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SUMMARY

Deciphering the function of neural circuits can help with the understanding of
brain function and treating neurological disorders. Progress toward this goal re-
lies on the development of chronically stable neural interfaces capable of
recording andmodulating neural circuits with high spatial and temporal precision
across large areas of the brain. Advanced innovations in designing high-density
neural interfaces for small animal models have enabled breakthrough discoveries
in neuroscience research. Developing similar neurotechnology for larger animal
models such as nonhuman primates (NHPs) is critical to gain significant insights
for translation to humans, yet still it remains elusive due to the challenges in
design, fabrication, and system-level integration of such devices. This review fo-
cuses on implantable surface neural interfaces with electrical and optical function-
alities with emphasis on the required technological features to realize scalable
multimodal and chronically stable implants to address the unique challenges asso-
ciated with nonhuman primate studies.

INTRODUCTION

Understanding the neural basis of complex functions and behavior in living animals and humans is a chal-

lenging goal that drives a broad multidisciplinary research community. Meeting this goal will not only

contribute to our fundamental knowledge of neuroscience mechanisms but it will also help develop effec-

tive treatments for neurological disorders. Neural engineering strives to develop advanced technologies

with multimodal capabilities such as bidirectional interfaces to record and manipulate neural circuits

with high spatial and temporal precision across large areas of the brain. Traditional cortical neural inter-

faces rely on the electrical mechanisms of neural signaling to interact with the nervous system. Depending

on the application, neural interfaces with electrical modalities are generally classified into three categories:

penetrating electrodes (most invasive), electrocorticographic (ECoG) electrodes (less invasive) that are

placed on the surface of the brain, and electroencephalographic (EEG) electrodes (non-invasive) that

can be placed over the scalp (Figure 1). Penetrating neural interfaces are surgically inserted into the brain

tissue as close as possible to the cell body (or soma) of targeted neurons and provide the most information-

rich brain signals. However, these probes are highly invasive and their implantation is usually limited to

recording from the vicinity of the electrodes. Some recent examples are the Neuropixels 2.0 rigid probe1

flexible penetrating electrodes based onmesh electronics2 or cylindrically shaped polymer neural probes.3

EEG neural interfaces are non-invasive because they do not require any surgical procedure and are placed

directly on the scalp. The information obtained from EEG is quite limited because it measures the aggre-

gate signal arriving from many neurons and the neural signal is attenuated through the overlying tissues

(i.e. dura, bone, and scalp) between the brain and the electrodes. Despite this limitation, EEG signals

have already been used successfully in the field of brain to computer interfaces.4 ECoG neural interfaces

are placed on the surface of the brain, either over the dura (epidural) or under the dura (subdural). They

require a surgical procedure but are less invasive to the brain tissue than penetrating probes. The brain

signal recorded by these surface interfaces is known as electrocorticography and contains more informa-

tion than EEG interfaces. Within the current state-of-the-art surface interfaces, micro-electrocorticographic

arrays (m-ECoG) with electrode sizes on the order of 150–1000 mm2 have been used to record local field po-

tentials, multi-unit potentials, and single-unit spikes.5,6 Among the three types of devices, micro-electro-

corticographic (m-ECoG) arrays, a type of ECoG array with microscale electrode size, provide an appealing

compromise between information acquisition, spatial resolution, and invasiveness.5 Optical techniques are

also powerful tools to image and manipulate neural populations. For example, calcium imaging can reveal
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Figure 1. Overview of neural interfaces with electrical and optical modalities

The type of signal recorded is associated with each readout method. For interfaces with electrical modalities, the review focuses on ECoG/m-ECoG

interfaces.

ll
OPEN ACCESS

iScience
Review
the mechanisms of neural activity at a subcellular scale7 and optogenetics enables cell-type-specific exci-

tation or inhibition of neurons with millisecond temporal precision,8 which overcomes the limitations of

traditional electrical stimulation. Combining electrical and optical modalities in a single platform could

lead to complementary and powerful new ways to explore brain mechanisms and functionality.

Advanced hybrid neural interface technologies with electrical and optical functionalities have already

been developed and implemented in small animal models such as rodents. These technologies include

penetrating opto-electric neural probes,9,10 as well as surface transparent electrodes with optical modal-

ities.11,12 More detailed reviews about these advancedmultimodal platforms for rodents can be found else-

where.13–15 Translating these advances to clinical testing often requires preclinical studies in large animal

models that are closer to humans. Nonhuman primates in particular have evolutionary very similar behavior

and cognitive functions to humans, thus making them an important model of study. Novel architecture

design concepts, new material platforms and a complete system design and optimization is needed to

improve existing interfaces’ performance in terms of scalability, multifunctionality, and stability16,17 and

enable their widespread adoption for neuroscience applications in nonhuman primates (NHPs).

In this work, we review ongoing exploratory efforts devoted to address scalability, multimodality, and

chronic stability challenges in large animal cortical interfaces with electrical and optical modalities. The first

section focuses on large-scale surface interfaces with electrical recording and stimulation capabilities. We

will put an emphasis on m-ECoG technologies. As mentioned previously, m-ECoG arrays are made of micro-

scale electrodes with contact site diameters many orders of magnitude smaller than traditional ECoG elec-

trode sites and minimized inter-electrode spacing, allowing greater spatial resolution of the measured sig-

nals. Most m-ECoG devices also have ultrathin structure, thereby offering less invasive implantations than

traditional ECoG or penetrating electrodes, with minimal tissue response and limited foreign body reac-

tion. In addition, advances in CMOS (Complementary Metal-Oxide-Semiconductor) fabrication techniques

now enable an increased number of simultaneous stimulation/recording sites. While this is usually the en-

gineering goal and definition of large-scale cortical interfaces,17 from a neuroscientific point of view, scal-

ability also implies enlarging the studied area to multiple brain regions by increasing the surface or volume
2 iScience 26, 105866, January 20, 2023
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probed by the recording device. m-ECoG arrays have the potential for both large coverage and high-den-

sity interrogation of neural networks with high temporal resolution. Technological advances in flexible and

transparent materials make m-ECoG arrays appealing candidates to be combined with complementary op-

tical techniques, therefore providing unprecedentedmethods to study large brain circuits.18–20 The second

section of the review focuses on these large-scale multimodal interfaces combining optical methods and

m-ECoG technologies. In particular, challenges of conducting chronically stable optogenetics experiments

in large animal models will be discussed, as well as the combination of this powerful stimulation technique

with other optical imaging techniques. Finally, we will discuss challenges and ethical considerations of con-

ducting such advanced neuroscience experiments in large animal models.
Interfaces with electrical modalities

Among the different types of electrophysiological monitoring devices, ECoG arrays are a popular choice in

neuroscience due to the optimal compromise between invasiveness and resolution. Additionally, ECoG ar-

rays can be fabricated in various sizes, which can be scaled up to cover large areas of the brain. Recently,

advances in electrode fabrication have led the evolution from ECoG to m-ECoG. Traditional ECoG devices

are characterized by spanning large areas of the brain, having low channel count with large electrodes

separated by mm scale distances. The clinically available ECoG arrays have electrodes with diameters

greater than 1 mm.5 m-ECoG devices; on the other hand, they have orders of magnitude smaller electrodes

(10 to hundreds of mm) that can be densely packed together. The coverage area is usually smaller in m-ECoG

arrays in comparison to ECoGs. Compared to EEG devices that are placed over the scalp, ECoG arrays are

placed beneath the skull via craniotomy. ECoGs can be either placed directly on the surface of the brain

(subdural) by removing the native dura, or placed directly on top of the native dura (epidural). The direct

contact of ECoG arrays with the surface of the brain can lead to tissue damage and a foreign body

response, compromising the quality of the signal recording. To address this issue, soft substrates, such

as elastomers, can minimize brain damage and enable chronic long-term application of the ECoG arrays.

