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Abstract

High-density microelectrode arrays (MEAs) have opened new possibilities for systems neu-
roscience in human and non-human animals, but brain tissue motion relative to the array poses
a challenge for downstream analyses, particularly in human recordings. We introduce DREDge
(Decentralized Registration of Electrophysiology Data), a robust algorithm which is well suited for
the registration of noisy, nonstationary extracellular electrophysiology recordings. In addition to
estimating motion from spikes in the action potential (AP) frequency band, DREDge enables au-
tomated tracking of motion at high temporal resolution in the local field potential (LFP) frequency
band. In human intraoperative recordings, which often feature fast (period <1s) motion, DREDge
correction in the LFP band enabled reliable recovery of evoked potentials, and significantly re-

duced single-unit spike shape variability and spike sorting error. Applying DREDge to recordings

1


https://doi.org/10.1101/2023.10.24.563768
http://creativecommons.org/licenses/by-nc-nd/4.0/

363

a

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.24.563768; this version posted October 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

probe layout unregistered DREDge registered KS registered

Neuropixels 1.0

(ii)

70 pm

Neuropixels 2.0

500um

o50s —— KS —— DREDge

(iii)

50 um i o
_ £ £ | | - U
Neuropixels Ultra & S | i i e o S keida s
= S = | b
1000s 1000s P
litud
b c low 2P high
mean template correlation mean template correlation jump count
in IBL NP1 recordings in NP Ultra recordings in NP Ultra recordings

C c

9o o

Z 065 T 06 - 800 7

g [

8 0.60 3 g

2 £ o5 § 600

© © Rellm

- 0.55 4 = g.

§ § 3

< 050 b= . g 400 7

é g 0.4 o

E 0.45 - E & 200 -

jo) ° jo)

2 0.40 4 vs. unregistered 2 03 - o vs. unregistered

x vs. KS z vs. KS 04

035 T T T T T T T T T T T T
0.4 0.5 0.6 0.3 0.4 0.5 0.6 0 200 400 600 800
other mean template correlation other mean template correlation KS jump count

20


https://doi.org/10.1101/2023.10.24.563768
http://creativecommons.org/licenses/by-nc-nd/4.0/

200pum

100pum

200um

500V

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.24.563768; this version posted October 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

1l 1 1 1 1 1 1 1 1 1
LL} 1 1 1 1 1 1 1 1 1
11 1 1 1 1 1 1 1 1 1
20 days = = session start
AL032, shank 1, spike time vs. unregistered depth
i i i i i i i i i i
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
: L ; ; : : : ' : :
: VT : : | | | |
M L. T T T T L} T T
1 Aok e
S i k | I I I I
. - ! - : ! :
L . e e = e e
H : / L : ; detail ii ’ ',
e Yy " 1 1 1 1 1
TR ﬁ : : : : :
1 . 1 1 1 1 1 1
i ; ; 5 T 1 —F T
A r { 1 1 1 1 1 1
= 4 ! ! : i ! I ! '
1 1 1 ] 1 ] ] ]
] I~ 1’ ) I I I I
T 1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
600s ® e spike amplitude —--=-- session boundary —— DREDge motion est. —— KS motion est.
detail i detail ii

v N Tt S PaTe) I 4 < " -

npt A I o el

Y MR e

bt iang

100pm

100s
AL032, shank 1, spike time vs. DREDge registered depth

he-éc'é'

;

:l IS
1. 1 3 1 [
i i [ I 1 1 i 1o 8 i i 1. I a R " ek
1 1 1 1 1 1 1 1 1 1 N 1 1 1 : 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
600s 600s
e —— unregistered — o DREDge — e KS
- 067 300 4
k<]
8
2 « °
8 0.5 € 200 ° °
) 3 L4 o ¢
kS| © ° o’
=Y o
5 5 100 - ! :
= = s ! :
'% . ; §s of o
2 ® o [ 3K} oo
] 0 o8 e8 o8 o obote .‘ " [ 1]
03 - | I S . . S . — a— —
S P 0@%&@%@Z@é@é@%@&é&éb
pro PR R R R RO



538

539

540

541

542

543

544

545

546

547

548

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.24.563768; this version posted October 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

versity (to EMT). EMT is supported by the Grossman center and the Brain and Behavior Research
Foundation. CW, JB, EV, and LP are funded by Simons Foundation 344 543023, NSF Neuronex
Award DBI-1707398 and the Gatsby Charitable Foundation. EV is also supported by K99MH128772.
The rat brain in vivo data has been recorded within the Hungarian Brain Research Program Grant
(NAP2022-1-2/2022). DM is also supported by the OTKA Hungarian postdoctoral grant (PD143582).
The views and conclusions contained in this document are those of the authors and do not represent
the official policies, either expressed or implied, of the funding sources. The funders had no role in

the study design, data collection, analysis, decision to publish, or preparation of the manuscript.

