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Abstract:   68 

Simultaneous neural recordings taken from multiple areas of the rodent brain are 69 

garnering growing interest due to the insight they can provide about spatially distributed neural 70 

circuitry.  The promise of such recordings has inspired great progress in methods for surgically 71 

implanting large numbers of metal electrodes into intact rodent brains.  However, methods for 72 

localizing the precise location of these electrodes have remained severely lacking.  Traditional 73 

histological techniques that require slicing and staining of physical brain tissue are cumbersome, 74 

and become increasingly impractical as the number of implanted electrodes increases.  Here we 75 

solve these problems by describing a method that registers 3-D computerized tomography (CT) 76 

images of intact rat brains implanted with metal electrode bundles to a Magnetic Resonance 77 

Imaging Histology (MRH) Atlas.  Our method allows accurate visualization of each electrode 78 

bundle’s trajectory and location without removing the electrodes from the brain or surgically 79 

implanting external markers.  In addition, unlike physical brain slices, once the 3D images of the 80 

electrode bundles and the MRH atlas are registered, it is possible to verify electrode placements 81 

from many angles by “re-slicing” the images along different planes of view.  Further, our method 82 

can be fully automated and easily scaled to applications with large numbers of specimens.  Our 83 

digital imaging approach to efficiently localizing metal electrodes offers a substantial addition to 84 

currently available methods, which, in turn, may help accelerate the rate at which insights are 85 

gleaned from rodent network neuroscience. 86 

 87 

  88 
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Significance Statement:   89 

The digital imaging technique we present here allows unparalleled 3-D visualization of 90 

the anatomical location of large numbers of electrodes implanted deep in the rodent brain. The 91 

anatomical location of each electrode can be determined quickly without removing the electrodes 92 

from the brain, can be observed from many different angles of view, and can be automated.  93 

These features offer substantial improvements over currently available histological methods of 94 

electrode location verification. 95 

  96 
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Introduction: 97 

A major goal of neuroscience is to understand how spatially distributed neural networks 98 

facilitate specific types of behavior (Lewis et al., 2015).  Rodents are ideal species for this 99 

application, due to their complex behaviors and suitability for genetic and molecular tools.  To 100 

maximize the utility of using rodents to study spatially distributed neural networks, continuous 101 

neural activity must be assessed in many brain regions of a rodent brain simultaneously.  102 

Reflecting this notion, the United States’ BRAIN (Brain Research through Advancing Innovative 103 

Neurotechnologies) Initiative has labeled the measurement of multi-site electrical activity in 104 

awake, behaving rodents a “high priority research area” (Advisory Committee to the NIH 105 

Director Interim Report, Sept 16, 2013). 106 

The predominant method for measuring neural activity in rodents is to record electrical 107 

signals from 15-50 μm-thick metal microwires (electrodes) implanted into the brain.  Thus, many 108 

efforts to measure neural activity across spatially distributed networks in rodents have employed 109 

microwire multi-electrode arrays (MEAs) to maximize the number of electrodes that can be 110 

implanted in one brain at the same time.  At present, recordings that use up to 64 microwires 111 

spread across up to five brain regions have been reported in rats (de Araujo et al., 2006; Headley 112 

et al., 2015; Igarashi et al., 2014; Nicolelis et al., 1997), and up to 64 microwires spread across 113 

up to eleven brain regions have been reported in mice (Dzirasa et al., 2011; Sigurdsson et al., 114 

2010).  In all of these cases, individual MEAs were implanted into spatially separated brain 115 

regions.   116 

One of the methodological challenges of using MEAs is that although the techniques for 117 

implanting large numbers of electrodes have improved dramatically, the techniques for 118 

identifying the precise location of each electrode implanted in the brain have remained almost 119 
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identical to those used throughout the last century.  The most common way to determine 120 

electrode placements is to stain harvested brain slices with a nucleic acid stain (“Nissl stain”; 121 

(Einarson, 1932), and infer the location of electrodes from the absence of stained neurons in a 122 

linear shape that matches that of an electrode.  Although this electrode verification approach is 123 

effective for traditional applications, it is a very cumbersome and time-intensive procedure with 124 

disadvantages that become unmanageable when large numbers of electrodes are placed in the 125 

brain simultaneously.   Most notably, brain tissue can be severely damaged before electrodes can 126 

be localized, electrode tracks can be altered by the removal of electrode bundles, and brain slices 127 

can be lost during the process of cutting or staining (Fischer et al., 2008).  The normal wear and 128 

tear of occasionally losing or damaging a brain slice is not a problem for most applications, but it 129 

can become extremely disruptive when only one brain slice contains evidence of a particular 130 

electrode, as happens when electrodes are very thin (15-25 μm).  Frustratingly for the MEA field, 131 

such problems are only exacerbated when the number of implanted electrodes increases, because 132 

closely-packed electrode tracks decrease the integrity of brain tissue and make damage more 133 

likely.  Since electrical recordings are rarely interpretable if their anatomical origins are 134 

unknown, these challenges of using histological stains to infer electrode placements have the 135 

potential to significantly limit the utility of multi-site recording.   136 

Small animal brain imaging offers untapped strategies for solving the electrode location 137 

problems posed by multi-site recordings.  In theory, the most straight-forward way to identify the 138 

exact location of implanted electrodes would be to image a brain while electrodes are still 139 

implanted.  However, currently available imaging techniques, on their own, aren’t appropriate 140 

for this application.  Magnetic Resonance Imaging (MRI) is fatally susceptible to metal artifacts, 141 

including those caused by tungsten (the metal most commonly used to make electrodes) and the 142 
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components in solder.  MRI is also costly, and can require hours of scan time to produce an 143 

image with high enough resolution to identify very small brain regions.  Computed tomography 144 