Having direct exposure to the surface of the brain, however, provides higher temporal and spatial resolu-

tion and the ability to record additional types of neural signals. Similar to EEGs, broadband signals at the

low frequency range (0–400 Hz), known as local field potentials (LFPs), can be recorded, albeit with higher

signal strength compared to EEGs. More importantly, because of the close proximity of ECoG electrodes

to the brain, the signal-to-noise ratio is higher and higher frequency signals can also be detected. For

ECoG recordings, the amplitudes of the spectral frequency components of the neural signals follow the

power law (of LFP), which states that the amplitude of the signal decays by a 1/fa factor, where f is the

frequency of the signal and a is a fitting parameter.21 Despite the lower amplitude content in higher fre-

quencies, high gamma signals can be recorded by m-ECoG arrays and even spikes have been reported

with an electrode size of �10 mm (neurogrid).6 In order to record spikes and LFPs, the size of the electrode

must be optimized. Ideally, an electrode would be as small as the cell body of a neuron (<10 mm) to achieve

single cell detection, but the high impedance associated with such a small electrode will limit the signal-to-

noise ratio of the recording. Hence, the size of the electrode must be optimized to achieve a high enough

signal-to-noise ratio, while at the same time maintain a high spatial resolution. Additionally, one might

think that a higher spatial density in a m-ECoG would yield to more detailed information about the under-

lying neural activity. This is not necessarily the case as nearby electrodes in a very dense array might record

from the same cluster of neurons. The optimal density of electrodes in a m-ECoG electrode array interface is

not yet investigated systematically. In NHPs, m-ECoG electrode arrays have been designed with electrode

pitch sizes of 250 mm to thousands of mm. Finally, as mentioned earlier, in many practical cases, it is highly

desired that the m-ECoG electrode array be transparent such that the brain tissue can be imaged through

the array using optical methods. This enables monitoring of tissue health, global functional imaging of neu-

ral activity, and compatibility with optogenetic techniques for neural modulation. In summary, to achieve

the desired features of a transparent high-density, large-coverage chronic surface neural interface, the

design parameters such as the substrate material, the number, size, density, and material of electrodes,

transparency of the array and area of coverage must be optimized. In this section, we review the state of

the art in surface electrode array device design, highlighting recent innovations in enhancing functionality

and improving scalability. We discuss the challenges of scaling up the size and the number of electrodes to

cover large regions of the brain in large animal models and the requirements for translation to humans.

Toward large-scale high-density recording

It is highly desired to design surface neural interfaces with high number of channels in a high-density

arrangement. The specific design of the recording electrodes (size, placement, and coverage) depends
iScience 26, 105866, January 20, 2023 3
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on the application. The number of electrodes in an array is usually chosen to be a power of 2 (16, 32, 64, 128,

etc.) to be compatible with the back-end electronics. In devices with lower channel count, the signals re-

corded from individual electrodes can be routed from the detection site to the back-end electronics

through dedicated interconnect traces. However, using individual interconnect wires for every electrode

represents a great challenge in scalability and in many cases, it is the bottleneck for increasing the density

of electrodes. Only a few selections of advanced devices with higher complexity have been demonstrated

to work in NHPs with thousands of electrodes,22,23 (Figure 2). In their work, Chiang et al.22 developed an

actively multiplexed array of NMOS transistors, the ‘‘Neural Matrix’’, for readout across 1008 channels

(28 columns, 36 rows) (Figures 2A–2C). Kaiju et al.23 obtained an array of 1152 electrodes by integrating

nine 128-channel arrays together (Figures 2D–2F). A third study used microscale transfer printing tech-

niques to assemble tens of thousands (>32000) of active components (Si-nanomembrane (Si-NM) transis-

tors and inorganic light-emitting diodes) across polymer substrates with areas that could cover a full human

brain (150 cm2).24 While this approach shows the high potential of wafer-level fabrication for scalability and

high channel count, it has not been demonstrated in vivo yet. A wide range of electrode sizes ranging from

tens of microns to a few hundreds of microns with applications in NHPs have been demonstrated in liter-

ature and are summarized in (Table 1). Overall, larger electrodes are commonly used to record high fidelity

signals in the lower frequency range. Smaller electrodes (<100 mm2), on the other hand, can potentially

enable recording of single unit activity from the surface of the brain, while at the same time, enabling

high-density electrode arrangements with small inter-electrode spacings.6,25

Another parameter of interest is the density of electrodes. While recent studies by Yazdan-Shahmorad

et al.28 and others34 have measured distinct signals using a �400 mm pitch for the recording sites, the op-

timum pitch to minimize redundancy while maximizing neural recording information is not yet determined.

Over the last decade, there has been significant development in increasing the number of channels and

channel density and the electrode coverage area of m-ECoG arrays. Importance of high-density electrodes

for electrocorticographic recording has been studied and validated both theoretically and experimentally.

In particular, higher frequency components of neural signals in human brain have been shown to demon-

strate spatial variation in sub-millimeter scale which necessitates the use of dense m-ECoG arrays.35

Moreover, it has been shown that densely distributed small electrodes can enable detection of abnormal

high-frequency oscillations, which is a potential indicator of epileptic seizure foci.36,37 Use of higher density

arrays in macaque brain has also revealed significant improvement in spatial resolution and signal ampli-

tude. A recent study highlighted the advantages of higher density arrays, showing that a 1152-channel array

couldmore finely map the somatosensory areas in the digit representation of macaquemonkeys compared

to a standard 128-channel array23 (Figures 2D and 2E). While the recent advancements in microfabrication

based on high-resolution lithography can be leveraged to implement densely packed microelectrode ar-

rays, there are some challenges to achieve large cortical coverage, while retaining high channel density.

The inevitably large channel count of the device poses some difficulty in packaging, interfering with the

recording circuitry and online analysis of data. As a result, simultaneous acquisition of data requires mul-

tiple connectors and amplifiers or highly customized application-specific components. To simplify the

connection of passive m-ECoG arrays to connectors and recording amplifiers, multiple smaller sub-arrays

are often overlaid to achieve high channel count and large sampling area23,32 (Figure 2F). Another

approach to circumvent the challenge of interfacing large numbers of wires from high-channel count

m-ECoG is through multiplexing. On-device multiplexers and amplifier circuits enable transmission of neu-

ral signals from a large number of electrodes with a small number of wires. Such devices with high-density

active electrode arrays have been implemented by using thin-film transistor technology on flexible sub-

strates and validated in rodents,38 or with flexible silicon transistor technology and validated in monkeys22

(Figure 2A).