References

[1] Urs Frey, Jan Sedivy, Flavio Heer, Rene Pedron, Marco Ballini, Jan Mueller, Douglas Bakkum,
Sadik Hafizovic, Francesca D Faraci, Frauke Greve, Kay-Uwe Kirstein, and Andreas Hierle-
mann. Switch-Matrix-Based High-Density microelectrode array in CMOS technology. IEEE J.
Solid-State Circuits, 45(2):467-482, February 2010.

[2] Bogdan C Raducanu, Refet F Yazicioglu, Carolina M Lopez, Marco Ballini, Jan Putzeys, Shi-
wei Wang, Alexandru Andrei, Veronique Rochus, Marleen Welkenhuysen, Nick van Helleputte,
Silke Musa, Robert Puers, Fabian Kloosterman, Chris van Hoof, Richard Fiath, Istvan Ulbert,
and Srinjoy Mitra. Time multiplexed active neural probe with 1356 parallel recording sites. Sen-

sors, 17(10), October 2017.

[38] James J Jun, Nicholas A Steinmetz, Joshua H Siegle, Daniel J Denman, Marius Bauza, Brian
Barbarits, Albert K Lee, Costas A Anastassiou, Alexandru Andrei, Cagatay Aydin, et al. Fully
integrated silicon probes for high-density recording of neural activity. Nature, 551(7679):232—
236, 2017.

[4] Richard Fiath, Bogdan Cristian Raducanu, Silke Musa, Alexandru Andrei, Carolina Mora Lopez,
Marleen Welkenhuysen, Patrick Ruther, Arno Aarts, and Istvan Ulbert. Fine-scale mapping of
cortical laminar activity during sleep slow oscillations using high-density linear silicon probes.

J. Neurosci. Methods, 316:58—70, March 2019.

[5] Gian Nicola Angotzi, Fabio Boi, Aziliz Lecomte, Ermanno Miele, Mario Malerba, Stefano Zucca,

Antonino Casile, and Luca Berdondini. SiNAPS: An implantable active pixel sensor CMOS-

29


https://doi.org/10.1101/2023.10.24.563768
http://creativecommons.org/licenses/by-nc-nd/4.0/

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

5

o]

2

583

584

585

586

587

588

589

590

591

592

593

[6]

[7]

[8]

[9]

[10]

[11]

[12]

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.24.563768; this version posted October 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

probe for simultaneous large-scale neural recordings. Biosens. Bioelectron., 126:355-364,

February 2019.

Nicholas A. Steinmetz, Cagatay Aydin, Anna Lebedeva, Michael Okun, Marius Pachitariu, Mar-
ius Bauza, Maxime Beau, Jai Bhagat, Claudia Béhm, Martijn Broux, Susu Chen, Jennifer
Colonell, Richard J. Gardner, Bill Karsh, Dimitar Kostadinov, Carolina Mora-Lopez, Junchol
Park, Jan Putzeys, Britton Sauerbrei, Rik J. J. van Daal, Abraham Z. Vollan, Marleen Welken-
huysen, Zhiwen Ye, Joshua Dudman, Barundeb Dutta, Adam W. Hantman, Kenneth D. Harris,
Albert K. Lee, Edvard |. Moser, John O’Keefe, Alfonso Renart, Karel Svoboda, Michael Hausser,
Sebastian Haesler, Matteo Carandini, and Timothy D. Harris. Neuropixels 2.0: A miniaturized
high-density probe for stable, long-term brain recordings. bioRxiv, 2020. doi: 10.1101/2020.10.

27.358291. URL https://www.biorxiv.org/content/early/2020/10/28/2020.10.27.358291.

Xiaoxuan Jia, Joshua H Siegle, Corbett Bennett, Samuel D Gale, Daniel J Denman, Christof
Koch, and Shawn R Olsen. High-density extracellular probes reveal dendritic backpropagation

and facilitate neuron classification. Journal of neurophysiology, 121(5):1831-1847, 2019.

Ethan B Trepka, Shude Zhu, Ruobing Xia, Xiaomo Chen, and Tirin Moore. Functional interac-

tions among neurons within single columns of macaque V1. Elife, 11, November 2022.

Janis Karan Hesse and Doris Y Tsao. A new no-report paradigm reveals that face cells encode

both consciously perceived and suppressed stimuli. Elife, 9, November 2020.

Eric M Trautmann, Sergey D Stavisky, Subhaneil Lahiri, Katherine C Ames, Matthew T Kauf-
man, Daniel J O’Shea, Saurabh Vyas, Xulu Sun, Stephen | Ryu, Surya Ganguli, and Krishna V
Shenoy. Accurate estimation of neural population dynamics without spike sorting. Neuron, 103

(2):292-308.e4, July 2019.

Hidehiko K Inagaki, Susu Chen, Margreet C Ridder, Pankaj Sah, Nuo Li, Zidan Yang, Hana
Hasanbegovic, Zhenyu Gao, Charles R Gerfen, and Karel Svoboda. A midbrain-thalamus-
cortex circuit reorganizes cortical dynamics to initiate movement. Cell, 185(6):1065—-1081.e23,

March 2022.

Selmaan N Chettih, Emily L Mackevicius, Stephanie Hale, and Dmitriy Aronov. Barcoding of

episodic memories in the hippocampus of a food-caching bird. bioRxiv, July 2023.