(CT) is an imaging modality that is less susceptible to metal artifacts, but that provides close to 145 

no tissue differentiation in the brain under standard conditions.  Therefore, the ideal imaging 146 

solution would have the spatial resolution and tissue differentiation capability of MRI, the ability 147 

to visualize metal objects, and could be performed on intact animals with electrodes still 148 

implanted in their brains.  Here we describe such a solution.  Our method co-registers micro-CT 149 

images that depict the location of electrode bundles to a published high-resolution MR-atlas 150 

(Johnson et al., 2012).  When completed, this method facilitates accurate anatomical localization 151 

of metal microwire bundles in a manner that is faster than any other method currently available. 152 

 153 

Methods: 154 

Animal Care and Use:  All animals were housed in a humidity and temperature-controlled room, 155 

and water and food were provided ad libitum.  Male Wistar Rats (N=7; 156 

http://www.criver.com/products-services/basic-research/find-a-model/wistar-rat) were pair-157 

housed and were implanted with recording electrodes at 6-7 weeks of age.  All studies were 158 

performed in accordance with Duke University’s Institutional Animal Care and Use Committee’s 159 

regulations.  160 

Electrode Implantations: Rats were anesthetized with isoflurane, and placed in a stereotaxic 161 

frame.  Stainless steel ground screws (Plastics One) were implanted above the anterior cranium 162 

and cerebellum; additional screws were implanted into the skull above the parietal lobe to 163 

improve stability.  All screws were secured using C & B MetaBond (® Parkell, Inc.).  164 
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Craniotomies were made to allow implantation of the following S-isonel-coated tungsten arrays 165 

of 50 µm electrodes in the ten areas (five areas bilaterally) listed in Table 1. 166 

Table 1: Location of implanted tungsten electrode arrays. 167 

Brain Region # of Electrodes 

Coordinates (from 

Bregma and top of brain) 

A/P M/L D/V 

Bilateral Anterior Cingulate 2 per hemisphere 2.5 ±.5 1.6 

Bilateral Orbitofrontal Cortex 2 per hemisphere 3.7 ±2 3.8 

Bilateral Anterior Insula 4 per hemisphere 2.2 ±4 4.5 

Bilateral Basolateral Amygdala 4 per hemisphere -3 ±5.0 7.5 

Bilateral Olfactory Amygdala 3 per hemisphere -1.4 ±3.2 8.8 

 168 
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The microwires in each array were separated by 250 µm.  Each array was secured using 169 

additional C & B MetaBond.  The tungsten electrode arrays (Figure 1A) were connected to a 170 

printed circuit board using silver paint (Figure 1B), and the circuit board was connected to a high 171 

density miniature connector (Omnetics) using flux-cored solder (Figure 1C; Kester SN63PB37 172 

#66/44).  The circuit board and connector were secured to the skull with dental cement after all 173 

electrode arrays were secured.  All of the implant materials pictured in Figure 1 are commonly 174 

used in multi-electrode array preparations, but prevent the acquisition of MR images and cause 175 

artifacts in micro-CT images. 176 

 177 

Micro-CT scanning:  Rats (N=7) were anesthetized with pentobarbital (250 mg/kg) and perfused 178 

transcardially with 200 mL phosphate-buffered saline (PBS, pH 7.4) followed by 200 mL 4% 179 

paraformaldehyde in PBS. Intact heads were then detached from the body and refrigerated until 180 

scanning.  Image data were acquired with a dual source micro-CT system.  The system contains 181 

two G-297 x-ray tubes (Varian Medical Systems, Palo Alto, CA) with 0.3/0.8 mm focal spot 182 

size, two Epsilon High Frequency X-ray generators by EMD Technologies (Quebec, Canada) 183 

and two CCD based detectors with a Gd2O2S phosphor (XDI-VHR 2 Photonic Science, East 184 

Sussex, UK) with 22 μm pixels which are binned to 88 μm. The data acquisition was controlled 185 

by sequencing applications written in LabVIEW. Only one of the x-ray sources/detectors was 186 

used for these scans.  360 projections were acquired at 140 kVp, 50 mA, 5 ms per exposure with 187 

Cu filtration. Tomographic reconstruction was performed using the commercial software 188 

COBRA EXXIM (Exxim Computing Corporation, Pleasanton, CA, USA; http://www.exxim-189 

cc.com/products_cobra).   Metal causes beam hardening and scatter effects in CT images, which 190 

result in dark streaks between metal objects, and bright streaks in the surrounding area.  COBRA 191 
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EXXIM provided a proprietary iterative Streak Artifact and Metal Artifact Reduction Algorithm 192 

(SAMARA) that is more tolerant to data imperfections than the standard Feldkamp method 193 

(Feldkamp et al., 1984).  Artifacts are often handled by using an intensity cut-off to remove the 194 

pixels comprising the artifact, and replacing the missing voxels using interpolation of the 195 

surrounding voxels.  As a consequence, voxels close to the object causing the artifact are often 196 

“smoothed out” and details are lost.  The SAMARA algorithm removes artifacts while 197 

maintaining low and medium contrast around the artifact-causing object.  The SAMARA 198 

parameters were set such that streak artifact reduction (SAR) was performed if 199 

SAMARATAG_HIGHCONTRASTLEVEL= 1000 and 200 

SAMARATAG_LOWCONTRASTLEVEL= 0.  Metal artifact reduction (MAR) was also 201 

performed if the parameter SAMARATAG_HIDENSLEVEL=15000.  The volumes were 202 

reconstructed in a 6403 matrix with a voxel size of 88 μm. 203 

Immunohistochemistry:  After CT scanning, the upper half of each rat's skull was removed with 204 

the electrodes still attached, and the perfused brains were extracted from the rest of the skull.  205 

