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Highlights:

e Electrical microstimulation to modulate neural activity has emerged as a critical tool in brain
research, neurotherapeutics, and bidirectional neuroprostheses.

* Recent successes in sensory, motor, auditory, visual, and cognitive neuroprostheses
demonstrate a need for more focal micro-neuromodulation technologies.

e Advances in electronics, optics, and magnetics are leading towards stable, high spatial-
resolution interfaces.

* Advances in neuroprosthetic technologies may one day enable single neuron, whole-brain
micro-neuromodulation.

Abstract:

Electrical stimulation technologies capable of modulating neural activity are well established for
neuroscientific research and neurotherapeutics. Recent micro-neuromodulation experimental results
continue to explain neural processing complexity and suggest the potential for assistive technologies
capable of restoring or repairing of basic function. Nonetheless, performance is dependent upon the
specificity of the stimulation. Increasingly specific stimulation is hypothesized to be achieved by
progressively smaller interfaces. Miniaturization is a current focus of neural implants due to
improvements in mitigation of the body’s foreign body response. It is likely that these exciting
technologies will offer the promise to provide large-scale micro-neuromodulation in the future. Here,
we highlight recent successes of assistive technologies through bidirectional neuroprostheses currently
being used to repair or restore basic brain functionality. Furthermore, we introduce recent
neuromodulation technologies that might improve the effectiveness of these neuroprosthetic interfaces
by increasing their chronic stability and microstimulation specificity. We suggest a vision where the
natural progression of innovative technologies and scientific knowledge enables the ability to selectively
micro-neuromodulate every neuron in the brain.
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Introduction

The fields of neuroscience, medicine, and neural engineering have made great strides in how we
interface the central nervous system to study normal function and treat injuries and diseases. The NIH
Sponsored B.R.A.I.N. initiative aims to develop innovative technologies for studying individual cells and
complex neural circuits [1,2]. These technologies aim for cellular and sub-cellular resolution, setting
ambitious goals that include recording from every neuron in a single brain simultaneously. However, in
addition to recording, the activation of these individual cells offers the promise of propelling forward
both basic science and medicine. We envision technologies that will enable independent modulation of
every neuron in a single brain, i.e., “whole-brain micro-neuromodulation.” In this review, we will first
highlight advances in science and engineering that are developing higher resolution stimulation
approaches to enhance performance and translation of recent neuroprosthetic successes. Subsequently,
we will detail several promising new technologies that may enable even larger-scale and cellular-
resolution micro-neuromodulation in the near future.

Current neuromodulation offers various clinical approaches that provide powerful alternatives to
patients otherwise refractory to available treatments. Clinical neuromodulation therapies, such as deep
brain stimulation (DBS), have been widely used for the treatment of Parkinson’s disease [3-5] and
essential tremor [6]. DBS has also shown great potential for the treatment of a variety of neurological
disorders, including, obsessive-compulsive disorder [7], Tourette’s syndrome [8,9], Alzheimer’s disease
[10,11], alcoholism [12], and depression [13]. Similarly, less invasive approaches such as transcranial
magnetic stimulation (TMS) has demonstrated neurorehabilitation potential [14], as well as,
effectiveness in the treatment of depression [15,16], and neuropathic pain [17,18]. However, both DBS
and TMS performance are limited by their poor spatial resolution: namely, the inability to focally
microstimulate specific neurons or neuronal clusters [19]. For instance, DBS macroelectrodes are
estimated to excite approximately 500,000 neurons simultaneously [20]. This low specificity is likely a
source off-target stimulation [21-23] which has been attributed as a source of neuropsychological post-
stimulation side effects [24], such as increased impulsivity [25,26] and verbal fluency decline [27,28].
Even though the precise effects of stimulation on the activity of neuronal populations remains
controversial (see [29-31] for a discussion of clustered vs. distributed population activation by
microstimulation), it can be assumed that advances in interfacing technologies will gradually allow for
more selective microstimulation. Regardless of whether microstimulation activates clusters of neurons
local to the implanted device, or sparse, widespread populations, it is likely that advanced technologies
will allow more selective activation of specific neuronal populations. This focal microstimulation,
providing high-resolution activation of small neuronal populations, will offer unparalleled advantages in
neuromodaulation [32]. These advantages, including more selective activation of the intended target,
may result in both fewer off-target effects in neuromodulation therapeutics [21,22,27], as well as
futuristic assistive technologies for sensory, motor, and cognitive repair [11,33-35].

Existing microstimulation technologies, such as intracortical microelectrodes, must overcome critical
challenges in order to achieve chronically stable whole-brain micro-neuromodulation. One of these
challenges is the design of high-resolution interfaces through advanced materials and state-of-the-art
microfabrication techniques (see [36]). Another challenge is the development of chronically stable
devices capable of withstanding abiotic factors related to device breakdown [37] and biotic failures
associated the foreign body response (FBR). The FBR is characterized by neuronal death, tissue
encapsulation, and reduced functional longevity [37—40]. Multidisciplinary efforts for advanced device



manufacturing for greater abiotic stability [41-43] as well as mitigation of the FBR [44-59] are
concurrently being investigated.

The requirements from the latest breakthroughs in microstimulation-based neuroprostheses, as well as
state-of-the-art advances in neuromodulation technologies, suggest that the field is naturally
progressing towards multichannel micro-neuromodulation. These technologies are shifting the
stimulation spatial resolution scale from the network level to the cellular (and sub-cellular) level. The
perceived quality and adaptability of future prosthetics will be bolstered by advances in neuroscience,
the consolidation of functional maps with neuronal resolution, and the ability to selectively modulate
those neurons. For the remainder of this review, we will discuss current successes in sensory, motor,
and cognitive prostheses. We will then highlight novel technologies that are overcoming drawbacks that
may one day enable whole brain micro-neuromodulation.
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Figure 1.

Overview of stimulation spatial resolution and its effects on somatosensory and visual neuroprostheses. (A) Low
spatial resolution stimulation inducing blunt visual and sensory percepts. (B) High spatial resolution
neuromodulation showing discrete activation of neuronal clusters. This increase in stimulation specificity will likely
allow for higher quality, more naturalistic neuroprostheses.