30


https://www.biorxiv.org/content/early/2020/10/28/2020.10.27.358291
https://doi.org/10.1101/2023.10.24.563768
http://creativecommons.org/licenses/by-nc-nd/4.0/

594

595

596

598

599

600

602

603

604

605

606

607

608

609

6

0

611

612

6

w

614

615

6

6

617

618

621

622

623

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.24.563768; this version posted October 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Nicholas A Steinmetz, Peter Zatka-Haas, Matteo Carandini, and Kenneth D Harris. Distributed
coding of choice, action and engagement across the mouse brain. Nature, 576(7786):266—273,

December 2019.

Aditi Pophale, Kazumichi Shimizu, Tomoyuki Mano, Teresa L Iglesias, Kerry Martin, Makoto
Hiroi, Keishu Asada, Paulette Garcia Andaluz, Thi Thu Van Dinh, Leenoy Meshulam, and Sam
Reiter. Wake-like skin patterning and neural activity during octopus sleep. Nature, 619(7968):

129-134, July 2023.

Angelique C. Paulk, Yoav Kfir, Arjun R. Khanna, Martina L. Mustroph, Eric M. Trautmann,
Dan J. Soper, Sergey D. Stavisky, Marleen Welkenhuysen, Barundeb Dutta, Krishna V. Shenoy,
Leigh R. Hochberg, R. Mark Richardson, Ziv M. Williams, and Sydney S. Cash. Large-scale
neural recordings with single neuron resolution using neuropixels probes in human cortex.
Nature Neuroscience, 25(2):252-263, January 2022. doi: 10.1038/s41593-021-00997-0. URL

https://doi.org/10.1038/s41593-021-00997-0.

Jason E Chung, Kristin K Sellers, Matthew K Leonard, Laura Gwilliams, Duo Xu, Maximilian E
Dougherty, Viktor Kharazia, Sean L Metzger, Marleen Welkenhuysen, Barundeb Dutta, et al.

High-density single-unit human cortical recordings using the Neuropixels probe. Neuron, 2022.

Nicholas A Steinmetz, Christof Koch, Kenneth D Harris, and Matteo Carandini. Challenges and
opportunities for large-scale electrophysiology with neuropixels probes. Curr. Opin. Neurobiol.,

50:92-100, June 2018.

Marius Pachitariu, Nicholas Steinmetz, Shabnam Kadir, Matteo Carandini, and Kenneth D Har-
ris. Kilosort: realtime spike-sorting for extracellular electrophysiology with hundreds of chan-

nels. bioRxiv, page 061481, June 2016.

Alessio P Buccino, Cole L Hurwitz, Samuel Garcia, Jeremy Magland, Joshua H Siegle, Roger
Hurwitz, and Matthias H Hennig. Spikeinterface, a unified framework for spike sorting. eLife,
9:e61834, nov 2020. ISSN 2050-084X. doi: 10.7554/eLife.61834. URL https://doi.org/10.

7554/eLife.61834.

IBL, Kush Banga, Julien Boussard, Gaélle A Chapuis, Mayo Faulkner, Kenneth D Harris,
Julia M Huntenberg, Cole Hurwitz, Hyun Dong Lee, Liam Paninski, Cyrille Rossant, Noam
Roth, Nicholas A Steinmetz, Charlie Windolf, and Olivier Winter. Spike sorting pipeline

for the International Brain Laboratory. Technical report, International Brain Laboratory, 5

31


https://doi.org/10.1038/s41593-021-00997-0
https://doi.org/10.7554/eLife.61834
https://doi.org/10.7554/eLife.61834
https://doi.org/10.7554/eLife.61834
https://doi.org/10.1101/2023.10.24.563768
http://creativecommons.org/licenses/by-nc-nd/4.0/

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

680

681

682

[30]

[31]

[32]

[33]

[34]

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.24.563768; this version posted October 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Pierre Yger. A modular approach to handle in-vivo drift correction for high-density extracellular

recordings. bioRxiv, page 2023.06.29.546882, June 2023.

Erdem Varol, Julien Boussard, Nishchal Dethe, Olivier Winter, Anne Urai, The International
Brain Laboratory, Anne Churchland, Nick Steinmetz, and Liam Paninski. Decentralized motion
inference and registration of neuropixel data. In ICASSP 2021 - 2021 IEEE International Con-
ference on Acoustics, Speech and Signal Processing (ICASSP), pages 1085-1089, 2021. doi:
10.1109/ICASSP39728.2021.9414145.

Charlie Windolf, Angelique C Paulk, Yoav Kfir, Eric Trautmann, Domokos Meszéna, William
Munoz, Irene Caprara, Mohsen Jamali, Julien Boussard, Ziv M Williams, et al. Robust online
multiband drift estimation in electrophysiology data. In ICASSP 2023-2023 IEEE International

Conference on Acoustics, Speech and Signal Processing (ICASSP), pages 1-5. IEEE, 2023.

