level than center sites. The 

difference was statistically significant (p<0.05) at 1 DPI, but no 

other significant differences were found to support the 

 
Fig. 5. Noise level as a function of DPI (left) and WPI (right). The heatmaps show the average noise level of each animal and the line graphs show the average of 

the noise level across animals. (A) Wide devices (GP_1x16_249) and (B) narrow device (GP_1x16_132). Error bars reflect the standard error of the mean. 

ANCOVA was run over the duration of the DPI and WPI, and paired t-tests were run on each DPI and WPI (* α<0.1, ** α<0.05). Letters in the Rat# indicate right 

(R) or left (L) hemisphere. 

 
Fig. 6. Average 1 kHz impedance magnitude as a function of WPI. (A) Wide devices (GP_1x16_249), and (B) narrow devices (GP_1x16_132). Error bars reflect 

the standard error of the mean. Paired t-tests were run on each WPI, but no statistically significant differences were found. 

  



0018-9294 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TBME.2017.2715811, IEEE
Transactions on Biomedical Engineering

 

consistency of this observation. Also, comparisons between 

center and edge sites over the entire DPI or WPI were also 

revealed to be not statistically significant for both devices. 

Interestingly, the difference in the average noise level of 

narrow devices were significantly higher than wide devices 

(p<0.05). 

Generally, there were two phases in the change of the 

recording quality. As shown in Figs. 3–5, the fraction of active 

electrodes, SNR, and noise level mostly exhibited different 

behavior in the 0–5 days of the recovery phase compared with 

the consolidation phase (1–7 weeks). The signal degradation in 

the consolidation phase occurred abruptly; nearly 70% of the 

sites actively recording single units in the first week (0 WPI) 

failed to continue recording in the second week (1 WPI). At 7 

WPI, almost all sites on wide devices lost their functionality, 

and only a small fraction of sites on narrow devices remained 

functional. Degradation of SNR did not look to be as dramatic 

as the degradation of fraction of active electrodes, partly due to 

the lower limit of SNR being bounded by the set threshold for 

spike detection (SNR of 2). 

B. Impedance 

Impedance spectroscopy enables a rough estimation of the 

state of the device-tissue interface [46-48]. The magnitude of 

the 1 kHz impedance is of considerable interest since this is the 

fundamental frequency of most action potentials. Our results 

showed that the 1 kHz impedance generally increased during 

the first few WPI and then slightly decreased or plateaued 

afterwards (Fig. 6). ANCOVA revealed that the center vs. edge 

site 1 kHz impedance data were not significantly different for 

wide devices (p>0.05), but significantly different for narrow 

devices (p<0.05). The difference between center and edge sites 

on both wide and narrow devices closely followed the trend 

observed with noise level. Similar to noise level, the difference 

in impedance between the average of wide and narrow devices 

was also statistically significant (p<0.05). 

C. Histology 

Both DCHist and conventional histology were conducted 

with three labels staining for microglia/macrophages (Iba1), 

astrocytes (GFAP), and neuronal nuclei (NeuN). DCHist 

demonstrates the gross tissue response to the implanted device 

along the columnar layers (Fig. 7). Reflectance of the device 

shows that the device was situated approximately 1.5–1.8 mm 

down the cortical surface and the majority of sites were located 

600–1000 μm, which corresponds to layers IV and V of the rat 

primary motor cortex [49]. The focal plane of this image is on 

the tapered tip of the shank; microglial and astrocytic densities 

are shown to be most intense around that area. The population 

of neuronal nuclei looked to be less dense around the tapered 

area, but an accurate interpretation was difficult due to the 

angle of the device shadowing the tissues beneath it. Due to the 

limited depth of antibody penetration, GFAP and NeuN were 

no longer visible after 70–100 μm into the section, whereas 

Iba1 maintained its intensity up to 200–250 μm (data not 

shown), as previously reported [43]. 