The extracted brains were then postfixed overnight in 4% paraformaldehyde at 4°C, put in 30% 206 

sucrose at 4°C until they sank (2-3 days), flash-frozen in isopentane, and stored at -80°C.  Each 207 

brain was sectioned into 30 μm slices on a cryostat (Leica Microsystems) and mounted onto 208 

gelatin subbed slides.  All sections were processed using a colorimetric Nissl stain.  For the Nissl 209 

stain, mounted slides were placed in a 1:1 chloroform/alcohol mixture for one hour, gradually 210 

rehydrated through increasing concentrations of water:alcohol, stained with cresyl violet, cleared 211 

with an alcohol + glacial acetic acid, gradually dehydrated through decreasing concentrations of 212 

water:alcohol followed by xylene, and coverslipped using Permount Mounting Medium.  Images 213 

of stained slices were taken with a Zeiss Axio Observer Z1 microscope at 10x magnification. 214 
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CT-to-MR Atlas registration:  The overall goal of the registration process was to register CT 215 

images of individual rats implanted with electrodes to a previously published multidimensional 216 

magnetic resonance histology (MRH) atlas of the adult Wistar rat brain (Johnson et al., 2012).  217 

This process differs from previously published CT-MR registration procedures that register CT 218 

images of an individual to MR images of that same individual (Azarion et al., 2014; Maintz et 219 

al., 1996; Mirzadeh et al., 2014; Princich et al., 2013; Vaquero et al., 2001), or registration 220 

procedures that register MR images of one individual to a canonical MR atlas (Sergejeva et al., 221 

2015).  Since metal artifacts prevented the acquisition of MR images from implanted rats, the 222 

registration process for the present application had to both cross modalities (CT to MR) and 223 

individual specimens (an individual CT scan to an atlas representing the average of 5 other 224 

specimens).   225 

Procedures involved in image registration have been described and reviewed extensively 226 

elsewhere, and therefore will not be detailed here (Gholipour et al., 2007).  At their core, these 227 

procedures aim to compare two image volumes iteratively until their “similarity” is maximized.  228 

Registration procedures have three main components: transformation specifications (which 229 

define what kinds of degrees of freedom are allowed), a measure of similarity between the 230 

images being aligned, and an optimization framework (which determines how possible 231 

transformation parameters will be chosen).  When registration procedures fail, they usually do so 232 

in one of two ways.  The first kind of failure is when images are dramatically misaligned.  This 233 

often occurs because the optimization strategy did not lead to an adequate sampling of the 234 

possible model parameters before converging on a solution, leading to transformation parameters 235 

that represent a local solution to the registration problem rather than a global solution.  The 236 

second type of failure occurs when images are aligned approximately in the correct space, but 237 
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features of interest do not line up satisfactorily.  This usually occurs because images were not 238 

transformed in the correct dimensions or with enough degrees of freedom.  The registration 239 

procedure described below minimized both types of errors.  The code used to implement these 240 

procedures can be found at http://www.civm.duhs.duke.edu/eNeuro2015/. 241 

Since soft tissue is poorly resolved in CT images, our registration approach was based on 242 

the skull.  We found that two general strategies improved the success of this skull-focused 243 

approach.  First, although non-rigid registration transformations were necessary to account for 244 

the differences in sizes and shapes between individual rats and the rat atlas, non-rigid registration 245 

was greatly improved when it was preceded by a rigid registration step to place the CT images 246 

and MRH atlas in approximately the correct space.  Second, registration was improved when as 247 

much of the non-skull image as possible was masked out of the CT images and MR atlas.  248 

Implementing these steps drastically reduces the likelihood of converging on transformation 249 

parameters that represent non-global registration solutions.  These strategies resulted in the 250 

multi-step registration procedure described below and illustrated in Figure 2.  Although the 251 

general approach behind this procedure should work for most scanning set-ups, specific 252 

parameters may need to be optimized for different CT scanners, scanning parameters, or 253 

electrode implantation methods.   254 

Step 1: The acquisition methods and processing technique used for the MRH atlas were 255 

described in detail by the group that published the atlas (Johnson et al., 2012).  The MRH atlas 256 

was downsampled to match the 88 μm isotropic voxel size of the CT images.  (If a CT system 257 

with a different voxel size is used, the MRH atlas should be downsampled to match the size of 258 

CT data or the CT images should be downsampled to match the 25 μm voxel-size of the T2*-259 

weighted structural images of the MRH atlas.  Take note that the diffusion-weighted image series 260 
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of the MRH atlas is published at a resolution of 50 μm.) 261 

Step 2: The MRH atlas and CT images were pre-processed to prepare them for a rigid 262 

registration step that would arrange them into approximately the same space.   263 

Step 2a: The goal of this step is to mask out brain tissue differentiation from the chosen 264 

MRH image.  The MRH atlas consists of a number of different data sets, each of which 265 

emphasizes a different type of soft tissue contrast. All the data sets are registered to the same 266 

space, so registration of the CT data to one data set effectively registers the CT data to all of the 267 

MR atlas images.  Due to the inclusion of a skull-stripped version of the image, we chose to 268 

register the CT data to the “b0 image”, which is a non-diffusion weighted spin echo image that 269 

provides the baseline for diffusion tensor data acquisition.  To do so, we made a “brain mask” 270 

using the boundaries of the skull-stripped b0 image.  This initial brain mask was eroded with a 271 

sphere 20 voxels in diameter to ensure that no skull would be masked out. Voxels falling within 272 

the brain mask were then replaced with the mode intensity value of the MRH image.   This mask 273 

resulted in an MRH image with homogeneous intensity values within the skull.   274 

Step 2b: The goal of this step is to mask the electrode implant (referring to the electrodes, circuit 275 

board, wires, and connector) out of the CT image, and replace the masked voxels with the mode 276 

intensity value of the CT image.  The method we used to isolate the electrode implant from the 277 