IBL, Kush Banga, Julius Benson, Niccoldo Bonacchi, Sebastian A Bruijns, Rob Campbell,
Gaélle A Chapuis, Anne K Churchland, M Felicia Davatolhagh, Hyun Dong Lee, Mayo Faulkner,
Fei Hu, Julia Hunterberg, Anup Khanal, Christopher Krasniak, Guido T Meijer, Nathaniel J
Miska, Zeinab Mohammadi, Jean-Paul Noel, Liam Paninski, Alejandro Pan-Vazquez, Noam
Roth, Michael Schartner, Karolina Socha, Nicholas A Steinmetz, Karel Svoboda, Marsa Taheri,
Anne E Urai, Miles Wells, Steven J West, Matthew R Whiteway, Olivier Winter, and llana B
Witten. Reproducibility of in-vivo electrophysiological measurements in mice. bioRxiv, 2022.
doi: 10.1101/2022.05.09.491042. URL https://www.biorxiv.org/content/early/2022/05/12/

2022.05.09.491042.

Eric M Trautmann, Janis K Hesse, Gabriel M Stine, Ruobing Xia, Shude Zhu, Daniel J O’Shea,
Bill Karsh, Jennifer Colonell, Frank F Lanfranchi, Saurabh Vyas, et al. Large-scale high-density

brain-wide neural recording in nonhuman primates. bioRxiv, pages 2023—-02, 2023.

Zhiwen Ye, Andrew M Shelton, Jordan R Shaker, Julien M Boussard, Jennifer Colonell, Sahar
Minavi, Susu Chen, Charlie Windolf, Cole Hurwitz, Tomoyuki Namima, Frederico Pedraja, Sha-
haf Weiss, Bogdan Raducanu, Torbjern Ness, Gaute T Einevoll, Gilles Laurent, Nathaniel B
Sawtell, Wyeth Bair, Anitha Pasupathy, Carolina Mora-Lopez, Barun Dutta, Liam Paninski,
Joshua H Siegle, Christof Koch, Shawn R Olsen, Timothy D Harris, and Nicholas A Stein-
metz. Ultra-high density electrodes improve detection, yield, and cell type specificity of brain
recordings. bioRxiv, 2023. doi: 10.1101/2023.08.23.554527. URL https://www.biorxiv.org/

content/early/2023/08/24/2023.08.23.554527.

33


https://www.biorxiv.org/content/early/2022/05/12/2022.05.09.491042
https://www.biorxiv.org/content/early/2022/05/12/2022.05.09.491042
https://www.biorxiv.org/content/early/2022/05/12/2022.05.09.491042
https://www.biorxiv.org/content/early/2023/08/24/2023.08.23.554527
https://www.biorxiv.org/content/early/2023/08/24/2023.08.23.554527
https://www.biorxiv.org/content/early/2023/08/24/2023.08.23.554527
https://doi.org/10.1101/2023.10.24.563768
http://creativecommons.org/licenses/by-nc-nd/4.0/

6!

o]

3

684

685

686

[35]

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.24.563768; this version posted October 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Julien Boussard, Charlie Windolf, Cole Hurwitz, Hyun Dong Lee, Han Yu, Olivier Winter, and
Liam Paninski. Dartsort: A modular drift tracking spike sorter for high-density multi-electrode
probes. bioRxiv, 2023. doi: 10.1101/2023.08.11.553023. URL https://www.biorxiv.org/

content/early/2023/08/14/2023.08.11.553023.

ss7 [36] Julien Boussard, Erdem Varol, Hyun Dong Lee, Nishchal Dethe, and Liam Paninski. Three-

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

707

708

709

7

0

71

712

[37]

[38]

[39]

[40]

[41]

dimensional spike localization and improved motion correction for Neuropixels recordings. In
M. Ranzato, A. Beygelzimer, Y. Dauphin, P.S. Liang, and J. Wortman Vaughan, editors, Ad-
vances in Neural Information Processing Systems, volume 34, pages 22095-22105. Curran
Associates, Inc., 2021. URL https://proceedings.neurips.cc/paper_files/paper/2021/

file/b950ea26cal2daael42bd74dbad427c8-Paper . pdf.

Ferenc Mechler, Jonathan D. Victor, Ifije Ohiorhenuan, Anita M. Schmid, and Qin Hu. Three-
dimensional localization of neurons in cortical tetrode recordings. Journal of Neurophysiology,
106(2):828-848, August 2011. doi: 10.1152/jn.00515.2010. URL https://doi.org/10.1152/

jn.00515.2010.

Cole Hurwitz, Kai Xu, Akash Srivastava, Alessio Buccino, and Matthias Hennig. Scal-
able spike source localization in extracellular recordings using amortized variational infer-
ence. In H. Wallach, H. Larochelle, A. Beygelzimer, F. d'Alché-Buc, E. Fox, and R. Gar-
nett, editors, Advances in Neural Information Processing Systems, volume 32. Curran Asso-
ciates, Inc., 2019. URL https://proceedings.neurips.cc/paper_files/paper/2019/file/

£12£2b34a0c3174269¢c19e21c07dee68-Paper . pdf.