Electrode and substrate material: Toward stability and multifunctionality

A large variety of materials can be employed to implement recording electrodes in m-ECoG arrays. The

choice of electrode material is usually dictated by the intended application. Particular electrode materials

might be preferred based on the frequency bandwidth of interest, the timescale of the experiment (acute

versus chronic), the need for electrical stimulation, or optical access for optical stimulation or imaging.

Platinum (Pt) and Gold (Au) are widely used in intracortical and surface electrode arrays because of their

stability and biocompatibility in neural tissue. However, Pt or Au electrodes with small surface area have

large electrochemical impedances that lower the signal-to-noise ratio of recording and have limited
4 iScience 26, 105866, January 20, 2023



Figure 2. Nonhuman primate m-ECoG arrays: large scale, high density, high channel count systems

(A) The Neural Matrix: a 1008-ch multiplexed array. Inset: Each electrode is connected to a unit cell consisting of two

flexible silicon transistors. Scale bar: 100 mm.

(B) Schematic representation of the electrode array placement on the cortical surface. The circle represents the full

implant area; the shaded orange area denotes the region of electrode contacts. The recording area spans premotor,

primary motor, and primary sensory cortices. ArcS, arcuate sulcus; CS, central sulcus; IPS, intraparietal sulcus; PMd, dorsal

premotor cortex; M1, primary motor cortex; S1, primary sensory cortex.

(C) The neural matrix array and its interconnect cables packaged in an artificial dura for subdural implantation.

(D) Intraoperative views of 1152- (top) and 128- (bottom) channel arrays placed on the cortical surface. For both arrays, the

yellow squares indicate the approximate measurement areas. (CS); central sulcus, IPS; intraparietal sulcus.

(E) Somatotopic mapping of digit representation area based on high gamma activity measurements of the somatosensory

evoked potentials (SEP) with the 1152-ch array (up) and 128-ch array (down). D1 (red): thumb digit, D2 (green): index digit,

D3 (blue): middle digit, D4 (yellow): ring digit, D5 (magenta): little digit.

(F) Configuration diagram (top) and photograph (bottom) showing the stacking strategy used to obtain the 1152-ch array

by stacking nine 128-ch arrays and their recording units. Panels reproduced with permission from: (A–C,22 D–F23).
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current injection capacity for electrical stimulation. Different coating materials are utilized to modify the

electrode surface to reduce the impedance while keeping the geometric surface small. Electrodeposition

of conductive polymers such as PEDOT:PSS or PEDOT:CNT is shown to improve the charge transfer capac-

ity and reduce the electrochemical impedance in m-ECoG arrays in rodents.39,40 In recent years, wafer-scale

high-throughput processes of such surface modifications have been developed for integrating

PEDOT:PSS,41 MXene,42 porous Pt,43 and glassy carbon.44,45
iScience 26, 105866, January 20, 2023 5



Table 1. NHPs m-ECoG array features

Study Year # channels

Electrode

size (3103 mm2)

Spacing

(mm)

Density

(electrode/

mm2)

Substrate

material &

total thickness

array

Electrode

material

Total

coverage

(mm2) Region covered

Additional

modalities

Rubehn et al.,26 2009 252 785.4 (1000 mm ø) 2000–3000 0.12 Polyimide 14 mm Pt 2100 motor, sensory and

visual cortices

Electrical

stimulation

Thongpang et al.,27 2011 32 70.69 (300 mm ø) 1000 0.88 Polyimide 24 mm Cr/Au/Pt 36 Somatosensory and

motor cortices

–

Yazdan-Shahmorad

et al.,28
2016 192 (2 3 96) 5.03 (80 mm ø) 600 1 Parylene C 12 mm Pt/Au/Pt 192 Somatosensory and

motor cortices

Optogenetic

modulation

Kaiju et al.,29 2017 96 122.5 (350 3 350) 700 2.04 Parylene C 20 mm Au 47 Somatosensory

cortex

–

Komatsu et al.,30 2017 64 282.74 (600 mm ø) 1400 0.032 Polyimide/Cu 56 mm Cu/Ni/Au �2000 Frontal, parietal,

occipital and

temporal cortices

Optogenetic

modulation

Miyakawa et al.,31 2018 60 10 (100 3 100) 1200 0.41 Parylene C 20 mm Au 144 Inferior temporal

cortex (ITC)

Penetrating

electrodes

Chiang et al.,32 2020 294 (3 3 98) 41.19 (229 mm ø) 610 2.6 Polyimide 31 mm +

PDMS molding

(100 mm)

Cr/Au 114.4 Prefrontal cortex –

Chiang et al.,22 2020 1008 18 (100 3 180) 250–330 12.12 Polyimide/SiO2/

PDMS 45.5 mm

Si transistors

(MOSFETs) +

t-SiO2

83.16 Premotor, primary

motor and somatosensory

cortices

–

Griggs et al.,33 2021 32 196.35

500 mm ø

2000 0.25 ‘‘Medical grade

polymer’’

Pt 126 Somatosensory and

motor cortices

Electrical

stimulation/

imaging (OCTA)

Kaiju et al.,23 2021 128 90 (300 3 300) 1000 1 Parylene C

20 mm

Au 128 Somatosensory cortex –

1152 (9 3 128) 2.5 (50 3 50) 295 11.75 Parylene C

20 mm

Au + Pt black 98 Somatosensory cortex –
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For applications requiring optical access for stimulation or imaging, Pt and Au are not suitable due to their

opacity in the wavelength range of interest. To allow optical access through the m-ECoG array, Pt and Au

wires need to be narrow and sparsely distributed. Yazdan-Shahmorad et al. have demonstrated optoge-

netic stimulation through m-ECoG arrays simultaneously with electrical recording.28 This was enabled by

routing the opaque Pt-Au-Pt traces and distributing electrodes in a special way to facilitate optical access

throughmore than 90% of the device area. To achieve even higher channel density while maintaining trans-

parency through the electrodes, different optically transparent and electrically conductive materials can be

used as the electrode material. Ultraflexible m-ECoG devices based on indium tin oxide (ITO) electrodes

have been reported for optogenetic stimulation in rodents.46–48 However, given the lower conductivity

of ITO and its brittleness, it has only been used for realizing transparent electrodes but the traces are

made of conductive metals.46 Kwon et al. have demonstrated in vivo optogenetic experiments in rodents

using transparent m-ECoG arrays with ITO electrodes and integrated m-LEDs.49 Graphene is also utilized as

a transparent electrode material to realize m-ECoG arrays.50 Park et al. have reported graphene-based

m-ECoG devices for simultaneous electrical recording, optogenetic stimulation, fluorescence microscopy,

and 3D coherence tomography in rodents.11

Apart from its use as a transparent conductive electrode material for passive m-ECoG array, graphene is

also used for implementing field-effect-based active sensor arrays. In rats, graphene solution-gated field

effect transistors (g-SGFETs) have been demonstrated to record infra-slow brain activity with high resolu-

tion which is not feasible with passive microelectrode arrays.51,52 Apart from graphene, another carbon-

based material known as carbon nanotube (CNT) has been used in m-ECoG arrays. CNT and PDMS-based

transparent stretchable electrode arrays have also been demonstrated for simultaneous electrical

recording and optogenetic stimulation in rodents.53 To leverage its phenomenal insulation property, all-

silicon carbide (SiC) m-ECoG arrays have been implemented for rodents. In such devices, the electrodes

are made of doped polycrystalline SiC, which is conductive, while the insulation is composed of amorphous