CT images in our preparation was based on the observation that voxels representing the electrode 278 

implant had higher intensity values than anything else in the image (including the skull) and 279 

appeared with a very low probability.  This feature of electrodes has been found in CT images of 280 

human deep brain stimulators as well (Azarion et al., 2014).  Taking advantage of these features, 281 

the most straight-forward way to mask out the electrode implant was to estimate a probability 282 
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density function of the intensity values in each of the CT image volumes.  The estimate of this 283 

function was computed using the ksdensity function in Matlab R2013 (The Mathworks, Inc., 284 

Natick, MA, USA), which is based on a normal kernel function and is evaluated at 100 equally 285 

spaced points that cover the full range of the inputted data.  All voxels that had intensity values 286 

greater than the mean intensity value and an estimated probability density of less than 0.00001 287 

were part of the electrode implant.  This electrode implant footprint was then dilated by a sphere 288 

5-voxels in diameter to ensure complete coverage of the electrodes and implant, and all the 289 

voxels on an individual CT scan within this final mask were replaced with the mode intensity 290 

value of that individual CT scan.  This mask resulted in a CT image with effectively no 291 

electrodes or head implants.  Other strategies for masking out electrodes can be used as 292 

necessary for specific preparations; the critical part of Step 2a is that voxels representing the 293 

electrode implant are replaced with the mode intensity value of the CT image. 294 

Step 2c: the intensity values of the CT images were inverted so that skull would have 295 

very low intensity values (would look dark to the eye) compared to the rest of the image, similar 296 

to the skull on the MR b0 image.   297 

Step 3: The CT images were registered to the MRH b0 atlas using a rigid registration 298 

transformation calculated by the imregister function in Matlab R2013 (The Mathworks, Inc., 299 

Natick, MA, USA).  As stated earlier, the goal of this step was to place the CT and MR atlas 300 

images in approximately the same space to optimize subsequent non-rigid transformations 301 

performed in later steps.  Mattes Mutual Information—a statistical measure from Information 302 

Theory indicating the amount of information one random variable (image) gives about another 303 

(Mattes et al., 2001)—was used as the similarity metric for this step, due to its established 304 



 

13 
 

success in multi-modal imaging applications (Pluim et al., 2003).  The One Plus One 305 

Evolutionary optimizer works by generating random samples around the current position in 306 

parametric space (Styner et al., 2000); we found this optimizer to reduce the number of dramatic 307 

registration failures due to non-global transformation solutions.  The final parameters were: 308 

initial radius = 1.01, growth factor = 0.00325, maximum iterations = 500, optimizer = 309 

OnePlusOneEvolutionary, metric = MattesMutualInformation.   310 

Step 4: The MRH atlas and CT images were pre-processed to prepare them for affine (nonrigid) 311 

registration.  To minimize registration interference from the brain tissue within the MRH b0 312 

image, the brain mask from Step 2a was eroded with a sphere 5 voxels in diameter and applied to 313 

both the rigidly registered CT and the b0 image. In this case, we found registration to be best if 314 

voxels were fully excluded from the registration process rather than be replaced by mode 315 

intensity values. 316 

Step 5: The rigidly registered CT images were registered to the MRH b0 atlas using a 9 317 

parameter affine similarity registration transformation, allowing for translation, rotation, and 318 

scaling to improve the overall fit due to anatomical differences between the specimens and the 319 

MRH atlas.  320 

Step 5a: The similarity registration transformation was calculated using the imregister 321 

function in Matlab (The Mathworks, Inc., Natick, MA, USA).  As in Step 2c, Mattes Mutual 322 

Information was used as the similarity metric, the One Plus One Evolutionary was used as the 323 

optimizer.  The final parameters were: initial radius = 1.01, growth factor = 0.00325, maximum 324 

iterations = 500, optimizer = OnePlusOneEvolutionary, metric = MattesMutualInformation.   325 
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Step 5b: The resulting rigid and affine transformation matrices were recorded and applied 326 

to the original, unmasked CT images.  327 

Assessment of registration success:  Perfect registration between CT images and the MRH atlas 328 

would lead to perfect alignment of all corresponding points in both images.  Assessing the 329 

accuracy of this alignment would therefore require measuring the distance between a very dense 330 

set of landmarks present in both sets of images that were not used in the registration process.  331 

Like many digital imaging situations, such landmarks were not available.  Surrogate measures 332 

have been proposed to help assess the accuracy of image registrations, including tissue label 333 

overlap scores and image similarity measures, but recent studies have shown these measures to 334 

be unreliable (Rohlfing, 2012).  Thus, expert knowledge and evaluation is considered the gold 335 

standard of image registration evaluation (Akbarzadeh et al., 2013).   336 

For the present study, this expert validation was provided in the form of three human rat 337 

anatomy experts who assessed through visual inspection 1) the overlap of skull features in the 338 

CT images and MRH images, and 2) the correspondence of electrode bundles in the registered 339 

CT overlaid on the MRH atlas with the physical electrode tracks observed in physical slices of 340 

the same brain.  Examining the overlap of skull features is accomplished by overlaying the 341 

registered CT images and MRH images in an image visualization package such as the freely-342 

available 3D Slicer (www.slicer.org; (Fedorov et al., 2012), and toggling through different 343 

transparency levels of the two image volumes.  An anatomy expert familiar with the image 344 

visualization software can accomplish this type of visual inspection in about one minute.   345 

The correspondence of electrodes in the registered CT with the physical electrode tracks 346 

observed in physical brain slices was examined by comparing CT images overlaid on the MRH 347 

atlas with collected histological brain slices viewed under 4x magnification.  Distances were 348 
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measured on the CT overlaid on the MRH atlas using the ruler tool in 3D Slicer.  Distances were 349 

measured on the histological slices using the ruler tool in the Nikon NIS-Elements Basic 350 

Research Microscope Imaging Software (version 3.2) calibrated to a Nikon Plan Fluor 4x/0.13 351 

microscope lens.  Experts chose fifteen electrodes and measured distances from an electrode to a 352 

landmark in the brain in both the registered CT overlaid on the MRH atlas and in the histological 353 

slice.  The distances were then compared by subtracting the distance measurements from one 354 

another.  The median of all the difference measurements was used to estimate the accuracy of the 355 