Alessio P Buccino, Michael Kordovan, Torbjgrn V Ness, Benjamin Merkt, Philipp D Hafliger,
Marianne Fyhn, Gert Cauwenberghs, Stefan Rotter, and Gaute T Einevoll. Combining biophys-
ical modeling and deep learning for multielectrode array neuron localization and classification.

J. Neurophysiol., 120(3):1212—-1232, September 2018.

Csaba Horvath, Lili Fanni Téth, Istvan Ulbert, and Richard Fiath. Dataset of cortical activity
recorded with high spatial resolution from anesthetized rats. Scientific Data, 8(1), July 2021.

doi: 10.1038/s41597-021-00970-3. URL https://doi.org/10.1038/s41597-021-00970-3.

I. Tal and M. Abeles. Cleaning MEG artifacts using external cues. Journal of Neuroscience
Methods, 217(1-2):31-38, July 2013. doi: 10.1016/j.jneumeth.2013.04.002. URL https://doi.

org/10.1016/j. jneumeth.2013.04.002.

34


https://www.biorxiv.org/content/early/2023/08/14/2023.08.11.553023
https://www.biorxiv.org/content/early/2023/08/14/2023.08.11.553023
https://www.biorxiv.org/content/early/2023/08/14/2023.08.11.553023
https://proceedings.neurips.cc/paper_files/paper/2021/file/b950ea26ca12daae142bd74dba4427c8-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/2021/file/b950ea26ca12daae142bd74dba4427c8-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/2021/file/b950ea26ca12daae142bd74dba4427c8-Paper.pdf
https://doi.org/10.1152/jn.00515.2010
https://doi.org/10.1152/jn.00515.2010
https://doi.org/10.1152/jn.00515.2010
https://proceedings.neurips.cc/paper_files/paper/2019/file/f12f2b34a0c3174269c19e21c07dee68-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/2019/file/f12f2b34a0c3174269c19e21c07dee68-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/2019/file/f12f2b34a0c3174269c19e21c07dee68-Paper.pdf
https://doi.org/10.1038/s41597-021-00970-3
https://doi.org/10.1016/j.jneumeth.2013.04.002
https://doi.org/10.1016/j.jneumeth.2013.04.002
https://doi.org/10.1016/j.jneumeth.2013.04.002
https://doi.org/10.1101/2023.10.24.563768
http://creativecommons.org/licenses/by-nc-nd/4.0/

802

803

804

805

806

807

808

809

810

811

812

813

814

816

817

818

819

820

821

822

823

824

825

826

827

828

830

831

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.24.563768; this version posted October 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Jones, Daniel P. Cahill, Garth Rees Cosgrove, Catherine J. Chu, Ziv Williams, Eric Halgren,
Shadi Dayeh, and Sydney S. Cash. Microscale dynamics of electrophysiological markers of
epilepsy. Clinical Neurophysiology, 132(11):2916—2931, November 2021. doi: 10.1016/j.clinph.

2021.06.024. URL https://doi.org/10.1016/j.clinph.2021.06.024.

Carolina Mora Lopez, Jan Putzeys, Bogdan Cristian Raducanu, Marco Ballini, Shiwei Wang,
Alexandru Andrei, Veronique Rochus, Roeland Vandebriel, Simone Severi, Chris Van Hoof,
Silke Musa, Nick Van Helleputte, Refet Firat Yazicioglu, and Srinjoy Mitra. A neural probe
with up to 966 electrodes and up to 384 configurable channels in 0.13 um SOl CMOS. [EEE
Transactions on Biomedical Circuits and Systems, 11(3):510-522, June 2017. doi: 10.1109/

thcas.2016.2646901. URL https://doi.org/10.1109/tbcas.2016.2646901.

Joshua H Siegle, Aaron Cuevas Lopez, Yogi A Patel, Kirill Abramov, Shay Ohayon, and Jakob
Voigts. Open ephys: an open-source, plugin-based platform for multichannel electrophysiology.
Journal of Neural Engineering, 14(4):045003, jun 2017. doi: 10.1088/1741-2552/aabeea. URL

https://doi.org/10.1088%2F1741-2552},2Faabeea.

David H. Brainard. The psychophysics toolbox. Spatial Vision, 10(4):433-436, 1997. doi:

10.1163/156856897x00357. URL https://doi.org/10.1163/156856897x00357.

R. C. Reid, J. D. Victor, and R. M. Shapley. The use of m-sequences in the analysis of visual
neurons: Linear receptive field properties. Visual Neuroscience, 14(6):1015—1027, November

1997. doi: 10.1017/s0952523800011743. URL https://doi.org/10.1017/s0952523800011743.

Erich E. Sutter. Imaging visual function with the multifocal m-sequence technique. Vision
Research, 41(10-11):1241-1255, May 2001. doi: 10.1016/s0042-6989(01)00078-5. URL https:

//doi.org/10.1016/s0042-6989(01)00078-5.

Giedrius T. BuraCas and Geoffrey M. Boynton. Efficient design of event-related fMRI experi-
ments using m-sequences. Neurolmage, 16(3):801-813, July 2002. doi: 10.1006/nimg.2002.