SiC. The seamless integration of conducting and insulating SiC layers can potentially enable extremely

long-lasting device performance.54

It has been shown that glial cells in the brain are activated when there exists a mechanical mismatch be-

tween a foreign body and brain tissue.55 In such cases, tissue growth is experienced around the implantable

neural device causing the optical and electrical functionalities of the device to fail. This mode of failure is

known as encapsulation failure and has been mostly observed and thoroughly described in chronically im-

planted penetrating probes. Due to their minimally invasive nature, it is generally assumed that surface ar-

rays do not elicit such a problematic biological response, though fewer studies have been conducted on

that matter. In typical dedicated studies, minimal tissue inflammation and encapsulation by collagenous

scar tissue have been observed on arrays implanted subdurally in rats56 and NHPs.57 Another study has

shown that the distribution of the tissue growth could differ depending on the array geometry after chronic

implantation of m-ECoG arrays in rat cortice.58 This same group has also observed vascular growth around

the devices.59 Histological analysis revealed a thickening of the dura mater below the implant but no sig-

nificant inflammation or glial activation after chronic implantation of an ECoG array in the cortex of a

sheep.60 To avoid encapsulation andminimize tissue response, the trend in surface array fabrication follows

two common routes: use highly flexible (soft) polymer-based substrates, or adapt the array geometry, usu-

ally with ultrathin film dimensions. The goal is to obtain neural devices with similar mechanical properties to

the brain tissue and maximum conformality to avoid encapsulation of the device by the brain tissue growth

and achieve chronic application. The mechanical properties of the device depend on the bulk material

properties as well as the geometry of the device. For example, the mechanical stiffness that characterizes

the compliance of the device depends on the Young’s modulus as well as the dimensions of the implant-

able device. Polydimethylsiloxane (PDMS) has a low Young’s modulus (i.e. 1–3 MPa) among biocompatible

polymers. This polymer has been used as a passive optical access port to the brain28,61 due to its mechan-

ical flexibility and optical transparency at the wavelengths of interest (400–700 nm). Fabricating electrodes

on PDMS, however, remains a challenge due to its low surface energy, making it incompatible with tradi-

tional microfabrication techniques. In addition, its poor insulation requires additional materials in ultrathin

platforms. Despite these challenges, PDMS-based neural devices have been demonstrated for neural inter-

facing in rodents due to the recent advancements in microfabrication techniques to define electrodes and

interconnects on PDMS12 and increase the electrode density.62 Some of these designs and microfabrica-

tion concepts can also be translated to designing devices for NHPs. Another polymer for microfabrication

is Parylene C, a transparent polymer that can be deposited using a standard chemical vapor deposition
iScience 26, 105866, January 20, 2023 7
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process with control over the deposition thickness. Parylene C provides better insulation capabilities than

PDMS and has been used as the substrate in several designs of neural interfaces, including high-density

m-ECoG arrays for rodents and NHPs.23,47 The Young’s modulus of Parylene C (4 GPa), however, is

about three orders of magnitude larger than that of PDMS. Implementation of ultrathin films have

alleviated this issue and demonstrated chronic stability in rats.6 The third most common polymer used

as a substrate is polyimide. Polyimide is compatible with commonly used fabrication processes and

exhibits a high level of resistance to mechanical failure with cracks and stress. Similar to Parylene C,

high-density neural probes with high electrode counts have been demonstrated in polyimide.63 The

Young’s modulus of polyimide is higher than Parylene C, rendering the devices made of polyimide stiffer

compared to the devices of the same dimensions made of Parylene C or PDMS. The main drawback of

polyimide is its lack of optical transparency, preventing optical access to the neural tissue when used as

the substrate for m-ECoG arrays.

Devices discussed in this section have led to promising results in each area (transparency, mechanical

compliance, scalability, and electrode density) but the design and fabrication of a device that incorporates

all of these features remains challenging. In addition, for any device used to collect neural activity, specific

neural data analysis methods must be devised, e.g., for spike sorting and feature extraction.64 When the

size of the recorded data is increased by dramatically increasing the number of recording channels or

coverage, handling and analyzing such large amounts of data becomes challenging. Despite the compu-

tational challenges, the combination of the hardware level features discussed in this section will result in a

m-ECoG device that could record brain activity with high density across entire neural networks with poten-

tially a single unit6 and LFP oscillation-level resolution, simultaneously. Effective application of these

powerful surface neural interfaces calls for the development of next-generation neural signal processing

methods hand in hand with the advancements in the hardware design.
Interfaces with optical modalities

Optogenetic modulation

Although electrical stimulation has been widely used in bidirectional electric interfaces, it has limitations in

terms of specificity and spatial resolution for modulating neural circuits. With the advent of optogenetics

for neural stimulation,8 new possibilities were enabled for precise and selective neuromodulation. Opto-

genetics is a neuromodulation technique based on the expression of microbial opsins which, when illumi-

nated, modulate electrical activity in genetically targeted neurons. Once these light-sensitive proteins are

expressed in the cell type of interest, the activity can be increased or suppressed with millisecond temporal

precision by exposing the cell to light of appropriate wavelength. Optogenetics provides a unique combi-

nation of features including cell type specificity and the capacity for both excitation and inhibition of neural

activity with millisecond temporal precision. It also has the potential for simultaneous interrogation of mul-

tiple brain areas without electrical artifacts, commonly observed in electrical stimulation techniques.

Together, these features combine to a powerful experimental tool to study and understand how cell types,

circuits, and systems operate both under normal and pathological states.

Optogenetics has been widely used in rodents to provide insights about the neural basis of behavior, phys-

iology, or pathology.65,66 However, small animal brains differ from primates limiting direct translation of

discoveries gained from these experiments. In NHPs, optogenetics was first used to activate neurons in

the primary motor cortex.67,68 Several following studies showed that optogenetics could also be used in

NHPs to link neural activity and behavior,69–71 induce targeted plasticity in the cortex,72 or bring new in-

sights about different brain functions such as processing sensations73 and mediating movement.74

Although some rodent-specific techniques have been successfully implemented in NHPs, more develop-

ments and improvements on many different aspects are still needed for more effective and widespread

optogenetic studies in NHPs.75 First, the large size of their brain compared to that of rodents requires ex-

pressing opsins in larger volume of tissue in NHPs, thus necessitating adapted vector delivery techniques.

Illuminating the large expressed area is a second challenge that requires more advanced light delivery

technologies. Finally, maintaining a stable chronic optical access to large brain areas is critical for long-

term optical manipulation of cortical circuits and successful functional readout coupling. These challenges

are particularly relevant for optogenetic manipulation of surface cortical networks and will be discussed in

the following sections. Additionally, the genetic modification and the chronic maintenance of the optical

windows to these large brain areas are challenges that also apply to several optical imagingmethods which

are the focus of the last section.
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Figure 3. Genetic modification of large brain areas: convection enhanced delivery (CED) of optogenetics viral

vector in NHPs

(A and B) Cortical injection. (A) Top, baseline coronal magnetic resonance (MR) image before the cortical injection of the

viral vector. Bottom, spread of the virus co-infused with a contrast agent for the sameMR coronal slice as in the top panel.