CT-to-MRH method.  Each expert chose their own electrodes and their own landmarks.   356 

 357 

Electrode configuration simulations:  The goal of the electrode simulations was to determine 358 

whether the configuration of electrode bundles would affect the consistency and robustness of 359 

our registration procedure.  To accomplish this, first, we acquired a CT scan of one non-360 

implanted rat.  The CT scan was registered to the MRH atlas as described above (except no 361 

masking of electrodes was required), and the rigid and affine transformation matrices were 362 

saved. Next, a set of 1000 fiducials were randomly generated and applied to the non-registered 363 

CT image of the non-implanted rat.  These fiducials provided a dense set of landmarks present in 364 

both sets of images that could be used to evaluate the change in registration process caused by 365 

the addition of simulated electrodes.  23 fiducials falling outside of the skull (as determined by 366 

back-transforming the MRH brain mask to the native space of the CT image) were discarded, 367 

leaving a total of 977 fiducials.  The coordinates of the 977 fiducials were then transformed 368 

using the saved rigid and affine registration transformation matrices, and these newly registered 369 

coordinates were used as the reference coordinates for all subsequent electrode simulations.  370 

Third, we simulated 1000 implanted rat skulls.  To simulate different electrode 371 
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configurations, the electrode bundles and rest of the head implant were isolated using voxel 372 

intensity values from the registered CT image of each implanted rat. For each simulated 373 

electrode configuration, one isolated head implant and ten electrode bundles were randomly 374 

chosen to be applied to the CT image of the non-implanted rat.  The head implant was shifted by 375 

random amounts along the anterior-posterior and left-right axes.  The electrode bundles were 376 

shifted by random amounts along the anterior-posterior, left-right, and dorsal-ventral axes.  The 377 

amount of translation for each implant or bundle along each axis was determined by independent 378 

random draws from Gaussian distributions with a mean of 0 and a standard deviation of 5 voxels, 379 

with the following exception: to allow for even more variation in simulated wire placement, the 380 

amount of translation for the bundles along the anterior-posterior and left-right axes was drawn 381 

from a Gaussian distribution with a mean of 0 and a standard deviation of 10 voxels. To make 382 

sure simulated electrode bundles did not extend outside of the skull, all electrodes that extended 383 

outside of the MRH brain mask were removed. The resulting simulated head implant and 384 

collection of electrode bundles were then back-transformed to the native space of the non-385 

implanted CT, and placed on the non-implanted CT image by replacing the CT values in those 386 

voxels with the intensity values of the original head implant or electrode bundle.   387 

Each simulated CT image was registered using the procedures described for the CT 388 

images of the truly implanted rats (all stated parameters were the same, except the brain mask for 389 

the rigid registration was eroded with a 10-voxel sphere instead of 20-voxel sphere).  For each of 390 

the 1000 simulations, the new set of registration transformation matrices acquired through the 391 

registration process were applied to the unregistered set of 977 fiducials. The coordinates of 392 

these fiducials were compared to the coordinates recorded from the registration of the non-393 

implanted rat. The Euclidean distance between each fiducial and its corresponding fiducial on the 394 
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reference list was calculated after the rigid registration step and again after the non-rigid 395 

registration step.  For each simulation, the mean, standard deviation and median of the distance 396 

(or “movement”) between the simulated and reference coordinates across all 977 fiducials was 397 

recorded.  Estimates of the registration error caused by the head implant and electrodes were 398 

assessed by analyzing these distance metrics of the 977 fiducials in each of the 1000 simulations 399 

(977,000 fiducials in total). 400 

 401 

Statistics used to evaluate electrode configuration simulations: 402 

When statistical tests are discussed in the main manuscript, they will be followed by a 403 

superscript lowercase letter.  This letter corresponds to the lower case letter preceding each row 404 

of the “Goal” column in Table 2. 405 

Table 2: Goal and Characteristics of Statistical Tests Used to Evaluate Electrode Configuration 406 

Simulations.  407 

Goal Distribution 
of Data 

Type of Test Power of Test 

aTest differences in fiducial 
movement between brain 

segments after rigid 
registration only 

Highly 
skewed 

right 

Kruskal-Wallis  Chi-square= 3.00e+05 

bTest differences in fiducial 
movement between brain 

segments after rigid 
registration followed by non-

rigid registration 

Highly 
skewed 

right 

Kruskal-Wallis  Chi-square= 2.33e+05 

cTest differences in fiducial 
movement after rigid 
registration and rigid 

registration followed by non-
rigid registration 

Highly 
skewed 

right 

Mann-Whitney U Z value = 30.4165 
   Rank Sum =1.01e+12

 408 
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 409 

Results: 410 

 The CT scans successfully allowed visualization of both the skull and the implanted 411 

electrode bundles (Figure 3A).  Although the metal in the skull screws and head implant did 412 

cause considerable image artifacts, artifact reduction procedures significantly improved the 413 

homogeneity of the images (Figure 3B).  The 88-μm voxel size of our micro-CT system could 414 

not always clearly differentiate between individual microwires within a correctly implanted 415 

bundle (Figure 3C, left panel; differentiation between microwires in the insula bundle on the left 416 

side of the brain is less clear, differentiation between microwires in each midline anterior 417 

cingulate bundle is more clear), but it did allow visualization of individual severely misplaced or 418 

bent microwires (Figure 3C, right panel), as well as bundles separated by more than 250 µm 419 

(Figure 3C, right panel: anterior cingulate bundles at midline are separated by 500 µm).  As 420 

expected, no brain tissue could be differentiated from CT scans. 421 

Our multi-step registration procedure based on the skull yielded convincing registration 422 

between individual CT scans and the MRH atlas.  Three anatomy experts reported excellent 423 

correspondence (less than 0.5 mm in all locations) between the boundaries of the CT skull and 424 

those of the MRH atlas skull in all seven rats (Figure 4).  Confirming this correspondence, the 425 

histology performed on brain slices after CT scanning indicated that the co-registration 426 

procedure yielded very accurate results in all animals (examples shown in Figure 5).  427 