Recent Microstimulation Success

Advances in brain-machine interfaces (BMI) have resulted in continually improving assistive technologies
to increase the quality of life of patients with neurological deficits [60]. BMI’s progress has been possible



by innovations in computational algorithms, neuroscience knowledge, and predominantly, interfacing
neuroprosthetic technologies (namely, the ability to record and/or microstimulate neuronal activity).
Likewise, novel microstimulation technologies and targets may potentially propel forward advances and
translational efforts in neuroprosthetics for patients with sensorimotor, visual, auditory, and cognitive
deficits. In the following sections, we will briefly describe some of latest breakthroughs and assess
critical challenges facing microstimulation neuroprostheses.

Somatosensory Neuroprostheses

Interfacing intracortical motor recordings [61,62] with complex decoding and prediction
computer algorithms [63—65] has allowed tetraplegic patients to control robotic prosthetic limbs with
several degrees of freedom [66—68]. Nevertheless, touch feedback is crucial for the proper biomimetic
operational control of these interfaces [33]. Pioneering studies in non-human primates (NHP) by Romo
et al. [69] demonstrated that microstimulation of somatosensory cortex (S1) could reproduce behaviors
similar to the sense of touch [69—73]. Moreover, NHP somatosensory cortex microstimulation has led to
further advances such as integrating sense of touch into a prosthetic hand [74] through bidirectional
BMI [75,76] (For an extended review: see [33]). Less than two decades after Romo’s seminal
breakthrough [69], penetrating microelectrodes [77] and electrocorticographic (ECoG) arrays [78,79]
were implanted into somatosensory cortices of human volunteers to restore the sense of touch. The
results of both of these studies demonstrated that, even with the status of neuromodulation
technologies, somatosensory microstimulation is capable of eliciting naturalistic percepts of pressure, as
well as, discrete spatial discrimination of touch. The detection thresholds, as well as the perceived
quality of these percepts, depended on the stimulation parameters used [77,78]. Over time,
spontaneous percepts were mitigated, and the patient was able to detect percepts from a higher
number of electrodes. Similarly, the number of independent electrodes that the patient could
discriminate gradually increased [77], suggesting an important role for neuroplasticity in the adaptation
of these implants. Moreover, advances in sensory topographies [80], biomimetic feedback [81], and
selective micro-neuromodulation have the potential to drive improvements in artificial somatosensation
and spatial discrimination elicited by these devices (Fig. 1B- Top).

Auditory Neuroprostheses

The use of neuroprostheses to restore hearing is one of the oldest clinically available
neuroprosthetic technologies. Worldwide, more 300,000, cochlear implants (Cl) have allowed patients
with auditory deficits to restore hearing and improve their quality of life [82]. Due to neurophysiological
properties of the cochlea and the limited neural interface, Cls have many inherent drawbacks that
compromise their performance. These include impaired pitch and music perception, speech
comprehension in noisy backgrounds, and sound localization [35,83]. Approaches to overcome these
challenges such as augmenting the number of effective electrodes and mitigating current spillover
through focal stimulation have shown only modest results [35]. Alternative stimulation targets with
direct neuronal interfacing may contribute to more naturalistic auditory neuroprostheses. For instance,
interfacing directly with the auditory nerve offers several potential advantages over Cl, including a
broader frequency range, reduced interference, and lower activation thresholds [84].

Other alternatives such as the auditory brainstem implants (ABI) [85] and auditory midbrain
implants (AMI) [86] targeting the cochlear nucleus and inferior colliculus, respectively, have also been
tested clinically. Although far less common and less effective than Cl, ABI and AMI have been shown as a
suitable approach to patients to whom Cls or auditory nerve implants are not feasible [87,88]. An
additional potential target for auditory neuroprostheses is the medial geniculate nucleus of the
thalamus. Animal studies have shown that thalamic stimulation might elicit ranges similar to Cls with



lower stimulation thresholds than AMI and ABI [89]. Lastly, primary auditory cortex microstimulation
stands as a prospective target for auditory neuroprostheses. Otto et al. used a discrimination task to
assess intracortical microstimulation of the auditory cortex of behaving rats. The results of these
experiments indicated that the tonotopic location of the microelectrode correlates with the perceived
frequency of the stimulus [90,91]. Moreover, microstimulation evoked faster responses than natural
hearing [91]. Similar tonotopic activation has been reported in human electrical stimulation [92], and
fMRI studies [93], suggesting potential translatability of these interfaces.

The aforementioned experiments have identified promising auditory neuroprosthetic targets
that might, one day, restore normal hearing of deaf patients. The emergence of massively parallel micro-
neuromodulation channels that can stimulate small neuronal populations independently will likely
continue to add to the quality of auditory sensation, limiting the perceived frequency spread and
enhancing the temporal resolution.

Visual Neuroprostheses

The potential of microstimulation to restore sight for the blind was established after the finding
more than 80 years ago that stimulation of the visual cortex elicited localized phosphenes [94]. Since
then, several potential visual neuroprosthetic targets along the visual pathway have been identified.
Moreover, neural implants have shown substantial restoration of sight in low-vision patients. Retinal
implants have shown great clinical and commercial success, enabling substantial improvements in
motion detection, word recognition, and acuity tasks in blind patients [95,96] (See: [97] for an extended
review). Despite these successes, due to anatomical constraints, retinal implants may never offer
extreme high-resolution artificial vision. However, the visual cortex offers great potential for high-
resolution visual prostheses [98]. The feasibility of visual cortex implants was recognized by human trials
[99-101]. These experiments led to important insights and considerations for future developments of
visual cortex prostheses and neural implants in general, including the importance of spatial resolution
and proper neuromodulation parameters. For instance, the charge necessary to reach threshold and
evoke phosphenes of intracortical (penetrating) electrodes was orders of magnitude lower compared
with cortical surface stimulation [101,102]. Likewise, high stimulation currents disrupted the color and
quality of evoked phosphenes [101]. Furthermore, electrodes separated by at least 0.5 mm were able to
elicit independent phosphenes. Currently, multidisciplinary efforts to develop a reliable visual cortex
implants have been recently proposed [103-105] (see [106] for a review). Yet, several scientific and
technological challenges must be overcome before the implementation of fully functional visual cortex
prostheses. For instance, a detailed understanding of the encoding used within the primary visual and
striate cortices can result in enriched receptive field mapping [107] and phosphene prediction models
[108]. Combining these topographic models with specific spatiotemporal neuromodulation can
potentially elicit real-time, high-quality percepts. Along the same lines, experiments in NHP suggest that
microstimulation of visual association areas influences object perception, including direction [109] and
faces [110]. Hence, coordinated neuromodulation of visual cortex with visual association areas could
potentially alter the perception and connotation of elicited phosphenes. See [111] for an extended
review. Moreover, future prosthetic implementations must take into account the role of training and
plasticity in chronic functional implants. Additionally, alternative stimulation targets, such as the optic
nerve [112,113] and lateral geniculate nucleus (LGN) [114], have been studied for neuroprosthetic
interfaces. Though still in development, advances in high-resolution brain mapping and micro-
neuromodulation will likely improve the visual resolution of the perceived images, as well as the spatial
patterns observed during natural vision, in all of these visual prosthesis targets [101] (Fig. 1 - Bottom).