(B) Left, epifluorescence image 3 months post infusion showing large areas of expression across somatosensory and

motor cortices of a macaque. Right: epifluorescence image thresholded revealing an estimated surface area of

expression of 130 mm2. White dots indicate injection sites.

(C and D) Thalamic injection. (C) Coronal sections of real-time MR images showing the distribution volume of the viral

vector co-infused with a contrast agent before (top), and 75 min after (bottom) the thalamic infusion. (D) Top, surface

epifluorescent image showing the expression of the virus in the cortical areas eight weeks after the thalamic infusion.

Bottom, coronal tissue sections from approximately the same sites shown with dashed lines in the top panel. YFP staining

shows expression patterns consistent with the epifluorescence images in top panel. Panels reproduced with permission

from: (A, B,28 C, and D81).
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Genetic modification of large brain areas. Optogenetics requires genetic modification of the targeted

brain regions through the delivery of viral vectors. A key question to consider, however, is how these solu-

tion-based agents will be spread throughout large neural regions. Traditional interstitial delivery relies on

diffusion from the tip of a cannula or needle inserted into the tissue, and the spread of this method is

limited to volumes far smaller than the neural regions desired for large brains. To fill this technological

gap, convection enhanced delivery (CED), a pressure-based approach of infusing solutions throughout

large regions of the brain has been developed and utilized. In comparison with the traditional diffusion-

based approach, CED achieves even distribution76 and is roughly an order of magnitude faster than diffu-

sion making it practical for MRI-guided techniques.28,77–79 Additionally, CED covers roughly an order of

magnitude more tissue than diffusion while reducing the number of injection sites. CED has been used

to generate widespread genetic80 and in several cases optogenetic expression in both cortical28 (covering

as much as 2 cm2, Figures 3A and 3B) and deep structures of NHP brains81 (Figures 3C and 3D). Importantly,

CED in the thalamus has been shown to indirectly transduce even larger cortical areas than cortical CED

due to thalamocortical and corticothalamic projections, albeit with reduced cortical expression density

and heterogeneity among cortical layers in comparison with cortical CED81 (Figure 3D). Of note, both of

these drawbacks could be considered beneficial depending on the experimental design. Furthermore,

CED has been tested both in NHPs and in humans, making it a suitable tool for genetic modification of

large brains and potentially for clinical applications.82

Techniques for light delivery. Once the opsin of interest has been expressed in the desired brain area,

different light delivery methods can be used for spatially controlled optogenetic stimulation. Using laser

sources is a common option as they have a narrow spectral width that can deliver a coherent, high-intensity

light at the peak activation wavelength of the opsin of interest. The low divergence of the emitted laser
iScience 26, 105866, January 20, 2023 9



Figure 4. Strategies for large-scale surface optogenetic in NHPs

(A–C) Laser stimulation with simultaneous ECoG recording via an optical window and transparent arrays. (A) A silicone artificial dura (top) is placed in a

titanium chronic chamber (bottom) as a replacement of the native dura to provide long-term optical access to motor and sensory cortices after infusion of an

optogenetic viral vector. (B) 96-ch m-ECoG array (left), two 96-ch arrays spanningmotor and sensory cortices (middle), fiber optic delivering laser-pulsed light

for combined optical stimulation and large-scale recording (right). (C) Example of m-ECoG traces recorded during pulsed optical stimulation (blue ticks) from

electrodes of the motor cortex (M1) (red) and from the somatosensory cortex (S1) (green) close to the respective stimulation sites shown in the top left inset.

The pseudocolor map on the bottom left inset shows the spatial distribution of the high-gamma energy of evoked responses across the array for the M1

stimulation.

(D) High-density implantable LED arrays ‘‘Opto-Array’’ equipped with a thermal sensor (top) and chronically implanted over a macaque’s primary visual

cortex V1 (bottom).

(E and F) LED stimulation with simultaneous ECoG recording with opaque arrays. (E) 64-ch m-ECoG array (yellow) and complementary shaped 8-sites LED

array (red) (top) implanted on the cortical surface of a macaque monkey (bottom). (F) Top: Schematic representation of the locations of LEDs (numbered
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Figure 4. Continued

squares), electrodes (black dots), and virus injection sites (open green circles). Bottom: example of traces recorded during photostimulation. Blue and

red lines show the average waveforms of responses to LED5 in the injection area (blue square) and to LED1 in an area that was not injected (red square),

respectively. Panels reproduced with permission from: (A–C,28 D,88 E, and F).30
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beam makes them suitable for effective coupling to optical fibers. For in vivo optogenetic experiments,

light can be directly delivered to the region of interest through fiber optics inserted into the brain. Fi-

ber-coupled lasers were used for the first optogenetic demonstration in both rodents83 and NHPs.67

This method is commonly used and well established for targeting deep regions of the brain. To modulate

relevant neural population adapted to their brain size, the volume of tissue to be illuminated in primates is

greater than that of rodents. Optic fibers with a tapered end84 or probes combining multiple fibers have

been used to increase the illumination volume in deep regions.85 Additionally, a fiber-coupled laser can

be used to deliver light to superficial cortical areas, where no tissue penetration is required. This option

has been successfully implemented in NHPs28 (Figures 4A–4C). The fiber-coupled lasers for optogenetic

manipulation of large areas in the brain are mainly limited by the number of simultaneous stimulation sites,

and the bulky equipment and the large size of the fibers.86 An appealing alternative to provide patterned

stimulation modulating the activity of large areas is through LED arrays. LEDs are easy to handle and inte-

grate as they are inexpensive and accessible. They come in a wide range of wavelengths and can be readily

modulated at the intensity or frequency required without complex control electronics. LEDs can be

coupled to multimode fiber optic waveguides. However, due to their highly divergent illumination profile,

they have a very low coupling efficiency (�1%) that requires high-power LEDs to get a sufficient enough

output power to activate the opsin of interest. Arrays comprising small LEDs are a promising alternative

to optical fiber coupling as they can be directly implanted in or on the neural tissue and have the potential

to illuminate large cortical areas. A recent example illustrates this possibility of use in NHPs.87 In this study,

Ohta et al. measured dopamine release via microdialysis in the prefrontal cortex following LED acute stim-

ulation of either the prefrontal cortex (surface planar LED array) or the ventral tegmental area (linear pene-

trating array composed of 3 aligned LEDs) in adult male Japanese macaques. The surface LED array con-

sisted of six rows of eight LEDs with dimensions of 9 3 6.5 mm. A second example showed behavioral

perturbation during a luminance discrimination task following stimulation of the V1 area of a rhesus ma-

caque. The LED array consisted of a 5-by-5 grid of 1-mm spaced LEDs and was chronically implanted

over the cortical tissue88 (Figure 4D). These examples illustrate the potential of LED arrays for wide-field

optogenetics, as the planar matrix arrangement of multiple LEDs allows for simultaneous perturbation

of large surface cortical regions. Another advantage of this array configuration is the controlled illumination

of individual LEDs, or of patterns of multiple LEDs, that enables more focused perturbation of specifically

targeted millimeter-scale regions. The spatial selectivity of LED can be limited by their highly divergent

beam profile though making it less appealing for studies looking for cellular resolution optogenetics.