To complement the DCHist approach we used horizontal 

section conventional histology for some animals. This 

approach is limited to a single depth; however, it provides a 

good representation of the cross-sectional view around the 

device. Horizontal slice images of Rat049 (Fig. 8 (A); 

implanted with a narrow device) shows that at 2 months glial 

cells were highly activated around the device; however, there 

was not much neuronal loss near the astroglial sheath. By 

contrast, images from Rat038 (Fig. 8 (B); implanted with a 

wide device) shows that at 6 months astroglial sheath looked to 

 

Fig. 7. DCHist images of thick coronal sections from Rat039L implanted with a wide device (GP_1x16_249) for 6 months. Images are from approximately 50 μm 

into the z-axis of the coronal slice. Reflectance of the device shows its location and angle. Orthogonal views are presented next to the reflectance image. Scale bar 

is 100 μm. 
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be stabilized without much glial activation; however, there was 

a neuronal void of 30–40 μm from the sheath. The size of the 

wide device indicate that the hole of Rat038 was stretched to 

the sides while the device was residing in the brain, but shrunk 

upon extraction. The narrow device of Rat049 did not look to 

cause serious deformation upon extraction. 

IV. DISCUSSION 

As reported by a number of studies, device-tissue interfaces 

established with current technologies are highly variable in 

nature [2, 5, 6, 48, 50]. Often it is hard to find a meaningful 

conclusion as the inter-animal variability can overshadow the 

effect of treatments. In this study, center vs. edge sites were 

compared within the same device, successfully blocking the 

inter-animal variability. This greatly increased the consistency 

and statistical power. We found that edge sites were almost 

always better than center sites at any given time point.  

Single unit activities of edge sites were significantly greater 

than center sites on wide devices over the course of 8 weeks. 

The SNR was also significantly greater in the first week (0–6 

DPI), but not in the overall 8 weeks (0–7 WPI), presumably 

because the number of single units decreased and the average 

SNR lost its statistical power. Interestingly, the difference in 

the SNR was not due to significant differences in the noise 

level. These differences in center vs. edge sites were also 

observed from narrow devices, but with a smaller degree. These 

results suggest that decreasing the shank width, effectively 

moving the sites toward the edges will result in overall device 

performance improvements. Center vs. edge sites on the narrow 

devices did not show any statistically significant differences in 

the fraction of active electrodes, SNR, and noise level. As seen 

in Fig. 3 (B), however, the trend of edge sites outperforming 

center sites seen from the wide devices still existed. 

The noise level and impedance were tightly correlated to 

each other. The difference between center and edge sites seen in 

Fig. 5 was also observed in Fig. 6. Unlike single unit-related 

measures, these measurements did not fluctuate much as they 

do not depend on the status of neurons. Although noise levels 

increased and single unit activities decreased over time, it was 

difficult to conclude if noise level increase was the dominant 

cause of signal loss. Sites with single unit activities in the 

chronic phase (4–7 WPI) had similar noise levels compared to 

sites with no single unit activities. It is likely that the loss of 

identifiable single units is dictated by nearby neuronal activity 

(i.e., signal source) rather than the glial encapsulation itself 

(i.e., electrical conduction), although there may be a possible 

indirect role of activated glial cells initiating the 

neuroinflammation cascade and subsequent neural death [10]. 

We observed that narrow devices had significantly higher noise 

level and impedance than wide devices, but these did not make 

a large impact on the single unit recording functionality. Wide 

and narrow devices were not significantly different in the 

fraction of active electrodes and the SNR. Narrow devices even 

slightly outperformed wide devices in terms of the fraction of 

active electrodes and this coincides with the size theory [11-13] 

that smaller devices are preferable. 

Tip sites were initially designed to mimic microwires which 

have electrode contacts at the tip. Unfortunately, unit activities 

of the tip sites on the silicon devices in this study were difficult 

to quantitatively analyze due to the low number of samples (i.e., 

only one out of 16 sites on each device). Also, tip sites were 

located at least 500 μm below the other sites and resided in a 

different cortical layer (or even subcortical), which prevents a 

fair comparison. Regardless, a brief evaluation of tip sites on 

the wide devices was conducted in [38] with quantitative 

analysis on the magnitude of 1 kHz impedance. Tip sites had 

 

Fig. 8. Histology images of horizontal sections from rats implanted with (B) a narrow device (GP_1x16_132) for 2 months, and (A) a wide device (GP_1x16_249) 
for 6 months. Sections were taken from approximately 1100 μm deep from the cortical surface. Scale bars are 100 μm. White dashed rectangles represent 

respective devices. (C) A finite element modeling (FEM) image from [53] showing relative concentration of MCP-1 and TNF-α surrounding an implanted device 

(Adapted from [53] with permission.). Rectangles depict center and edge sites surrounded by different concentrations of pro-inflammatory cytokines. 
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significantly lower impedance than center and edge sites on 

wide devices. On narrow devices, however, tip sites had similar 

impedance to edge sites and were not statistically different from 

either center or edge (data not shown). From this inconsistency, 

we do not believe that site location significantly affects the 

impedance of these devices. Surface area was also not a critical 

factor in this case as tip sites had very similar surface area 

compared to the other sites (i.e., 946 μm compared to 900 μm). 