Motor Neuroprostheses



Even though direct neuromodulation of motor cortex for locomotion has been challenging due
to the lack of fine motor tuning [115] and its impracticality in spinal cord injury patients [116], it has
been widely used for brain mapping [117,118] and functional neurorehabilitation [119,120]. Typically,
motor cortex serves as the efferent component of bidirectional brain-machine interfaces. Recordings
from primary motor cortex serve to direct neuromodulation of specific targets, including the spinal cord
(via intraspinal microstimulation (ISMS) or epidural stimulation) and functional electrical stimulation for
the periphery [121]. These approaches have recently allowed paralyzed NHPs to reach and grasp
[122,123], and effectively restore leg locomotion [34]. Moreover, recent human trials have shown
successful limb control in paralyzed patients [124,125]. Although, aside from ISMS, these stimulation
techniques are not strictly classified as microstimulation, high spatiotemporal resolution
neuromodulation has the potential to continue to improve the overall sustainability and naturalistic
performance of these interfaces. Focal neuromodulation can substantially help overcome some of the
challenges facing current motor prostheses. These include the need to drastically reduce muscle fatigue,
electrical spillover, and high power consumption [126]. Moreover, micro-neuromodulation in
combination with functional mapping would drastically enhance selective control of independent
muscular bundles for fine motor control [127]. Finally, the chronic stability of both recording and
stimulating interfaces (see Invasive Neuromodulation section) is necessary for closed-loop motor and
touch integration in the translation of future, fully-functional clinical motor neuroprostheses [75].

Cognitive Neuroprostheses

Restoration of cognitive abilities has emerged as an intriguing micro-neuromodulation target.
Microstimulation of hippocampal cells demonstrated enhancements in memory performance tasks in
rodents [128] and NHPs [129]. These microstimulation experiments were feasible by a nonlinear multi-
input multi-output (MIMO) model that allowed online extraction of the patterns of firing of hippocampal
cells during memory tasks to provide effective pulses of microstimulation in real time [128]. Similarly,
human studies have shown that neuromodulation via DBS of other potential targets such as the medial
temporal lobe can significantly improve tasks of verbal recall [130] and spatial memory [11,131]. More
recently, Ezzyat et al., demonstrated that these memory enhancements via neuromodulation are
dependent on current brain encoding state [132], further supporting the importance of bidirectional
(afferent and efferent) BMI [133]. These findings indicate that controlled neuromodulation of specific
brain targets may be used in the future to treat patients with memory disorders and cognitive
dysfunctions. As we expand our understanding of the circuitry involved in the acquisition, consolidation,
and retrieval of memories, the efficacy of current cognitive prostheses can improve significantly by using
micro-neuromodulation with high spatial and temporal precision. Even though the implementation of
these type of neuroprostheses might have unparalleled clinical applications, several ethical questions
are important to discuss [134].

Recent neuromodulation technologies
Invasive Neuromodulation
Electrical

The advancement of neuroscientific research and therapeutic performance of current
neuroprostheses are dependent on the robustness, reliability, and predominantly the spatiotemporal
resolution of the interfacing neuromodulation technology. Due to its long history of usage, safety
profile, cortical depth selectivity, and low threshold currents [101,135], penetrating electrical



stimulation has been the gold standard for the vast majority of aforementioned neuroprosthetic
successes [60](Figure 3A). Novel silicon microelectrodes [136—138] have systematically become denser
by decreasing the size and increasing the number of electrode sites [32]. Even though performance
variability occurs among different site locations [46,139], when compared to regular single-site
microelectrodes [135], high-density microelectrodes allow independent placing of electrode sites within
a single shaft, improving focal selectivity within cortical layers [140]. Task-specific design of
microelectrodes can greatly benefit the selectivity and functionality necessary for particular
neuroprosthetic applications. Advances in design and microfabrication, such as electron-beam
lithography [141] and active CMOS electronic units [142] would allow for an increased number of traces
and independent stimulation channels [143]. This next generation of microelectromechanical systems
(MEMS) would greatly propel forward both microstimulation and recording capabilities [143]. In
addition to conventional MEMS, the mechanical, electrical, and particularly, dimensional properties of
carbon fibers have proven to be an attractive alternative to the manufacture of chronic electrical
microelectrodes [144—-146](Figure 3B). Even though these penetrating electrodes have been mostly
developed as recording devices (essential for bidirectional BMI) [133], discrete modifications can be
done to achieve electrostimulation [147,148]. Additionally, advances in material composition,
compatibility, and deposition techniques have allowed a variety of microelectrode designs with different
substrate profiles [36]. These advances have led to novel electrode designs that can potentially mediate
the scale of the FBR, such as: mechanically dynamic probes [45], ultraflexible nanoelectronic threads
[149], injectable mesh electrodes [150,151], as well as, endovascular stent electrodes [152]. Further
studies are necessary to assess the chronic performance of these novel interfaces, as well as, their
potential ability to neuromodulate surrounding neurons. Despite their obvious functional and
theoretical advantages, penetrating microelectrodes face several practical challenges, primarily,
biocompatibility-related. Device implantation inherently causes trauma, including blood-brain-barrier
disruption [15], and neuronal death [38]. This initiates a FBR [37] by the immune system that triggers
microglia [154,155] and astrocyte activation [156] leading to the formation of an indwelling glial sheath
that surrounds the electrode [38—40] (Figure 2). Even though, this encapsulating glial sheath, as well as
neuronal death, has been primarily associated with chronic decline in recordings [157,158] and not in
stimulation [77], there is literature suggesting that the FBR might have a role in, hindering chronic
performance of focal micro-neuromodulation [140] (Figure 3A).

Several multidisciplinary efforts are currently developing strategies to mitigate these effects
[44], including electrical [47,48,159], mechanical [45,49-51], and chemical approaches [52,55-59] that
may result in more biomimetic interfaces. A less invasive electrical microstimulation alternative is the
use of intracranial electrode grid placed over the cortical surface denominated electrocorticography
(ECoG) arrays. Microstimulation in humans with these devices have shown success [78] (see
Somatosensory Neuroprostheses section). Likewise, novel reduced-size uECoG arrays [160,161] have
shown great potential. However, the spatial resolution and effective neuromodulation of these are
limited to the cortex, excluding critical deeper neuromodulation targets.