Efforts to overcome this limitation include the development of smaller LEDs,89,90 but remain to be demon-

strated in vivo in NHPs.

Another challenge critical for directly implanted LEDs is heat management. A cortical temperature increase

of 4�C can cause tissue damage and a temperature increase as low as 2�C in neural tissue can lead to sig-

nificant physiological or behavioral effects.91 To avoid unwanted effects, it is common practice to limit tem-

perature increase of cortical tissue to 1�C.92 While tissue heating is a consideration for any optogenetic

light delivery platform, LED circuits heat up during operation, creating an additional source of temperature

increase when placed at the surface of the brain. The most commonmethod of heat management is to limit

the intensity, operating time, or optical pulse length during optogenetic experiments. Thermal modeling

of m-LED arrays has shown that substrate material also influences the surface temperature of the arrays. Ac-

cording to these models, choosing a substrate with a lower thermal diffusivity can contribute to a lower sur-

face temperature.93,94 Adding a heat sink to the back of an LED array is an effective method of directing

heat away from the LED array surface. Unfortunately, traditional metal heatsinks with long fins protruding

away from the LED array can be challenging to incorporate into a neural interface. A potential alternative is

to fabricate microstructures of a similar shape into the back of the array substrate.95 The LED array temper-

ature can be monitored using methods such as on-array thermal sensors,88 (Figure 4D) thermocouple

probes,87 or thermal imagers.49,63,96,97

Optogenetics modulation with simultaneous ECoG readout. Combined with m-ECoG arrays for

simultaneous electrical readout, optogenetics is potentially an ideal technique for bidirectional neural inter-

facing, allowing for the real-time closed-loop control of neural circuits. The great advantage of closed-loop
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interaction with neural circuits is the ability to deliver activity-dependent stimulation based on neural

readout. O’Doherty et al.98 have demonstrated a closed-loop brain-machine-brain interface in NHPs that

controls the reaching movements of an actuator and induces artificial sensory feedback to evoke discrimi-

nable perceptions based on intracortical electrical recording and stimulation. In patients with epilepsy with

the FDA-approvedRNS�NeuroPace system, ECoGelectrodes are used to record signals near seizure focus

or foci and to electrically stimulate the targeted brain region when physician-specific patterns, such as sei-

zures, are detected.99 In both examples, electrical stimulation was used as the feedback mechanism as the

same electrode can be used for recording and stimulation. Electrical stimulation however has associated

challenges with temporal resolution and spatial specificity.100 The use of optogenetics for neural modula-

tion, combined with electrodes for neural recording, can mitigate the challenges associated with electrical

stimulation. As mentioned in the introduction, different types of multimodal interfaces that can be used for

closed-loop experiments have been demonstrated in rodents. What is more unique to m-ECoG devices is

the large area coverage and ability to record from the entire network to inform closed-loop patterned stim-

ulation. The first in vivo optogenetic study combined with m-ECoG recording was demonstrated in mice by

Richner et al. in 2014.34 In this study, cranial windowing, a surgical technique in which the skull is replaced

with a small piece of cover glass was used to provide optical access to the region of interest. Cranial slits

and reinforced thinned-skull windows have also been utilized as an alternative for cranial windowing tech-

niques in rodents.101,102 In vivo experiments in NHPs require m-ECoG arrays to cover much larger surface

areas. Therefore, optogenetic studies combined with m-ECoG recording in NHPs have transitioned from

a glass coverslip cranial window to a flexible and transparent silicone artificial dura that matches the curva-

ture of large brain areas28,47,86 (Figures 3A–3C). In this study, a transparent artificial dura was used as a

replacement of the native dura to protect the brain and provide a large window of optical access. For acute

experiments, the artificial dura is removed and a transparent m-ECoG array is placed to record electrical ac-

tivity during optogenetic stimulation. In this study, fiber-coupled laser is used to deliver light to the surface

of the brain, and the m-ECoG array is made with a transparent substrate to allow light to pass through with

minimal attenuation. Similar strategies using transparent m-ECoG but LED arrays instead of fiber-coupled

lasers as the source of light have also been successfully implemented in rodents49,96,103 and recently in

NHPs.104,105 A different strategy validated both in rodents63 and NHPs30 consists of using LEDs and

m-ECoG as two separate arrays with complementary shapes such that both can sit on the cortical surface

without overlapping with each other (Figures 4E and 4F). Except for that isolated case where the ECoG array

does not need to be transparent, a key challenge that most multimodal devices face is chronically maintain-

ing the ECoG array performance and optical access to the brain for optogenetic manipulation or other op-

tical techniques over time frames relevant to neuroscience studies, i.e., months, or ideally years.

Transparent artificial dura has been utilized since 2000 to create stable optical windows to the NHP cortex

providing optical access for durations on the order of months, albeit without simultaneous ECoG record-

ings.61,106–114 Artificial dura is typically protected by a cranial chamber (e.g.,28). In recent years, Yazdan-

Shamorad et al. tested methods of combining the artificial dura with m-ECoG arrays,28,86 but struggled

to achieve the same levels of stability achieved by ECoG-free setups. Attempts to place m-ECoG arrays be-

tween the brain tissue and the artificial dura resulted in opaque tissue growth over the array, thus compro-

mising the optical access after about 2–3 weeks.86 An alternative approach where the artificial dura was

temporarily explanted and the m-ECoG array temporarily implanted for each experimental recording ses-

sion resulted in accelerated tissue growth on the surface of the brain and obscured optical access after

about 4 weeks.28 In order to improve optical stability of ECoG technologies via device design, one poten-

tial avenue is to mold electrode arrays into the optical window of a traditional silicone artificial dura. Work

using this approach has been recently demonstrated both acutely33,78 and chronically.104 In these studies,

an ECoG array with electrodes made of conductive platinum particles dispersed in a transparent flexible

polymer is directly molded in a silicone artificial dura.

In addition to device design, other factors can also contribute to enabling the prolonged optical access,

such as the application of antibiotics to reduce the likelihood of infection, which is another important factor

in chamber stability and may be correlated with optical access in some cases. For example, Shtoyerman

et al. have reported that agar slows tissue regrowth106 and that antibiotics can bemixed with agar to inhibit

infection.61,109 Roe et al. reported a protocol with routine antibiotic use which likely contributed to prevent-

ing both infection and excessive tissue growth.110,113 Collectively, these data suggest that artificial dura

and chamber maintenance protocols are important to consider where long-term experimental stability is

concerned, regardless of device design.
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Imaging techniques

Optical access through these large-scale chambers enables imaging the anatomy and function of the brain.