1116. URL https://doi.org/10.1006/nimg.2002.1116.

Hitoshi Tabuchi, Tsuranu Yokoyama, Masahiro Shimogawara, Kunihiko Shiraki, Eiichiro Na-
gasaka, and Tokuhiko Miki. Study of the visual evoked magnetic field with the m-sequence

technique. Invest. Ophthalmol. Vis. Sci., 43(6):2045-2054, June 2002.

Robert Oostenveld, Pascal Fries, Eric Maris, and Jan-Mathijs Schoffelen. FieldTrip: Open

source software for advanced analysis of MEG, EEG, and invasive electrophysiological data.

38


https://doi.org/10.1016/j.clinph.2021.06.024
https://doi.org/10.1109/tbcas.2016.2646901
https://doi.org/10.1088%2F1741-2552%2Faa5eea
https://doi.org/10.1163/156856897x00357
https://doi.org/10.1017/s0952523800011743
https://doi.org/10.1016/s0042-6989(01)00078-5
https://doi.org/10.1016/s0042-6989(01)00078-5
https://doi.org/10.1016/s0042-6989(01)00078-5
https://doi.org/10.1006/nimg.2002.1116
https://doi.org/10.1101/2023.10.24.563768
http://creativecommons.org/licenses/by-nc-nd/4.0/

832

833

saa [71]
835
836

837

s [72]

8!

@

839
840

841

sz [73]
843
844

845

sas  [74]
847
848
849
850
851
852

853

ssa  [79]

855

857
858
859
860

861

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.24.563768; this version posted October 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Computational Intelligence and Neuroscience, 2011:1-9, 2011. doi: 10.1155/2011/156869. URL

https://doi.org/10.1155/2011/156869.

Richard Fiath, Bogdan Cristian Raducanu, Silke Musa, Alexandru Andrei, Carolina Mora Lopez,
Chris van Hoof, Patrick Ruther, Arno Aarts, Domonkos Horvath, and Istvan Ulbert. A silicon-
based neural probe with densely-packed low-impedance titanium nitride microelectrodes for

ultrahigh-resolution in vivo recordings. Biosens. Bioelectron., 106:86—92, May 2018.

J. Anthony Movshon, Lynne Kiorpes, Michael J. Hawken, and James R. Cavanaugh. Functional
maturation of the macaque's lateral geniculate nucleus. The Journal of Neuroscience, 25(10):
2712-2722, mar 2005. doi: 10.1523/jneurosci.2356-04.2005. URL https://doi.org/10.1523),

2F jneurosci.2356-04.2005.

Long Yang, Kwang Lee, Jomar Villagracia, and Sotiris C Masmanidis. Open source sili-
con microprobes for high throughput neural recording. Journal of Neural Engineering, 17(1):
016036, jan 2020. doi: 10.1088/1741-2552/ab581a. URL https://doi.org/10.108872F1741~

25527%,2Fabb81a.

Adam Paszke, Sam Gross, Francisco Massa, Adam Lerer, James Bradbury, Gregory Chanan,
Trevor Killeen, Zeming Lin, Natalia Gimelshein, Luca Antiga, Alban Desmaison, Andreas Kopf,
Edward Yang, Zachary DeVito, Martin Raison, Alykhan Tejani, Sasank Chilamkurthy, Benoit
Steiner, Lu Fang, Junjie Bai, and Soumith Chintala. Pytorch: An imperative style, high-
performance deep learning library. In H. Wallach, H. Larochelle, A. Beygelzimer, F. d'Alché-Buc,
E. Fox, and R. Garnett, editors, Advances in Neural Information Processing Systems 32, pages
8024—-8035. Curran Associates, Inc., 2019. URL http://papers.neurips.cc/paper/9015-

pytorch-an-imperative-style-high-performance-deep-learning-library.pdf.

Pauli Virtanen, Ralf Gommers, Travis E. Oliphant, Matt Haberland, Tyler Reddy, David Courna-
peau, Evgeni Burovski, Pearu Peterson, Warren Weckesser, Jonathan Bright, Stéfan J. van der
Walt, Matthew Brett, Joshua Wilson, K. Jarrod Millman, Nikolay Mayorov, Andrew R. J. Nelson,
Eric Jones, Robert Kern, Eric Larson, C J Carey, ilhan Polat, Yu Feng, Eric W. Moore, Jake
VanderPlas, Denis Laxalde, Josef Perktold, Robert Cimrman, lan Henriksen, E. A. Quintero,
Charles R. Harris, Anne M. Archibald, Anténio H. Ribeiro, Fabian Pedregosa, Paul van Mul-
bregt, and SciPy 1.0 Contributors. SciPy 1.0: Fundamental Algorithms for Scientific Computing
in Python. Nature Methods, 17:261-272, 2020. doi: 10.1038/s41592-019-0686-2.