Y

\t/ ~—p 'O R
\/ S o P s,
Neuron Stimulated Neuron } “;Resting Microglia & | Activated Microglia { ‘\)Bluod Borne Macrophages A Astrocyte 2 Z’,\( Activated Astrocyte
) e - ) <

Pre-implant Phase Acute Phase Chronic Phase

Figure 2.

Overview of foreign body response to intracortical microelectrodes.

Pre-implant phase (left) showing undisrupted tissue. Post-implant acute phase (center), characterized by
mechanical brain blood barrier disruption and local bleeding (depicted in red), neuronal death, and activation of
microglia. Chronic phase (right), characterized by additional neuronal death and astrocytic glial sheath surrounding
the electrode, potentially impairing its performance.

Magnetic

A conventional alternative to standard electrical stimulation is the use of induced electric fields
from magnetic stimulation to modulate neural activity; such is the case of TMS. Through large hand-held
coils that induce strong magnetic fields, TMS is able to modulate brain activity through the scalp [162].
TMS is commonly used for the treatment of neurological disorders, including, depression [15] and stroke
[120]. Analogously, implantable-sized microcoils are capable of reaching neuronal activation thresholds
through micromagnetic stimulation (uMS) [163]. This novel uMS technology offers several advantages
over conventional electrical stimulation, including, potential MRI compatibility [163] and, high spatial
resolution (<60 um) [164]. Additionally, the focused spatial selectivity due to the asymmetric nature of
elicited magnetic fields can selectively activate [164,165], or suppress [166] neurons depending on the
coil orientation (Figure 3C). Moreover, neuronal modulation through the FBR may improve chronic
performance of uMS relative to micro-electrical stimulation. Compared to conventional
microelectrodes, these microcoils require a much higher power input to modulate neuronal activity
[164,166]. Novel microcoil designs and materials can potentially reduce this power, as well as,
dramatically increase their selectivity. Furthermore, additional longitudinal in vivo studies will help to
validate the potential of uMS as a viable and safe micro-neuromodulation mechanism.



Optical

Optical neuromodulation, through cell-type specific genetically-inserted light-sensitive proteins
(opsins) [167], opened the door for a different microstimulation paradigm, known as optogenetic
neuromodulation [168]. In the past decade, optogenetics has been established as a powerful tool for
neuroscience research [168,169]. Advances in optogenetic systems [170], as well as the ability to
selectively activate or inhibit specific cell types [167](Figure 3D), has increased interest in optogenetic
neuromodulation technologies [171]. Yet, this nascent technology faces many challenges for
neuroprosthetic implementation, including low temporal resolution, complex interfaces, and more
importantly, the necessity to genetically manipulate cells [167,168,172,173]. In this manner,
multidisciplinary efforts to overcome some of these challenges have shown recent success. These
include, subverting the need for genetic manipulation through gold nanoparticles [174], as well as the
development wireless [175,176], fully implanted systems [176,177], and improved flexible
multifunctional probes [178]. Similarly, implantable uECoG arrays for optogenetic recording and
microstimulation have shown recent success [179]. Faster and more sensitive opsins will continue to
increase the temporal resolution of this technique [143]. Analogously, the spatial resolution could be
drastically improved by reductions in probe size and highly selective genetic labeling. Furthermore,
advances in high-resolution genetic tagging efforts analogous to nucleotide barcoding [180] and
Brainbow labeling [181], might one day allow micro-neuromodulation at cellular and sub-cellular
resolution.

Chemical and Thermal

Alternatively, chemical and thermal neuromodulation technologies have also been proposed.
Optically-induced thermal neuromodulation technologies, such as infrared neural stimulation (INS) [182]
do not require genetic manipulation [139]. /n vivo studies have shown that INS is able to effectively
modulate neuronal activity of visual cortex [183] and peripheral nerves [182] with high selectivity [184].
Nevertheless, absence of thermally induced damage, spatiotemporal resolution, and chronic stability are
yet to be proven in longitudinal studies [139]. On the other hand, selective injection of
neurotransmitters [185], charged ions [186], or temperature-sensitive magnetic nanoparticles (MNP)
[187,188] are capable of modulating neuronal activity with high precision [19]. Recently, a method of
stimulation called magneto-thermal genetic stimulation was tested for the first time in freely behaving
rats. Combining MNPs with non-invasive alternating magnetic fields, this stimulation method allows for
high specificity of genetically-modified cells [189]. However, these technologies require further
improvements in stimulation onsets. Currently, poor temporal resolution renders these
neuromodulation technologies unfeasible for real-time neuroprostheses.
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Representative biostability and chronic performance of current intracortical neuromodulation technologies..
Electrical microstimulation by (A) silicon and (B) carbon fiber microelectrodes showing different foreign body
responses and relative performance (stimulated neurons). (C) Implantable-sized microcoil eliciting orientation-
based selective activation of neurons by micromagnetic stimulation (LMS) capable of passing though the glial scar.
(D) Optical fiber probe eliciting cell type-specific optical stimulation after genetic modification (not shown).

Non-invasive Neuromodulation

Non-invasive neuromodulation technologies such as TMS [120] and transcranial current
stimulation [122] have been available in the clinic for more than a decade. Even though these methods
have the advantage of not requiring invasive procedures, these transcutaneous neuromodulation
techniques have poor temporal and spatial resolution. Further, the unwieldy equipment necessary in
the case of TMS renders these impractical for chronic neuroprostheses. Nevertheless, recent non-
invasive neuromodulation alternatives have emerged with improved spatial resolution. For example,
transcranial focused ultrasound (tFUS) has demonstrated neuromodulation recently in human studies
that has successfully elicited discrete somatosensory [190,191] and visual [192] percepts. Likewise,
temporal interference (Tl) electrical stimulation has recently demonstrated that transcranial electric
field interference stimulation is capable of neuromodulation at a selective depth [193]. Further studies
will look to demonstrate the practicality and spatiotemporal resolution of these technologies for their
application in micro-neuromodulation.