Recent developments in genetically encoded tools and advanced microscopy methods have made optical

techniques to monitor neural functional activity and structure very popular over the past years in small an-

imal models such as insects or rodents. Translating these optical methods to behaving NHPs could lead to

unprecedented understanding of the primate brain as it has the potential to bridge the gap between neural

structure and function and provide complementary information to traditional electrophysiological moni-

toring. The cranial window technique using a large chronic chamber and a flexible transparent artificial

dura was a key breakthrough for their adoption in NHPs as it provides the necessary large-scale optical ac-

cess to the brain and the ability to accommodate the microscope objective lenses required for most imag-

ing methods. Calcium imaging, notably, enables to visualize the activity of hundreds of individual neurons

simultaneously using fluorescent calcium reporters such as dyes or genetically encoded calcium indicators

(GECIs). Changes in fluorescence indicate fluctuations in intracellular calcium, which is an indirect indicator

of neural activity.7 The use of GECIs allows us to target genetically or anatomically defined neurons and to

chronically record from the same population of neurons across multiple days. Calcium indicators may be

limited by their kinetics, generally too slow to resolve action potentials in vivo. Alternatively, fluorescent

voltage reporters can be used. Voltage-sensitive dyes or genetically encoded voltage indicators (GEVIs)

can be used as direct reporters of cell membrane potential providing an intrinsically better temporal res-

olution than calcium reporters.

The use of voltage sensitive dyes in an awake behaving monkey was first demonstrated through a cranial

window tomap the functional organization of the cortex.61,109 Voltage-sensitive dyes have been extensively

used in NHPs to study the primary visual cortex in behaving animals.115–117 Although GEVIs have success-

fully been used in vivo in insects118 and rodents,119 GEVIs generally result in signal-to-noise ratios that are

lower than those resulting from GECIs.120 Recently, significant work has been done to engineer novel var-

iants with improved signal-to-noise ratio and spectral separation between sensors and opsins,121 enabling

all-optical stimulation and interrogation of neurons in vivo, in rodents.122 Although optical imaging of

membrane potential is an appealing technology for high-resolution measurements of spiking and synaptic

activity in neuronal populations, their application in NHPs remains a challenge.80 Calcium reporters on the

other hand have successfully been used to precisely map the functional organization of macaque primary

visual cortex in acute settings.123,124 Additionally, GECIs have been widely used for long-term functional

imaging through large cranial windows. While single-cell resolution calcium signals have been obtained

with GECIs such as memTNXL,125 GCaMP-family is the most extensively used kind of calcium indicator.

Wide-field single-photon imaging has been successfully used to image GCaMP in the primary visual cortex

of awake macaques.112 GCaMP-based calcium imaging using two-photon microscopy is the most common

configuration and it has enabled functional imaging of various cortical regions including neocortex,126

somatosensory cortex,127 visual cortex,128 and motor cortex.129,130 Recent interest in motor cortex

imaging has been motivated by the promises of optical brain computer interfaces130 (Figures 5A–5C). In

this study, Trautmann et al. developed a dedicated chronic cranial chamber (Figure 5A) to accommodate

2P calcium imaging (Figure 5B) in combination with a structural imaging technique (Figure 5C). With this

system, they were able to image large populations of neurons in the motor cortex and successfully decode

movement from the dendritic signals they obtained. Another example combining multiple functional im-

aging techniques have been recently demonstrated.131 In that study, two-photon calcium imaging and

intrinsic optical signal imaging were consecutively used in the same subject to precisely define the tono-

topic map of the primary auditory cortex. These studies illustrate the potential of multi-technique optical

interfaces.

Functional imaging is also a powerful technique as a readout method to measure the evoked activity in

response to optogenetics manipulation of cortical circuits. One of the major challenges of this all-optical

interrogation concept is the overlapping absorption wavelength band (i.e. blue light) of GECIs and the

most commonly used opsin, ChR2. This challenge can be addressed with the use of red-shifted excitatory

opsins that allow better spectral separation between the excitation light used to image activity and the

stimulation light used to activate the opsin, thus reducing unwanted cross-talk stimulation.132 Optoge-

netic stimulation with simultaneous calcium imaging readout in the same optical window was first

demonstrated in 2014 in awake behaving mice using the red-shifted opsin C1V1 and GCaMP3 as the cal-

cium sensor.133 Other red-shifted opsins have been developed and implemented in rodents such as

ChRmine134 or bReaChES135 and researchers are actively engineering novel variants,136 contributing to
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Figure 5. Combined functional and structural imaging

(A) Schematic (left) and photography (right) of the imaging set-up used for structural and functional imaging: a titanium chamber and a silicone artificial dura

are chronically implanted to provide imaging access to a 12-mm diameter region of premotor and motor cortex using an objective lens.

(B) Widefield 1P image of microvasculature of the cortical area within the chamber. In this study, it was used to assess expression of genetically encoded

calcium reporter and to establish vasculature markers for navigating to specific sites of the cortex.

(C) Two-photon Ca2+ image showing single-cell resolution functional signals from motor cortex. Panels reproduced from.130
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make this all optical interrogation concept increasingly popular in rodents. In NHPs, while work by Sen-

gupta et al. had demonstrated the practical use of red-shifted opsins (ReaChR) in a macaque’s retina in

2016,137 it was not before 2018 that Ju et al. demonstrated two-photon calcium imaging with simulta-

neous optogenetic stimulation in the primary visual cortex (V1) of awake macaque monkeys, using

C1V1 and GCaMP5/GCaMP6138 (Figures 6A–6C). Before that, pioneer work by Ruiz et al. in 2013 had

shown combined optogenetics with both in vivo epifluorescence imaging and optical intrinsic signal

imaging.113

Despite the huge potential of functional imaging techniques as readout methods, significant challenges

remain for their widespread use, notably in terms of two-photon performances, image acquisition process

(motion of the brain relative to the objective lens that require stabilization techniques to limit artifacts,

longevity of optical access, etc.), as well as image analysis process (identifying neurons, spike detection

etc). The potential and challenges of functional imaging techniques such as voltage or calcium imaging

in NHPs have been more extensively discussed elsewhere.139

Another way to obtain valuable information about the brain with optical techniques is through vascular im-

aging which can provide both structural and hemodynamic information. Optical coherence tomography

angiography (OCTA), notably, is a non-invasive approach that can visualize blood vessels down to the

capillary level. While OCTA has been widely used for ophthalmology applications because of its successful

implementation in the retina, it has also been used in rodents to study traumatic brain injury, cerebral

stroke, and brain aging.140 In NHPs, OCTA has been used in stroke model studies to image large-scale

cortical vascular dynamics, confirming the location and size of induced ischemic lesions141–144 (Figure 7A).

OCTA imaging through a semi-transparent m-ECoG array has also been demonstrated, revealing blood

flow images obstructed only by the non-transparent electrodes and traces33 (Figure 7B). In this study,

the successful implementation of OCTA imaging in combination with electrophysiology recordings was

permitted by the transparency of the array, suggesting that these large-scale interfaces could incorporate

other optical techniques such as optogenetics and calcium imaging. This latest study and others described

earlier in this review demonstrate the great potential of combining multiple optical and/or electrical tech-

niques within the same large-scale interfaces. We believe that multifunctional neural interfaces combining

existing approaches will revolutionize our understanding of the NHP brain.
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Figure 6. Optogenetic stimulation with simultaneous functional imaging readout

(A) Two-photon image of neurons from the visual cortex (V1) expressing a genetically encoded calcium indicator

(GCaMP). The colored regions of interest (ROIs) indicate neurons that responded to both visual and optical stimuli in

panel (B and C), respectively.