39


https://doi.org/10.1155/2011/156869
https://doi.org/10.1523%2Fjneurosci.2356-04.2005
https://doi.org/10.1523%2Fjneurosci.2356-04.2005
https://doi.org/10.1523%2Fjneurosci.2356-04.2005
https://doi.org/10.1088%2F1741-2552%2Fab581a
https://doi.org/10.1088%2F1741-2552%2Fab581a
https://doi.org/10.1088%2F1741-2552%2Fab581a
http://papers.neurips.cc/paper/9015-pytorch-an-imperative-style-high-performance-deep-learning-library.pdf
http://papers.neurips.cc/paper/9015-pytorch-an-imperative-style-high-performance-deep-learning-library.pdf
http://papers.neurips.cc/paper/9015-pytorch-an-imperative-style-high-performance-deep-learning-library.pdf
https://doi.org/10.1101/2023.10.24.563768
http://creativecommons.org/licenses/by-nc-nd/4.0/






















1325

1326

1327

1328

1329

1330

1331

1332

1333

1334

1335

1336

1337

1338

1339

1340

1341

1342

1343

1344

1345

1346

1347

1348

1349

1350

1351

1352

1353

1354

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.24.563768; this version posted October 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

In Fig. 5.a, we included two acute recordings with imposed zig-zag motion from the work of Stein-
metz et al.”, described in more detail there. During these recordings (both included under datasett
in the corresponding link in Data Availability below), one of which was performed using a Neuropixels
1.0 probe and the other with a Neuropixels 2.0 probe, 10 cycles of vertical triangle-wave drift with

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

The chronic four-shank Neuropixels 2 recordings used in Fig. 6 and Supp. Fig. 19 were also previ-
ously presented by Steinmetz et al.”. We studied two chronic implantations (AL032 and ALO36) in
detail, selecting 11 recordings separated by 13.146.0 days from AL032 and 13 recordings separated
by 13.5 + 11.2 days from AL036.

The chronic Neuropixels 1 implantations recorded at UCLA were performed in compliance with the
Institutional Animal Care and Use Committee. Two C57BI6/J male mice (10-12 weeks of age) were
used in experiments. Surgeries were performed under isofluorane anaesthesia (3% induced, 1.5-
2% maintained). Headbar implantation and Neuropixels implantation were performed within the
same surgery. First, the dorsal surface of the skull was cleared of skin and periosteum. A thin
layer of cyanoacrylate (VetBond, World Precision Instruments) was applied to the edges of skull
and allowed to dry. The skull was then scored with a scalpel to ensure optimal adhesion. After
ensuring the skull was properly aligned within the stereotax, craniotomy locations were marked by
making a small etch in the skull with a dental drill. A titanium headbar was then affixed to the back
of the skull with a small amount of glue (Zap-a-gap). The headbar and skull were then covered with
Metabond, taking care to avoid covering the marked craniotomy locations. After the Metabond was
dry, the craniotomies for the probes and grounding screw were drilled. Once exposed, the brain was
covered with Dura-Gel (Cambridge Neurotech). The implant was held using a custom plastic holder
and positioned using Neurostar stereotax. After positioning the shanks at the surface of the brain,
avoiding blood vessels, probes were inserted at slow speed (5 um/s). Once the desired depth was
reached, an additional layer of Kwik-Sil was applied over the craniotomy. The probe was then fixed

to the skull with Metabond.

The Neuropixels Ultra data explored in Fig. 5 and Supp. Fig. 15 were reported in Ye et al.”*, and
feature a very dense electrode layout, with 384 sites arranged in a 64 x 6 grid with 6um vertical
and horizontal channel spacing. Here, we focused on recordings with zig-zag motion imposed by a

similar methodology as discussed above; more details are available in the reference.
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Rat brain activity in vivo data. The rat recordings of Supp. Fig. 5 were made with the Neuroseeker
probe, a 128-site high density probe, at 20 kHz with 16 bit resolution and with the rat under ke-
tamine/xylazine anaesthesia’"*"". These recordings are wideband (0.1-7500 Hz), so that LFP and

AP were obtained by lowpass and highpass filtering.

Non-human primate brain activity in vivo data. The methods are described in detail elsewhere~,
but, in brief, the Non-human primate recordings used the Neuropixels 1.0-NHP probe manufactured
in two variants: 1) 45 mm long x 125 um wide x 90 um thick, featuring 4416 electrodes comprising
11.5 banks of 384 channels each; and 2) 25 mm long, 125 um wide, and 60 um thick, featuring
2496 electrodes comprising 6.5 banks of 384 channels with two aligned vertical columns. Probe tips
were sharpened to a 25° angle using the Narishige EG-402 micropipette beveler. Neural recordings
were referenced to either: 1) the large electrical reference point on the tip of the electrode, 2)
an external electrical reference wire placed within the recording chamber, or 3) a stainless steel
guide tube cannula. Electrical signals are digitized and recorded separately for the action potential
(AP) band (10 bits, 30 kHz, 5.7 uV mean input-referred noise) and local field potential (LFP) band
(10 bits, 2.5 kHz). Data collection was performed using SpikeGLX software. Recording sites are

programmatically selectable with some constraints on site selection.