Conclusion

In conclusion, modern developments from the fields of medicine, neuroscience, and neural
engineering are bringing the possibility of micro-neuromodulation closer for prosthetic and science
applications. Recent studies in both human and animals have demonstrated the power of high-density,
high-resolution neural interfaces to provide sensory, motor, and cognitive effects. Simultaneously,
technologies from electronics, optics, and magnetics are continually being miniaturized to provide high-
density, robust interfaces that avoid some biotic failures associated with the FBR. As non-invasive
stimulation techniques gradually improve, Short-term solutions to the spatial resolution obstacle will
most likely be overcome through invasive penetrating electrodes. Like DBS and cochlear implants, the
drawback associated with the implantation of these devices will be outweighed by their clinical success.
Furthermore, technological advances in computational power, artificial intelligence, and
microelectronics must be developed in parallel as stimulation neuroprostheses become more reliable
and precise. As the BMI spotlight shifts from academic and biomedical grounds towards commercial
endeavors within the next decade, we will see an inevitable shift from assistive technologies and
therapeutics towards sensory augmentation, performance enhancement, and faster-than-thinking
communications. Emerging companies such as Neuralink and Kernel are leading pioneering efforts
towards these goals. As the incentives for innovation and development of neuroprosthetic interfaces
increase, strides towards super-high resolution integrative BMI will continue to flourish. Truly, the ability
to selectively micro-neuromodulate every single neuron in the brain will one day become a pillar of
neuroscientific research, adding a functional layer of complexity to current multidisciplinary brain
mapping initiatives.

Acknowledgements

This work was sponsored by the Defense Advanced Research Projects Agency (DARPA) Microsystems
Technology Office (MTO), under the auspices of Dr. Jack W. Judy (jack.judy@darpa.mil) and Dr. Doug
Weber (Douglas.Weber@darpa.mil) as part of the Reliable Neural Technology Program, through the
Space and Naval Warfare Systems Command (SPAWAR) Systems Center (SSC) Pacific grant No. N66001-
11-1-4013. It was also supported by a grant from the National Institutes of Health grant No.
1UO01NS099700-01.

References

1. Insel TR, Landis SC, Collins FS: The NIH BRAIN Initiative. Science 2013, 340:687—-688.

2. Jorgenson LA, Newsome WT, Anderson DJ, Bargmann Cl, Brown EN, Deisseroth K, Donoghue JP,
Hudson KL, Ling GSF, MacLeish PR, et al.: The BRAIN Initiative: developing technology to catalyse
neuroscience discovery. Phil Trans R Soc B 2015, 370:20140164.

3. Limousin P, Krack P, Pollak P, Benazzouz A, Ardouin C, Hoffmann D, Benabid A-L: Electrical
Stimulation of the Subthalamic Nucleus in Advanced Parkinson’s Disease. N Engl/ J Med 1998,
339:1105-1111.



10.

11.

12.

13.

°14.

Rodriguez-Oroz MC, Obeso JA, Lang AE, Houeto J-L, Pollak P, Rehncrona S, Kulisevsky J, Albanese A,
Volkmann J, Hariz M, et al.: Bilateral deep brain stimulation in Parkinson’s disease: a multicentre
study with 4 years follow-up. Brain 2005, 128:2240-2249.

Deuschl G, Schade-Brittinger C, Krack P, Volkmann J, Schafer H, Botzel K, Daniels C, Deutschlander A,
Dillmann U, Eisner W, et al.: A randomized trial of deep-brain stimulation for Parkinson’s disease.
N Engl J Med 2006, 355:896—908.

Benabid AL, Pollak P, Gao D, Hoffmann D, Limousin P, Gay E, Payen |, Benazzouz A: Chronic
electrical stimulation of the ventralis intermedius nucleus of the thalamus as a treatment of
movement disorders. J Neurosurg 1996, 84:203-214.

Greenberg BD, Malone DA, Friehs GM, Rezai AR, Kubu CS, Malloy PF, Salloway SP, Okun MS,
Goodman WK, Rasmussen SA: Three-Year Outcomes in Deep Brain Stimulation for Highly Resistant
Obsessive—Compulsive Disorder. Neuropsychopharmacology 2006, 31:2384-2393.

Okun MS, Foote KD, Wu SS, Ward HE, Bowers D, Rodriguez RL, Malaty IA, Goodman WK, Gilbert DM,
Walker HC, et al.: A Trial of Scheduled Deep Brain Stimulation for Tourette Syndrome: Moving
Away From Continuous Deep Brain Stimulation Paradigms. JAMA Neurol 2013, 70:85-94.

Schrock LE, Mink JW, Woods DW, Porta M, Servello D, Visser-Vandewalle V, Silburn PA, Foltynie T,
Walker HC, Shahed-Jimenez J, et al.: Tourette syndrome deep brain stimulation: A review and
updated recommendations. Mov Disord 2015, 30:448—-471.

Laxton AW, Tang-Wai DF, McAndrews MP, Zumsteg D, Wennberg R, Keren R, Wherrett J, Naglie G,
Hamani C, Smith GS, et al.: A phase | trial of deep brain stimulation of memory circuits in
Alzheimer’s disease. Ann Neurol 2010, 68:521-534.

Suthana N, Haneef Z, Stern J, Mukamel R, Behnke E, Knowlton B, Fried |: Memory enhancement and
deep-brain stimulation of the entorhinal area. N Engl J Med 2012, 366:502-510.

Miller UJ, Sturm V, Voges J, Heinze H-J, Galazky |, Heldmann M, Scheich H, Bogerts B: Successful
treatment of chronic resistant alcoholism by deep brain stimulation of nucleus accumbens: first
experience with three cases. Pharmacopsychiatry 2009, 42:288-291.

Schlaepfer TE, Bewernick BH, Kayser S, Hurlemann R, Coenen VA: Deep brain stimulation of the
human reward system for major depression—rationale, outcomes and outlook.
Neuropsychopharmacology 2014, 39:1303-1314.

Long J, Federico P, Perez MA: A novel cortical target to enhance hand motor output in humans
with spinal cord injury. Brain 2017, 140:1619-1632.

This paper depicts how neuromodulation of motor cortex can induce neurorehabilitation of patients
with motor deficits.

15.

George MS, Nahas Z, Molloy M, Speer AM, Oliver NC, Li X-B, Arana GW, Risch SC, Ballenger JC: A
controlled trial of daily left prefrontal cortex TMS for treating depression. Biol Psychiatry 2000,
48:962-970.



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

Kolbinger HM, Hoflich G, Hufnagel A, Miiller H-J, Kasper S: Transcranial magnetic stimulation (TMS)
in the treatment of major depression — a pilot study. Hum Psychopharmacol Clin Exp 1995,
10:305-310.