Highlighting one of the advantages of using a 3-D MRH atlas, when the physical brain slices 428 

used for histology were not cut perfectly perpendicular to the anterior-posterior axis, the 429 

registered CT overlaid on the MRH could be “resliced” to match the plane of the histology slice 430 

without losing any image resolution.  The anatomy experts estimated a median difference of 32 431 
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µm between the location of the electrodes in the registered CT and the location of electrode 432 

tracks in stained brain slices. 433 

Simulation experiments illustrated that head implants and electrode bundles did affect the 434 

registration process (Figure 6A-6D).  The median change in fiducial coordinates when implants 435 

and electrodes were present compared to when they were absent was approximately 0.2-0.4 mm, 436 

depending on the brain location (Figure 6C).  Fiducials in anterior parts of the brain were more 437 

affected by the presence of electrodes than fiducials in posterior parts of the brain (Figure 6C; 438 

significant differences between brain segments after rigid registration, as well as after rigid plus 439 

non-rigid registration, p<.001a,b, Kruskal-Wallis test).  The latter result is likely because the 440 

orientation of the olfactory bulb and most anterior parts of the frontal cortex relative to 441 

surrounding bone structures are extremely variable from animal to animal, whereas the 442 

orientation of the center of the brain is much more consistent.  Of note, the non-rigid registration 443 

step did not dramatically change fiducial placements within these simulation experiments (Figure 444 

6D).  When it did change the fiducial placements, however, on average it placed them closer to 445 

the coordinates retrieved from registration without simulated implants and electrodes more often 446 

than it placed them farther away.  Applying non-rigid registration after rigid registration resulted 447 

in a median change of 0.26 mm from the coordinates retrieved from registration without 448 

simulated implants, whereas applying rigid registration alone resulted in a median change of 0.27 449 

mm from the coordinates retrieved from registration without simulated implants (p<.001c, Mann-450 

Whitney U test).  Still, sometimes the non-rigid registration step did make the registration worse 451 

as assessed by fiducials landing farther away from the coordinates retrieved from registration 452 

without simulated implants after rigid and non-rigid registration was applied than when only 453 

rigid registration was applied (Figure 6D).  These detrimental effects, when they occurred, were 454 
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more likely to manifest in posterior parts of the brain than anterior parts of the brain (pie charts 455 

in Figure 6D), but were usually small in magnitude (less than 0.1 mm, shown by the red bars in 456 

the histograms of Figure 6D).  Occasionally registration failed dramatically before or after the 457 

non-rigid registration step during these simulations (as reflected by the tails of the histograms in 458 

Figure 6D), due to the selection of transformation parameters that optimized local solutions 459 

rather than global solutions.  When these failures occurred, they were visually obvious and 460 

resulted in significant lack of overlap between the CT image volume and the MRH atlas, so they 461 

could easily be detected.  Once detected, we found that these failures could be corrected by 462 

tuning the mask and registration parameters.  463 

 464 

 465 

Discussion: 466 

 Measuring electrical activity from electrodes implanted across multiple brain areas 467 

simultaneously in awake, behaving rodents holds great potential for uncovering the mechanisms 468 

underlying distributed neural networks.  Multi-site recording technology has made significant 469 

strides.  The next step is to implement electrode localization methods that permit these exciting 470 

recording technologies to reach their full potential.   471 

Here, we have described a technique that combines micro-CT images with a high 472 

resolution MRH atlas to identify the anatomical location of metal electrode bundles in an intact 473 

rodent brain.  The 3D view of all implanted electrodes provided by our technique provides an 474 

unparalleled opportunity to visualize the true trajectory of each electrode bundle and measure the 475 

spatial relationship between multiple independent bundles in vivo.  Our technique does not 476 
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require removing the electrodes from the brain, nor does it require the surgical implantation of 477 

precisely placed external markers.  Further, unlike physical brain slices, the 3D images of the 478 

electrode bundles and the MRH atlas they are registered into can be “resliced” to view any 479 

desired plane of tissue without extra manual work or expensive reconstruction software 480 

(Markovitz et al., 2012). This allows for the verification of the location of electrode tips from 481 

many different visual angles with ease.  In addition, the MRH atlas contains eight different 482 

interchangeable reference images that use unique contrasts to highlight specific aspects of soft 483 

tissue architecture; having access to the entire collection of images improves opportunities to 484 

visualize the precise anatomical location of the end of an electrode.  Although the preparation 485 

used in the current study employed perfused animals, this technique could easily be extended to 486 

live anesthetized animals as well. 487 

 The primary alternative to using our digital imaging approach for localizing electrodes is 488 

to use standard histological (Nissl) techniques.  Histological techniques have severe limitations 489 

that become increasingly problematic as the number of electrodes implanted in the brain grows.  490 

The first limitation is that histological techniques require a significant time investment.  After a 491 

brain is removed from a skull, it must be post-fixed, cryoprotected in a sucrose solution 492 

overnight, and flash frozen before it is ready to slice.  Then, very thin slices are painstaking cut 493 

one by one, and mounted onto slides for staining and eventually coverslipping (Gerfen, 2003).  494 

Overall, the entire electrode localization procedure takes days to weeks to complete if multiple 495 

brains must be processed sequentially.  In comparison, our imaging technique takes 15-20 496 

minutes after the brain scans are acquired.  This improvement in speed is one of the greatest 497 

advantages of our digital imaging approach. 498 

A more problematic, but less ubiquitous, limitation with histological techniques are that 499 
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slice preparation and Nissl stain protocols can severely damage critical brain tissue before 500 

electrodes can be localized.  Especially when strong adhesives and multiple screws are needed to 501 

secure electrical connectors to the skull of an animal, the process of removing electrode bundles 502 

from a brain can bend the electrodes, alter the electrode paths, or cause extra tissue damage.  503 

