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Abstract30

High-density microelectrode arrays (MEAs) have opened new possibilities for systems neu-31

roscience in human and non-human animals, but brain tissue motion relative to the array poses32

a challenge for downstream analyses, particularly in human recordings. We introduce DREDge33

(Decentralized Registration of Electrophysiology Data), a robust algorithm which is well suited for34

the registration of noisy, nonstationary extracellular electrophysiology recordings. In addition to35

estimating motion from spikes in the action potential (AP) frequency band, DREDge enables au-36

tomated tracking of motion at high temporal resolution in the local field potential (LFP) frequency37

band. In human intraoperative recordings, which often feature fast (period <1s) motion, DREDge38

correction in the LFP band enabled reliable recovery of evoked potentials, and significantly re-39

duced single-unit spike shape variability and spike sorting error. Applying DREDge to recordings40
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In Fig. 5.a, we included two acute recordings with imposed zig-zag motion from the work of Stein-1325

metz et al. 6, described in more detail there. During these recordings (both included under dataset11326

in the corresponding link in Data Availability below), one of which was performed using a Neuropixels1327

1.0 probe and the other with a Neuropixels 2.0 probe, 10 cycles of vertical triangle-wave drift with1328

50µm amplitude and 100s period were imposed via an electronic micromanipulator.1329

The chronic four-shank Neuropixels 2 recordings used in Fig. 6 and Supp. Fig. 19 were also previ-1330

ously presented by Steinmetz et al. 6. We studied two chronic implantations (AL032 and AL036) in1331

detail, selecting 11 recordings separated by 13.1±6.0 days from AL032 and 13 recordings separated1332

by 13.5 ± 11.2 days from AL036.1333

The chronic Neuropixels 1 implantations recorded at UCLA were performed in compliance with the1334

Institutional Animal Care and Use Committee. Two C57Bl6/J male mice (10-12 weeks of age) were1335

used in experiments. Surgeries were performed under isofluorane anaesthesia (3% induced, 1.5-1336

2% maintained). Headbar implantation and Neuropixels implantation were performed within the1337

same surgery. First, the dorsal surface of the skull was cleared of skin and periosteum. A thin1338

layer of cyanoacrylate (VetBond, World Precision Instruments) was applied to the edges of skull1339

and allowed to dry. The skull was then scored with a scalpel to ensure optimal adhesion. After1340

ensuring the skull was properly aligned within the stereotax, craniotomy locations were marked by1341

making a small etch in the skull with a dental drill. A titanium headbar was then affixed to the back1342

of the skull with a small amount of glue (Zap-a-gap). The headbar and skull were then covered with1343

Metabond, taking care to avoid covering the marked craniotomy locations. After the Metabond was1344

dry, the craniotomies for the probes and grounding screw were drilled. Once exposed, the brain was1345

covered with Dura-Gel (Cambridge Neurotech). The implant was held using a custom plastic holder1346

and positioned using Neurostar stereotax. After positioning the shanks at the surface of the brain,1347

avoiding blood vessels, probes were inserted at slow speed (5 µm/s). Once the desired depth was1348

reached, an additional layer of Kwik-Sil was applied over the craniotomy. The probe was then fixed1349

to the skull with Metabond.1350

The Neuropixels Ultra data explored in Fig. 5 and Supp. Fig. 15 were reported in Ye et al. 34, and1351

feature a very dense electrode layout, with 384 sites arranged in a 64 ⇥ 6 grid with 6µm vertical1352

and horizontal channel spacing. Here, we focused on recordings with zig-zag motion imposed by a1353

similar methodology as discussed above; more details are available in the reference.1354
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Rat brain activity in vivo data. The rat recordings of Supp. Fig. 5 were made with the Neuroseeker1355

probe, a 128-site high density probe, at 20 kHz with 16 bit resolution and with the rat under ke-1356

tamine/xylazine anaesthesia71;40. These recordings are wideband (0.1-7500 Hz), so that LFP and1357

AP were obtained by lowpass and highpass filtering.1358

Non-human primate brain activity in vivo data. The methods are described in detail elsewhere33,1359

but, in brief, the Non-human primate recordings used the Neuropixels 1.0-NHP probe manufactured1360

in two variants: 1) 45 mm long x 125 µm wide x 90 µm thick, featuring 4416 electrodes comprising1361

11.5 banks of 384 channels each; and 2) 25 mm long, 125 µm wide, and 60 µm thick, featuring1362

2496 electrodes comprising 6.5 banks of 384 channels with two aligned vertical columns. Probe tips1363

were sharpened to a 25°angle using the Narishige EG-402 micropipette beveler. Neural recordings1364

were referenced to either: 1) the large electrical reference point on the tip of the electrode, 2)1365

an external electrical reference wire placed within the recording chamber, or 3) a stainless steel1366

guide tube cannula. Electrical signals are digitized and recorded separately for the action potential1367

(AP) band (10 bits, 30 kHz, 5.7 µV mean input-referred noise) and local field potential (LFP) band1368