Khedr EM, Kotb H, Kamel NF, Ahmed MA, Sadek R, Rothwell JC: Longlasting antalgic effects of daily
sessions of repetitive transcranial magnetic stimulation in central and peripheral neuropathic
pain. J Neurol Neurosurg Psychiatry 2005, 76:833—838.

Leung A, Donohue M, Xu R, Lee R, Lefaucheur J-P, Khedr EM, Saitoh Y, André-Obadia N, Rollnik J,
Wallace M, et al.: rTMS for suppressing neuropathic pain: a meta-analysis. J Pain 2009, 10:1205—
1216.

Luan S, Williams I, Nikolic K, Constandinou TG: Neuromodulation: present and emerging methods.
Front Neuroengineering 2014, 7:27.

Kuncel AM, Cooper SE, Grill WM: A method to estimate the spatial extent of activation in thalamic
deep brain stimulation. Clin Neurophysiol 2008, 119:2148-2158.

Overstreet CK, Klein JD, Tillery SIH: Computational modeling of direct neuronal recruitment during
intracortical microstimulation in somatosensory cortex. J Neural Eng 2013, 10:066016.

Miocinovic S, Parent M, Butson CR, Hahn PJ, Russo GS, Vitek JL, McIntyre CC: Computational
Analysis of Subthalamic Nucleus and Lenticular Fasciculus Activation During Therapeutic Deep
Brain Stimulation. J Neurophysiol 2006, 96:1569-1580.

Krack P, Fraix V, Mendes A, Benabid A-L, Pollak P: Postoperative management of subthalamic
nucleus stimulation for Parkinson’s disease. Mov Disord Off J Mov Disord Soc 2002, 17 Suppl
3:5188-197.

Witt K, Daniels C, Reiff J, Krack P, Volkmann J, Pinsker MO, Krause M, Tronnier V, Kloss M, Schnitzler
A, et al.: Neuropsychological and psychiatric changes after deep brain stimulation for Parkinson’s
disease: a randomised, multicentre study. Lancet Neurol 2008, 7:605-614.

Frank MJ, Samanta J, Moustafa AA, Sherman SJ: Hold Your Horses: Impulsivity, Deep Brain
Stimulation, and Medication in Parkinsonism. Science 2007, 318:1309-1312.

Rossi PJ, Gunduz A, Okun MS: The Subthalamic Nucleus, Limbic Function, and Impulse Control.
Neuropsychol Rev 2015, 25:398-410.

Mikos A, Bowers D, Noecker AM, Mclintyre CC, Won M, Chaturvedi A, Foote KD, Okun MS: Patient-
specific analysis of the relationship between the volume of tissue activated during DBS and verbal
fluency. Neurolmage 2011, 54:5238-S246.

Parsons TD, Rogers SA, Braaten AJ, Woods SP, Troster Al: Cognitive sequelae of subthalamic
nucleus deep brain stimulation in Parkinson’s disease: a meta-analysis. Lancet Neurol 2006, 5:578—
588.

Histed MH, Bonin V, Reid RC: Direct activation of sparse, distributed populations of cortical
neurons by electrical microstimulation. Neuron 2009, 63:508-522.



30.

31.

32.

33.

*34.

Tehovnik EJ, Slocum WM: Two-photon imaging and the activation of cortical neurons.
Neuroscience 2013, 245:12-25.

Butovas S, Schwarz C: Spatiotemporal effects of microstimulation in rat neocortex: a parametric
study using multielectrode recordings. J Neurophysiol 2003, 90:3024-3039.

Koivuniemi AS, Otto KJ: Central Nervous System Stimulation. In NEUROPROSTHETICS: Theory and
Practice. . 2017:348-376.

Bensmaia SJ, Miller LE: Restoring sensorimotor function through intracortical interfaces: progress
and looming challenges. Nat Rev Neurosci 2014, 15:313—-325.

Capogrosso M, Milekovic T, Borton D, Wagner F, Moraud EM, Mignardot J-B, Buse N, Gandar J,
Barraud Q, Xing D, et al.: A brain—spine interface alleviating gait deficits after spinal cord injury in
primates. Nature 2016, 539:284-288.

This paper reported re-established leg locomotion of a spinal cord injury non-human primate
after interfacing intracortical recordings with spinal epidural electrical stimulation.

35.

36.

37.

38.

30.

40.

41.

42.

43.

Lim HH, Adams ME, Nelson PB, Oxenham AJ: Restoring Hearing with Neural Prostheses: Current
Status and Future Directions. In NEUROPROSTHETICS: Theory and Practice. . World Scientific;
2017:668-709.

Seymour JP, Wu F, Wise KD, Yoon E: State-of-the-art MEMS and microsystem tools for brain
research. Microsyst Nanoeng 2017, 3:16066.

Polikov VS, Tresco PA, Reichert WM: Response of brain tissue to chronically implanted neural
electrodes. J Neurosci Methods 2005, 148:1-18.

Biran R, Martin DC, Tresco PA: Neuronal cell loss accompanies the brain tissue response to
chronically implanted silicon microelectrode arrays. Exp Neurol 2005, 195:115-126.

Woolley AJ, Desai HA, Otto KJ: Chronic intracortical microelectrode arrays induce non-uniform,
depth-related tissue responses. J Neural Eng 2013, 10:026007.

Turner JN, Shain W, Szarowski DH, Andersen M, Martins S, Isaacson M, Craighead H: Cerebral
astrocyte response to micromachined silicon implants. Exp Neurol 1999, 156:33—49.

Xie X, Rieth L, Williams L, Negi S, Bhandari R, Caldwell R, Rohit Sharma, Tathireddy P, Solzbacher F:
Long-term reliability of Al 2 O 3 and Parylene C bilayer encapsulated Utah electrode array based
neural interfaces for chronic implantation. J Neural Eng 2014, 11:026016.

Cogan SF, Edell DJ, Guzelian AA, Ping Liu Y, Edell R: Plasma-enhanced chemical vapor deposited
silicon carbide as an implantable dielectric coating. J Biomed Mater Res A 2003, 67A:856—867.

Von Metzen RP, Stieglitz T: The effects of annealing on mechanical, chemical, and physical
properties and structural stability of Parylene C. Biomed Microdevices 2013, 15:727-735.