Cutting brain slices is also a notoriously finicky process that can result in the loss of brain slices.  504 

Further, traditional Nissl stains require many dehydration and hydration steps that may warp and 505 

damage brain tissue.  Even if the tissue processing is completely perfectly, it is often difficult to 506 

identify the precise location of the tip of very thin electrodes, especially if brain slices are not cut 507 

in the exact same geometric plane as the electrode tracks.   All of these limitations can be 508 

overcome or completely avoided using our CT-to-MRH atlas technique digital imaging 509 

technique.  510 

One of the greatest benefits of our CT-to-MRH atlas technique that would be difficult and 511 

potentially cost prohibitive to accomplish using histology alone is that localizing metal 512 

electrodes can be fully automated once CT images are acquired.  As a consequence, metal 513 

electrodes can be localized in large numbers of specimens without much manual labor.  Further, 514 

as atlases become increasingly detailed the utility and programmability of the method will 515 

increase.  In particular, it will become possible to automate the final verdict of whether a 516 

particular electrode bundle landed in an intended anatomical location.  Figure 7 illustrates how a 517 

currently available segmentation atlas makes it possible to determine whether bundles in the 518 

present study landed in the amygdala; once a sufficiently segmented rat atlas becomes available 519 

with the boundaries of all brain regions demarcated and labeled, it will be possible to determine 520 

whether electrodes landed in even smaller brain structures or specific nuclei.   521 

Another feature of our approach is that the success of any registration can be confirmed 522 
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by visual inspection that assesses whether the overlap between the skull of the CT image and the 523 

skull of the MRH image is satisfactory.  An automatic algorithm can be used to detect dramatic 524 

registration errors, but we recommend making specific efforts to visually confirm registration 525 

results when multiple electrodes are implanted in the most anterior parts of the brain, as our 526 

simulation experiments indicated such electrode placements are most likely to interfere with 527 

registration.  Such visual inspections should take no more than a few minutes per rat.  If a 528 

particular registration is found to be suboptimal either by an automatic algorithm or visual 529 

inspection, users can tune the mask and registration parameters until the overlap between the CT 530 

and MRH skulls is acceptable.  When tuning is required, we recommend varying the initial 531 

radius and growth factor registration parameters rather than changing the optimizer or similarity 532 

metric. 533 

In future applications, CT systems using smaller voxel sizes can be used to aid in 534 

visualizing very thin electrodes or localizing electrodes to small nuclei.  The custom-built system 535 

used in the present study was optimized for other in vivo micro-CT applications where the 536 

resolution of 88 µm is adequate.  This level of resolution is informative for localizing 50 µm 537 

electrodes to larger structures, such as the amygdala, that are at least 1000 µm in width and 538 

height.  When higher resolution localization is necessary, commercial systems with resolutions 539 

as small as 4.5 µm can be employed (see, for example, the Quantum GX microCT Imaging 540 

System by PerkinElmer), although the radiation dose required for this level of resolution 541 

necessitates terminal or post-mortem studies. Importantly, the general procedure for registering 542 

CT images collected at < 80 µm resolution to the MRH atlas would be the same as those 543 

described here (with the possible addition of an extra down-sampling step if the CT resolution is 544 

smaller than that of the MRH atlas, followed by a transformation step to the CT images at their 545 
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original resolution).  Also useful to remember, no matter what resolution the CT images are 546 

collected at, they will be overlaid on the MRH atlas that has a resolution of 25 µm. 547 

The present paper focuses on applying the CT-to-MRH atlas electrode localization 548 

technique to microwire multi-electrode arrays (MEAs) because they often contain more metal 549 

than other types of multi-electrode arrays and are therefore particularly challenging to visualize 550 

using metal-sensitive imaging techniques such as MRI.  Another interesting future direction for 551 

the work presented here, perhaps in combination with using CT imaging protocols that allow 552 

higher resolution, is to extend the CT-to-MRH atlas to other types of multi-electrode arrays, such 553 

as multi-site silicon probes.  Silicon probes are MEAs with multiple flat metallic recording sites 554 

spaced along non-metallic probes (in contrast with the microwire MEAs described in the present 555 

study that are completely metal and that have recording sites restricted to the end of the 556 

electrodes).  It is now possible to use multishank, high-density recording silicon probes to record 557 

from up to 512 channels in awake behaving rodents (Berényi et al., 2014).  Just as with multiwire 558 

MEAs, precise anatomical localization of each recording site on a silicon probe is important for 559 

interpreting acquired neurophysiological data.  560 

Based on the results we describe here, the CT-to-MRH atlas electrode localization 561 

technique is a promising option for localizing silicon probe recording sites efficiently and cost-562 

effectively.  To assess this option, the first step would be to determine whether either the outline 563 

of the silicon probe implants or the recording sites themselves could be visualized using CT 564 

imaging.  If the proportion of x-rays that pass through the material used to make the silicon probe 565 

differ from the proportion of x-rays that passes through brain tissue, the outline of the silicone 566 

probe should be visible using CT.  The likelihood of successfully visualizing individual 567 

recording sites will depend on the type of metal used, but given that the wire MEAs used in the 568 
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present study contained more metal than most silicon probe preparations, we do not anticipate 569 

that metallic artifacts caused by silicon probes will be debilitating.  Assuming that either the 570 

probe outline or the recording sites can be visualized using CT, the next step would be to tailor 571 

the technique to the specific preparations and goals of each experiment.  Silicon probe designs 572 

vary widely (see http://neuronexus.com/products/neural-probes and 573 

http://www.cambridgeneurotech.com/silicon%20probes_array%20types.htm for commercial 574 

examples), but the probes are typically 15 μm thick, and have heterogeneous widths that often 575 

begin with a sharp tapered tip and grow to around 100 μm at the uppermost recording site.  The 576 

metal recording sites, themselves, may range in area from 150-300 μm2, and are spaced 577 

anywhere from 20-200 μm apart, depending on the application.  As an example of how 578 

individual probe designs may affect how the CT-to-MRH atlas would be applied, if recording 579 

sites are spaced 20 μm apart and the study goals require each recording site to be visualized 580 

individually, electrode localization steps will likely need to be implemented post-mortem with a 581 