Multiple designs were used to allow for the lowering of the Neuropixels 1.0-NHP probes into the
brain~°. When using a non-penetrating guide tube, the dura was typically penetrated with a tungsten
electrode prior to using a Neuropixels probe to create a small perforation in the dura to ease inser-
tion. When inserting electrodes to deep targets (> 20mm), the alignment between the drive axis
and the probe shank is essential for enabling safe insertion, as misalignment can cause the probe
to break. For this application, we developed several approaches to maintain precise alignment of
the probe and drive axis. The choice of appropriate insertion method depended on the mechanical
constraints introduced by the recording chamber design, the depth of recording targets, the number
of simultaneous probes required, and the choice of penetrating or non-penetrating guide tube. The
interaction of these constraints and a more thorough discussion of insertion approaches is provided
on the Neuropixels users wiki**. Open-source designs for mechanical mounting components for
Neuropixels-1.0-NHP to drives from Narishige, NAN, and other systems are available in a public

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

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

in detail previously '~. We induced anesthesia with an intramuscular injection of ketamine HCI (10
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136 MQ/Kg) and maintained the animal with isoflurane anesthesia during catheterization of saphenous
1387 veins and endotracheal intubation. Throughout the experiment, we maintained anesthesia with an
1388 infusion of 6 and 15 pg/kg/h sufentanil citrate and neuromuscular blockade with 0.1 mg/kg/h ve-
1389 curonium bromide to limit eye movements. We opened a craniotomy and durotomy to insert a
1390 Neuropixels array” or 2-shank 128-channel silicon laminar arrays from the NeuroNex Technology
13er Hub’”. The sites were sealed with agar, and petroleum jelly was routinely applied to prevent the
1392 agar from drying and maintain the cortex’s health. We generated and controlled stimuli with an Ap-
1393 ple Mac Pro computer. We presented stimuli on a CRT monitor (HP1190) running at a resolution
1394 0f 1280 x 960 pixels (64 pixels per degree) and 120 Hz. Most stimuli were binary or ternary noise

1305 patterns presented at a rate of 40 Hz.

= 9 Data availability

137 Human data is available for download at Dryad (https://doi.org/10.5061/dryad.d2547d840) and
13983 DANDI (https://dandiarchive.org/dandiset/000397) from Massachusetts General Hospital '° and

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

100 International Brain Lab data for the reproducible electrophysiology experiment is publicly avail-
1401 able and can be downloaded by following the instructions at https://int-brain-lab.github.io/

1402 iblenv/notebooks_external/data_release_repro_ephys.html usingthe tag 2022 Q2 _IBL et al Repeate

103 The NP1 and NP2 imposed motion datasets here (dataset1) can be downloaded at Figshare https:
140s //figshare.com/articles/dataset/_Imposed_motion_datasets_from_Steinmetz_et_al_Science_

1405 2021/140244957f11e=26476589.

« 6 Code availability

1407 DREDge is available to run on AP data via the Spikelnterface library, and on both AP and LFP
1408 data by open-source Python code hosted at the GitHub repository https://github.com/evarol/
109 dredge/. DREDge is implemented in Python, and it relies on PyTorch’s convolution routines to

10 implement GPU-accelerated normalized cross-correlations ’*, on SciPy for its bundled linear system
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1411 Solvers and interpolation routines ">, and on Spikelnterface '” for its electrophysiology data readers

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

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

1414 //github.com/cwindolf/Kilosort/tree/modded-v2.5.

115 Gode for the analyses of human data described in this paper has been made available at https://
1416 github.com/Center-For-Neurotechnology/HumanNeuropixelsPipeline (currently without a license),
1417 Which includes links to other useful repositories not maintained by authors of this paper, with the
1418 exceptions of https://github.com/evarol/dredge (available under the MIT license) and https:
1419 //github.com/williamunoz/InterpolationAfterDREDge) (available under the MIT license). Local
1420 field potential motion corrected interpolation required the removal of low-frequency peaks in the sig-
121 nal, a step utilizing Zapline-plus (https://github.com/MariusKlug/zapline-plus). For all the Neu-
1422 ropixels data, open source acquisition software was used to acquire the neural data which include
142 SpikeGLX Release v20201103-phase30 (http://billkarsh.github.io/SpikeGLX/) and OpenE-
12a phys (https://open-ephys.org/gui). Single unit sorting was performed using Kilosort (https:
125 //github.com/MouselLand/Kilosort) as well as Phy2 (https:/github.com/cortex-lab/phy). Custom
1426 Matlab (version R2021a) and Python code in combination with open source code from the Field-
1427 trip toolbox (http://www.fieldtriptoolbox.org/, Oostenveld et al.””) was used for the majority
128 Of the analyses. Some code involving manual alignment is available on GitHub (https://github.
1420 com/Center-For-Neurotechnology/CorticalNeuropixelProcessingPipeline). The burst suppres-
130 Sion ratio (BSR) was computed using an automated method (https://github.com/drasros/bs_
131 detector_icueeg). Psychtoolbox-3 (http://psychtoolbox.org/) with io64 parallel port drivers and

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