(B) Top: a differential fluorescence image (stimulated (F) – baseline (F0)) driven by visual stimuli consisting of gratings

patches (inset). Bottom, calcium signals from 10 neurons (colors from panel (A)) in response to 9 varied visual stimuli

(presentation times in gray).

(C) Top, widefield optogenetic stimulation evoked responses in the same neurons. Bottom, 8 sequential identical

optogenetic stimulations evoked equivalent responses. Panels reproduced from.138
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CONCLUDING REMARKS

Neural interfaces with electrical and optical capabilities are powerful tools to study and understand the

mechanisms of brain functions. Developing such neural interfaces for NHPs is essential to bridge the

gap between state-of-the-art rodent studies and clinical applications.

In this work, we reviewed the latest development in electrical and optical interfaces for large-scale neural

activity recording and stimulation in NHPs, and we discussed the challenges of conducting such exper-

iments in these large animals. Some state-of-the-art materials and design strategies now commonly used

for rodent interfaces have been successfully implemented in NHP interfaces. Flexible polymers, for

example, proved effective for m-ECoG large surface coverage, revealing a good compliance with the

brain, and advances in CMOS fabrication technologies allowed significant improvement of the number

of recording and stimulation channels and electrode density. Further scaling up the number of recording

and modulation sites as well as the overall surface coverage is undoubtedly the trend in m-ECoG tech-

nology to achieve operation with high spatiotemporal resolution and cover multiple brain areas in large

brains. While multiplexing has proven to be a useful strategy to connect large numbers of electrodes,

innovations would still be required to improve the back-end electronics and connectors required for

high channel count recordings. Wireless transmission of data and power would allow for a fully implant-

able form factor and promise a great future for next-generation m-ECoG technologies. Surface m-ECoG

arrays used in tandem with optical stimulation and imaging techniques present a useful addition to the

neuroscience toolset and provide a great opportunity to dissect the functions of neural circuits with

different origins and at different scales. The development of partially optically clear arrays enabled simul-

taneous recording of cortical activity and neural stimulation via optogenetics. Functional imaging tech-

niques have also proven to be great candidates to be combined with optogenetics as readout methods

for all optical control and readout of cortical circuits, or with other imaging techniques providing com-

plementary structural or hemodynamic information such as OCTA. Combining these advanced optical

imaging modalities with optogenetics and electrical recording offers exciting opportunities to
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Figure 7. Combined large-scale ECoG recording and structural imaging

(A) In vivo optical coherence tomography (OCTA) images showing the microvasculature of the sensorimotor cortex of a macaque before (top) and 3 h after

(bottom) inducing a focal ischemic lesion (stroke).

(B) Grayscale picture of a m-ECoG array on the sensorimotor cortex of an NHP (left). Green box indicates the region imaged on the right panel. OCTA of the

cortex as imaged through the array (right). Panels reproduced with permission from (A141 and B33).
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interrogate and explore the relationship between electrophysiology, cellular metabolism, or vascular dy-

namics. We foresee that multifunctional neural interfaces combining multiple existing approaches could

revolutionize our understanding of the brain. Using advanced multimodal neural interfaces to study brain

in NHPs models that are close to humans from an evolutionary point of view and that can be trained to

perform cognitively sophisticated tasks could lead to new powerful ways to study and understand the

healthy and diseased nervous system. The growing set of neurotechnological tools available to NHP re-

searchers could drive the development of future rehabilitative therapies for stroke, traumatic brain injury,

and other neurological disorders.
PERSPECTIVE ON ETHICS CONSIDERATIONS: PROTECTIONS FOR NHPS AND

CHALLENGES OF TRANSLATIONAL NEUROSCIENCE

The arguably greatest potential benefit of large-scale optical and m-ECoG imaging and stimulation in NHPs

is the rapid expansion of neuroscientific knowledge that could translate to human models and drive the

development of restorative therapies. However, the invasive procedures required for chronic, real-time

recording and manipulation that would be useful for translation to human models raise logistical chal-

lenges for maintaining the wellbeing of nonhuman animals (NHAs) within studies.145 Progress toward

improved therapeutic practices in humans through research on NHP requires careful evaluation of the

treatment of NHPs (and other NHAs) within studies alongside the prospect of translating insights gained

from those studies to insights about human models.

Treatment of NHAs in neuroscientific research is guided in part by the ‘‘3Rs’’ framework originally proposed

by Russell and Burch.146 This framework calls on investigators to replace sentient animals with ‘‘less

sentient’’ animals whenever possible, reduce the number of animals used in studies, and refine study pro-

cedures to minimize the amount of distress animals experience. Several scientists have called for refine-

ments to how the 3Rs are implemented into neuroscientific practice, calling for greater accountability to

rationales for research, richer cultures of animal welfare, and more oversight from public institutions gov-

erning translational medicine.147 Others recommend that we add to three more ‘‘Rs’’ to the 3Rs framework,

arguing that researchers have ethical obligations to strive toward more robust study design, registration of

NHA studies for the sake of public and scientific scrutiny, and improved reporting of both positive and

negative results.148
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Studies using large-scale, chronic neural recording techniques must make the most of recorded data to

justify any actual or potential distress caused to NHAs during studies. The implementation of FAIR—find-

able, accessible, interoperable, and reproducible—practices for handling and distributing neurophysio-

logical data are an important necessity in this context. For example, data standards like NeurodataWithout

Borders149 as well as long-term repositories like the Distributed Archives for Neurophysiology Data Inte-

gration, OpenNeuro,150 and the PRIMatE Data Exchange151,152 would allow researchers to reuse data

from, increase the impact of, and reduce the number of NHP (and all NHA) studies.

Several ethical problems arise from the transition from animal models to human models. To translate

research using animal models to human models, investigators must design studies using close human

analogs, including NHPs. 3Rs-style guidance to replace NHPs with less sentient NHAs, however, stands

in tension with the goal of translating neuroscientific discoveries into therapeutic practices. This leads to

a justificatory dilemma: the use of NHPs (over other NHAs) on the basis of their similarity to humans stands

in tension with the intuition that humans deserve more moral consideration than NHPs.153 This tension is

eased by the prospect of using long-term or chronic recording techniques to produce more robust data

in rich experimental contexts with fewer NHPs (and other NHAs) required. However, the data scientific

practices that are well suited to making the most of NHP research will likely raise further ethical consider-

ations when applied to human subject research.154,155 Users of therapeutic and assistive devices resulting

from or enabled by large-scale neural recordings will likely face issues related to the impact of neurotech-

nology on agency, especially with respect to parsing out their responsibility for neurotech-assisted actions,

trusting their device to function in ways that line up with their interests, keeping their neural activity private,

and the impact of neurotech on their feelings of authentic self-hood.156 For instance, human participants

will likely have worries about harmful or spurious uses of their neural data and may want the option to re-

move their data from public repositories and future studies.
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