CT system that can accommodate small voxel sizes of less than 10 μm.  However, if the 582 

recording sites are spaced 200 μm apart, larger voxel sizes compatible with non-lethal radiation 583 

doses will likely be sufficient.  Further, since the distance and geometric configuration of 584 

recording sites in silicon probes is known with machine-implemented precision, the anatomical 585 

location of each recording site can be determined as long as the boundaries and/or axis of the 586 

probe are known, and larger voxel sizes may be sufficient to visualize these properties of the 587 

probe.  More research needs to be done to determine how to best optimize CT imaging of silicon 588 

probes, but extending the CT-to-MRH atlas method to other types of MEAs will be a fruitful 589 

area for future development. 590 

The CT-to-MRH atlas approach to efficiently localizing metal electrodes we describe 591 
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here offers a substantial addition to currently available histological electrode placement 592 

strategies in multiple domains.  Our general registration strategy can be easily adapted to new CT 593 

imaging and electrode implant procedures.  The field of neuroscience is in a very exciting time 594 

where it is now possible to measure electrical activity in multiple areas of the rodent brain at the 595 

same time.  Taking advantage of the power of digital imaging to advance efficient electrode 596 

localization strategies will, in turn, accelerate the rate at which these new multi-site recording 597 

techniques will help to decipher the mechanisms and functions of spatially distributed neural 598 

networks.   599 

 600 
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Figure 1:  Sources of metal in electrode implants.  A. Tungsten electrodes.  B. Silver paint to 681 
connect tungsten wires to gold pads on the circuit board.  C.  Solder to connect the Omnetics 682 
connector to the circuit board.   683 
 684 
Figure 2:  Schematic of micro-CT to MRH registration procedure.   685 
 686 
Figure 3:  Micro-CT images of implanted rat brains.  A. 3-D reconstructions illustrate 3-D 687 
structure of electrode bundles and head implants.  B.  Examples of CT cross-sections without 688 
(left) and with (right) artifact reduction applied.  C. 88 μm voxels do not permit clear 689 
differentiation of individual wires within electrode bundles (2-4 individual wires are contained in 690 
each pictured bundle, despite their appearance as singular objects), but separate bundles are 691 
easily visualized (left), as are individual wires that are severely misplaced or bent (right). 692 
 693 
Figure 4:  Example of registration between individual CT scans and the MRH atlas.  A. 694 
Coronal slice of MRH atlas.  B.  Corresponding slice in un-registered CT.  C. Corresponding 695 
slice in registered CT.   696 
 697 
Figure 5:  Histological validation of CT to MRH atlas registration.  Column 1 = CT image.  698 
Column 2 = registered electrode mask from CT overlaid on MRH atlas.  Column 3 = 699 
corresponding brain slice stained with cresyl violet.  Row A = orbitofrontal cortex bundle and 700 
top of insula bundle (both in correct location) overlaid on the b0 image from the MRH atlas.  701 
Row B = anterior insula bundle (correct location) overlaid on the b0 image from the MRH atlas.  702 
Row C = olfactory amygdala bundle (landed on the very lateral edge of intended area) overlaid 703 
on the gradient recalled echo (GRE) image from the MRH atlas.  In each row, the atlas contrast 704 
image that best highlighted the soft tissue architecture of the brain area around the electrode was 705 
chosen.  For the examples illustrated in Row A and C, the physical brain slices used for histology 706 
were not cut perfectly perpendicular to the anterior-posterior axis.  Highlighting the advantages 707 
of 3-D image volumes, the registered CT overlaid on the MRH were resliced to match the plane 708 
of the histology slice shown in Column 3 (as illustrated).    709 
 710 
Figure 6:  Results of electrode and head implant simulations.  A. Schematic of simulations.  711 
B.  Illustration of 977 fiducials on a glass brain separated into four labeled segments.  C. Box 712 
plots of the mean and standard deviation of Euclidean distance between all fiducials on the 713 
registered (after both rigid and non-rigid registration) non-implanted brain and registered 714 
simulated implanted brains across all 1000 simulations.  Red line = median of all 1000 715 
simulations.  Box limits represent the 1st and 3rd quartiles.  Whiskers represent the 5th and 95th 716 
percentiles.  D. Percentage of 977,000 fiducials (the 977 fiducials that landed within the confines 717 
of the brain across 1000 simulations) whose Euclidean distance between the registered simulated 718 
implanted brain and non-implanted brain was reduced, increased, or unchanged by the non-rigid 719 
registration step compared to rigid registration alone (pie charts).  Histograms of the absolute 720 



 

31 
 

value of the change in error (in Euclidean distance) caused by the non-rigid registration step 721 
(stacked bar charts; unchanged fiducials excluded) in the 977,000 fiducials across all 722 
imputations.  Note that bin sizes increase after the dashed line. 723 
 724 
Figure 7:  Electrode bundles overlaid on segmentation atlas.  A. Coronal brain slice of two 725 
amygdala bundles overlaid on the segmentation atlas and GRE atlas image.  The colors of the 726 
segmentation atlas are as follows: orange = amygdala, purple = hippocampus, yellow = 727 
caudate/putamen, and blue = corpus callosum.  B. 3D rendering of all bundles overlaid on a glass 728 
brain with the amygdala (orange) and hippocampus (purple) from the segmentation atlas shown. 729 


