(10 bits, 2.5 kHz). Data collection was performed using SpikeGLX software. Recording sites are1369

programmatically selectable with some constraints on site selection.1370

Multiple designs were used to allow for the lowering of the Neuropixels 1.0-NHP probes into the1371

brain33. When using a non-penetrating guide tube, the dura was typically penetrated with a tungsten1372

electrode prior to using a Neuropixels probe to create a small perforation in the dura to ease inser-1373

tion. When inserting electrodes to deep targets (> 20mm), the alignment between the drive axis1374

and the probe shank is essential for enabling safe insertion, as misalignment can cause the probe1375

to break. For this application, we developed several approaches to maintain precise alignment of1376

the probe and drive axis. The choice of appropriate insertion method depended on the mechanical1377

constraints introduced by the recording chamber design, the depth of recording targets, the number1378

of simultaneous probes required, and the choice of penetrating or non-penetrating guide tube. The1379

interaction of these constraints and a more thorough discussion of insertion approaches is provided1380

on the Neuropixels users wiki33. Open-source designs for mechanical mounting components for1381

Neuropixels-1.0-NHP to drives from Narishige, NAN, and other systems are available in a public1382

repository: https://github.com/etrautmann/Neuropixels-NHP-hardware.1383

The recording used in Supp. Fig. 3 was made in an anesthetized paralyzed preparation, described1384

in detail previously72. We induced anesthesia with an intramuscular injection of ketamine HCI (101385
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mg/kg) and maintained the animal with isoflurane anesthesia during catheterization of saphenous1386

veins and endotracheal intubation. Throughout the experiment, we maintained anesthesia with an1387

infusion of 6 and 15 µg/kg/h sufentanil citrate and neuromuscular blockade with 0.1 mg/kg/h ve-1388

curonium bromide to limit eye movements. We opened a craniotomy and durotomy to insert a1389

Neuropixels array3 or 2-shank 128-channel silicon laminar arrays from the NeuroNex Technology1390

Hub73. The sites were sealed with agar, and petroleum jelly was routinely applied to prevent the1391

agar from drying and maintain the cortex’s health. We generated and controlled stimuli with an Ap-1392

ple Mac Pro computer. We presented stimuli on a CRT monitor (HP1190) running at a resolution1393

of 1280 ⇥ 960 pixels (64 pixels per degree) and 120 Hz. Most stimuli were binary or ternary noise1394

patterns presented at a rate of 40 Hz.1395

5 Data availability1396

Human data is available for download at Dryad (https://doi.org/10.5061/dryad.d2547d840) and1397

DANDI (https://dandiarchive.org/dandiset/000397) from Massachusetts General Hospital15 and1398

at Dryad (https://doi.org/10.7272/Q6ST7N3B) from the University of California San Francisco16.1399

International Brain Lab data for the reproducible electrophysiology experiment is publicly avail-1400

able and can be downloaded by following the instructions at https://int-brain-lab.github.io/1401

iblenv/notebooks_external/data_release_repro_ephys.html using the tag 2022 Q2 IBL et al RepeatedSite.1402

The NP1 and NP2 imposed motion datasets here (dataset1) can be downloaded at Figshare https:1403

//figshare.com/articles/dataset/_Imposed_motion_datasets_from_Steinmetz_et_al_Science_1404

2021/14024495?file=26476589.1405

6 Code availability1406

DREDge is available to run on AP data via the SpikeInterface library, and on both AP and LFP1407

data by open-source Python code hosted at the GitHub repository https://github.com/evarol/1408

dredge/. DREDge is implemented in Python, and it relies on PyTorch’s convolution routines to1409

implement GPU-accelerated normalized cross-correlations74, on SciPy for its bundled linear system1410
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solvers and interpolation routines75, and on SpikeInterface19 for its electrophysiology data readers1411

and preprocessing routines, some of which were implemented as part of this work.1412

Code for running Kilosort 2.5 with an extended set of adjustable parameters is available at https:1413

//github.com/cwindolf/Kilosort/tree/modded-v2.5.1414

Code for the analyses of human data described in this paper has been made available at https://1415

github.com/Center-For-Neurotechnology/HumanNeuropixelsPipeline (currently without a license),1416

which includes links to other useful repositories not maintained by authors of this paper, with the1417

exceptions of https://github.com/evarol/dredge (available under the MIT license) and https:1418

//github.com/williamunoz/InterpolationAfterDREDge) (available under the MIT license). Local1419

field potential motion corrected interpolation required the removal of low-frequency peaks in the sig-1420

nal, a step utilizing Zapline-plus (https://github.com/MariusKlug/zapline-plus). For all the Neu-1421

ropixels data, open source acquisition software was used to acquire the neural data which include1422

SpikeGLX Release v20201103-phase30 (http://billkarsh.github.io/SpikeGLX/) and OpenE-1423

phys (https://open-ephys.org/gui). Single unit sorting was performed using Kilosort (https:1424

//github.com/MouseLand/Kilosort) as well as Phy2 (https://github.com/cortex-lab/phy). Custom1425

Matlab (version R2021a) and Python code in combination with open source code from the Field-1426

trip toolbox (http://www.fieldtriptoolbox.org/, Oostenveld et al. 70) was used for the majority1427

of the analyses. Some code involving manual alignment is available on GitHub (https://github.1428

com/Center-For-Neurotechnology/CorticalNeuropixelProcessingPipeline). The burst suppres-1429

sion ratio (BSR) was computed using an automated method (https://github.com/drasros/bs_1430

detector_icueeg). Psychtoolbox-3 (http://psychtoolbox.org/) with io64 parallel port drivers and1431

MATLAB functions were used to drive TTL trigger pulses for alignment as well as run the visual task.1432
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