44. Sommakia S, Lee HC, Gaire J, Otto KJ: Materials approaches for modulating neural tissue responses
to implanted microelectrodes through mechanical and biochemical means. Curr Opin Solid State
Mater Sci 2014, 18:319-328.

e45. Lee HC, Ejserholm F, Gaire J, Currlin S, Schouenborg J, Wallman L, Bengtsson M, Park K, Otto KJ:
Histological evaluation of flexible neural implants; flexibility limit for reducing the tissue
response? J Neural Eng 2017, 14:036026.

This paper reports a hypothetical limit in which changes of the flexibility of neural probes can
effectively improve chronic performance and biocompatibility.

¢46. Lee HC, Gaire J, Roysam B, Otto KJ: Placing Sites on the Edge of Planar Silicon Microelectrodes
Enhances Chronic Recording Functionality. /[EEE Trans Biomed Eng 2017, PP:1-1.

Discrete modifications in current silicon microelectrodes can improve their chronic
performance.

47. Otto KJ, Johnson MD, Kipke DR: Voltage pulses change neural interface properties and improve
unit recordings with chronically implanted microelectrodes. /EEE Trans Biomed Eng 2006, 53:333—
340.

48. Wilks SJ, Richner TJ, Brodnick SK, Kipke DR, Williams JC, Otto KJ: Voltage biasing, cyclic
voltammetry, & electrical impedance spectroscopy for neural interfaces. JoVE J Vis Exp 2012,

49. McCarthy PT, Otto KJ, Rao MP: Robust penetrating microelectrodes for neural interfaces realized
by titanium micromachining. Biomed Microdevices 2011, 13:503-515.

50. Seymour JP, Kipke DR: Neural probe design for reduced tissue encapsulation in CNS. Biomaterials
2007, 28:3594-3607.

51. ThelinJ, Jorntell H, Psouni E, Garwicz M, Schouenborg J, Danielsen N, Linsmeier CE: Implant size and
fixation mode strongly influence tissue reactions in the CNS. P/oS One 2011, 6:16267.

52. Shain W, Spataro L, Dilgen J, Haverstick K, Retterer S, Isaacson M, Saltzman M, Turner JN:
Controlling cellular reactive responses around neural prosthetic devices using peripheral and local
intervention strategies. /EEE Trans Neural Syst Rehabil Eng 2003, 11:186-188.

53. Sommakia S, Gaire J, Rickus JL, Otto KJ: Resistive and reactive changes to the impedance of
intracortical microelectrodes can be mitigated with polyethylene glycol under acute in vitro and in
vivo settings. Front Neuroengineering 2014, 7.

54. Sommakia S, Rickus JL, Otto KJ: Effects of adsorbed proteins, an antifouling agent and long-
duration DC voltage pulses on the impedance of silicon-based neural microelectrodes. In
Engineering in Medicine and Biology Society, 2009. EMBC 2009. Annual International Conference of
the IEEE. . |IEEE; 2009:7139-7142.



55.

56.

57.

58.

50.

60.

61.

62.

63.

64.

65.

66.

67.

Spataro L, Dilgen J, Retterer S, Spence AJ, Isaacson M, Turner JN, Shain W: Dexamethasone
treatment reduces astroglia responses to inserted neuroprosthetic devices in rat neocortex. Exp
Neurol 2005, 194:289-300.

Pierce AL, Sommakia S, Rickus JL, Otto KJ: Thin-film silica sol-gel coatings for neural
microelectrodes. J Neurosci Methods 2009, 180:106—-110.

Jedlicka SS, McKenzie JL, Leavesley SJ, Little KM, Webster TJ, Robinson JP, Nivens DE, Rickus JL: Sol-
gel derived materials as substrates for neuronal differentiation: effects of surface features and
protein conformation. J Mater Chem 2006, 16:3221-3230.

Potter KA, Buck AC, Self WK, Callanan ME, Sunil S, Capadona JR: The effect of resveratrol on
neurodegeneration and blood brain barrier stability surrounding intracortical microelectrodes.
Biomaterials 2013, 34:7001-7015.

Potter-Baker KA, Nguyen JK, Kovach KM, Gitomer MM, Srail TW, Stewart WG, Skousen JL, Capadona
JR: Development of superoxide dismutase mimetic surfaces to reduce accumulation of reactive
oxygen species for neural interfacing applications. J Mater Chem B 2014, 2:2248-2258.

Lebedev MA, Nicolelis MAL: Brain-Machine Interfaces: From Basic Science to Neuroprostheses and
Neurorehabilitation. Physiol Rev 2017, 97:767—-837.

Chapin JK, Moxon KA, Markowitz RS, Nicolelis MAL: Real-time control of a robot arm using
simultaneously recorded neurons in the motor cortex. Nat Neurosci 1999, 2:664—670.

Carmena JM, Lebedev MA, Crist RE, O’Doherty JE, Santucci DM, Dimitrov DF, Patil PG, Henriquez CS,
Nicolelis MAL: Learning to Control a Brain—Machine Interface for Reaching and Grasping by
Primates. PLOS Biol 2003, 1:e42.

Serruya M, Hatsopoulos N, Fellows M, Paninski L, Donoghue J: Robustness of neuroprosthetic
decoding algorithms. Biol Cybern 2003, 88:219-228.

Koyama S, Chase SM, Whitford AS, Velliste M, Schwartz AB, Kass RE: Comparison of brain—
computer interface decoding algorithms in open-loop and closed-loop control. / Comput Neurosci
2010, 29:73-87.

Gilja V, Nuyujukian P, Chestek CA, Cunningham JP, Byron MY, Fan JM, Churchland MM, Kaufman
MT, Kao JC, Ryu SI, et al.: A high-performance neural prosthesis enabled by control algorithm
design. Nat Neurosci 2012, 15:1752-1757.

Collinger JL, Wodlinger B, Downey JE, Wang W, Tyler-Kabara EC, Weber DJ, McMorland AJC, Velliste
M, Boninger ML, Schwartz AB: High-performance neuroprosthetic control by an individual with
tetraplegia. Lancet Lond Engl 2013, 381:557-564.

Hochberg LR, Bacher D, Jarosiewicz B, Masse NY, Simeral JD, Vogel J, Haddadin S, Liu J, Cash SS, van
der Smagt P, et al.: Reach and grasp by people with tetraplegia using a neurally controlled robotic
arm. Nature 2012, 485:372-375.



68. Wodlinger B, Downey JE, Tyler-Kabara EC, Schwartz AB, Boninger ML, Collinger JL: Ten-dimensional
anthropomorphic arm control in a human brain- machine interface: difficulties, solutions, and
limitations. J Neural Eng 2014, 12:016011.