Rather, the impedance of the site-tissue integration after 

implantation more likely caused the difference. 

We took a very conservative approach of defining a single 

unit activity with an aggressive removal of synchronous 

artifacts across the channels and equipment induced noise. 

Channels with abnormal activities were omitted from the 

recording session. Moreover, minimizing the false positives 

was our primary concern and the threshold for a single unit 

activity was set to 0.5 Hz. This effectively removed false 

positive errors but could have allowed miss detections, thereby 

making the recording capacity seem lower than those appear in 

other chronic recording studies. It is also worth mentioning that 

spike sorting was performed in a conventional way using 

amplitude thresholding and scanning k-means clustering in the 

principal component domain. The detectability of single units 

can improve with advanced de-noising and spike sorting 

algorithms incorporating statistical signal processing and 

machine learning techniques [40-42, 51, 52]. Especially with 

the use of spatial correlation exploiting the structural layout of 

the sites the SNR can be greatly improved. These techniques 

were not employed in this study as the scope is to evaluate the 

performance of each site location independently. 

The fact that edge sites outperformed center sites from 0 DPI 

suggests that edge sites have better detectability than center 

sites. Edge sites have one open side, whereas center sites are 

fully surrounded by the substrate. This geometrical 

configuration would grant edge sites better accessibility to 

neurons, especially to those on the sides of the plane. Histology 

provides a reasonable explanation of the longevity of 

recordings over a chronic period. Activated astrocytes and 

microglia are more likely to adhere to the surface of the planar 

shank rather than the edges (see Fig. 8 (A) and [37, 53]). 

Although qualitative, this “football” shaped glial cell 

accumulation also reflects the concentration of 

pro-inflammatory cytokines and chemokines, as modeled by 

Skousen et al. (Fig. 8 (C) [53]). This illustrates that the 

concentration of these molecules is presumed to be higher 

surrounding center sites. 

Probes used in this study were relatively larger than most of 

the commercially available planar silicon probes. The main 

purpose of using larger probes in this study was to identify the 

effect of site location. With the wide device, we observed a 

significant benefit of recording from edge sites over center sites. 

This benefit was obscured by the variability of the recording 

with the narrow device, but the trend still existed supporting 

that the edge sites outperform center sites in a consistent 

manner. Although it has been well established that smaller 

devices induce less biological response [12, 13], small devices 

are not always the preferred choice considering the trade-off 

between a device’s sensitivity and resolution. Moreover, there 

can be a need for large devices for purposes other than electrical 

recording, such as for microdialysis [54], microfluidic drug 

delivery [55], or optical stimulation [56]. Miniaturization of 

these devices are on the way but these are normally larger than 

a recording device alone. Taking these together, identifying the 

most efficient site location is a critical task prior to designing 

various types of novel intracortical microelectrodes. 

Despite the fact that edge sites were superior to center sites, 

all of the sites eventually exhibited signal degradation. Fig. 8 

(A) shows that after 6 months the tissue response was uniform 

along the perimeter and neurons were absent in a significant 

area around the device. Edge sites may have had better contact 

with neurons than center sites in the acute phase, but it did not 

prevent them from losing the functionality in the long-term. As 

the solution to maintaining the functionality of neural implants 

for a prolonged time is likely to be multifactorial [29], 

modifying site architecture alone may not sufficiently solve the 

problem. However, the site architecture approach can be a 

valuable contribution towards building a complex multimodal 

solution, which will likely require combining multiple device 

design approaches and biochemical approaches together. 

V. CONCLUSION 

We have compared the chronic recording functionality of 

sites located on the center and edge of planar silicon 

microelectrode arrays. Wide and narrow devices were used to 

identify the impact of separation distance on the 

electrophysiological performance. Edge sites on the wide 

devices significantly outperformed center sites in terms of 

single unit recording capability. Edge sites on the narrow 

devices generally outperformed center sites but the difference 

was not statistically significant. Histology images in this study 

and previous studies infer that these results are potentially 

attributed to edge sites undergoing less severe inflammatory 

response to center sites. Our finding suggests that site 

architecture within a device is an important factor and must not 

be overlooked when designing novel microelectrodes. 
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