69. Romo R, Hernandez A, Zainos A, Salinas E: Somatosensory discrimination based on cortical
microstimulation. Nature 1998, 392:387-390.

70. Kim S, Callier T, Tabot GA, Gaunt RA, Tenore FV, Bensmaia SJ: Behavioral assessment of sensitivity
to intracortical microstimulation of primate somatosensory cortex. Proc Natl/ Acad Sci 2015,
112:15202-15207.

71. Zaaimi B, Ruiz-Torres R, Solla SA, Miller LE: Multi-electrode stimulation in somatosensory cortex
increases probability of detection. J Neural Eng 2013, 10:056013.

72. Semprini M, Bennicelli L, Vato A: A parametric study of intracortical microstimulation in behaving
rats for the development of artificial sensory channels. Conf Proc Annu Int Conf IEEE Eng Med Biol
Soc IEEE Eng Med Biol Soc Annu Conf 2012, 2012:799-802.

73. Fitzsimmons NA, Drake W, Hanson TL, Lebedev MA, Nicolelis M a. L: Primate reaching cued by
multichannel spatiotemporal cortical microstimulation. J Neurosci Off J Soc Neurosci 2007,
27:5593-5602.

74. Tabot GA, Dammann JF, Berg JA, Tenore FV, Boback JL, Vogelstein RJ, Bensmaia SJ: Restoring the
sense of touch with a prosthetic hand through a brain interface. Proc Nat/ Acad Sci 2013,
110:18279-18284.

75. O’Doherty JE, Lebedev MA, Ifft PJ, Zhuang KZ, Shokur S, Bleuler H, Nicolelis MA: Active tactile
exploration using a brain-machine-brain interface. Nature 2011, 479:228-231.

76. Klaes C, Shi Y, Kellis S, Minxha J, Revechkis B, Andersen RA: A cognitive neuroprosthetic that uses
cortical stimulation for somatosensory feedback. J Neural Eng 2014, 11:056024.

ee77. Flesher SN, Collinger JL, Foldes ST, Weiss JM, Downey JE, Tyler-Kabara EC, Bensmaia SJ, Schwartz
AB, Boninger ML, Gaunt RA: Intracortical microstimulation of human somatosensory cortex. Sci
Transl Med 2016, 8:361

This paper reports the viability and performance of an intracortical microstimulation of
somatosensory touch prosthesis in a tetraplegic patient. Electrical neuromodulation was able to
evoke sensory percepts with naturalistic characteristics and high spatial fidelity over a period of
6 months.

ee78. Hiremath SV, Tyler-Kabara EC, Wheeler JJ, Moran DW, Gaunt RA, Collinger JL, Foldes ST, Weber
DJ, Chen W, Boninger ML, et al.: Human perception of electrical stimulation on the surface of
somatosensory cortex. PloS One 2017, 12:e0176020.

This paper reports high-density electrocorticography (ECoG) induced sensation due to intensity
differences and other stimulation parameters.



79. Johnson LA, Wander JD, Sarma D, Su DK, Fetz EE, Ojemann JG: Direct electrical stimulation of the
somatosensory cortex in humans using electrocorticography electrodes: a qualitative and
quantitative report. J Neural Eng 2013, 10:036021.

80. Makin TR, Bensmaia SJ: Stability of sensory topographies in adult cortex. Trends Cogn Sci 2017,

e81. Saal HP, Delhaye BP, Rayhaun BC, Bensmaia SJ: Simulating tactile signals from the whole hand
with millisecond precision. Proc Nat/ Acad Sci 2017, doi:10.1073/pnas.1704856114.

This paper develops a computational model of tactile fibers based on intrinsic interactions with
great fidelity relative to its biological counterparts. Real-time encoding from these type of
simulations would serve as a substrate for future biomimetic somatosensory neuroprosthetics.

82. Wilson BS, Finley CC, others: Better speech recognition with cochlear implants. Nature 1991,
352:236.

83. Friesen LM, Shannon RV, Baskent D, Wang X: Speech recognition in noise as a function of the
number of spectral channels: comparison of acoustic hearing and cochlear implants. J Acoust Soc
Am 2001, 110:1150-1163.

84. Middlebrooks JC, Snyder RL: Intraneural stimulation for auditory prosthesis: Modiolar trunk and
intracranial stimulation sites. Hear Res 2008, 242:52-63.

85. Schwartz MS, Otto SR, Shannon RV, Hitselberger WE, Brackmann DE: Auditory brainstem implants.
Neurotherapeutics 2008, 5:128-136.

86. Lenarz T, Lim HH, Reuter G, Patrick JF, Lenarz M: The auditory midbrain implant: a new auditory
prosthesis for neural deafness-concept and device description. Otol Neurotol 2006, 27:838—843.

87. Lim HH, Lenarz M, Lenarz T: Auditory midbrain implant: a review. Trends Amplif 2009, 13:149-180.

88. Colletti L, Shannon R, Colletti V: Auditory brainstem implants for neurofibromatosis type 2. Curr
Opin Otolaryngol Head Neck Surg 2012, 20:353—-357.

89. Atencio CA, Shih JY, Schreiner CE, Cheung SW: Primary auditory cortical responses to electrical
stimulation of the thalamus. J Neurophysiol 2014, 111:1077-1087.

90. Otto KJ, Rousche PJ, Kipke DR: Cortical microstimulation in auditory cortex of rat elicits best-
frequency dependent behaviors. J Neural Eng 2005, 2:42.

91. Otto KJ, Rousche PJ, Kipke DR: Microstimulation in auditory cortex provides a substrate for
detailed behaviors. Hear Res 2005, 210:112-117.

92. Howard M a., Volkov | 0., Mirsky R, Garell P c., Noh M d., Granner M, Damasio H, Steinschneider M,
Reale R a., Hind J e., et al.: Auditory cortex on the human posterior superior temporal gyrus. J
Comp Neurol 2000, 416:79-92.



93. Formisano E, Kim D-S, Di Salle F, van de Moortele P-F, Ugurbil K, Goebel R: Mirror-symmetric
tonotopic maps in human primary auditory cortex. Neuron 2003, 40:859—-869.

94. Foerster O: Beitrage zur pathophysiologie der sehbahn und der spehsphare. J Psychol Neurol 1929,
39:435-63.

95. da Cruz L, Dorn JD, Humayun MS, Dagnelie G, Handa J, Barale P-O, Sahel J-A, Stanga PE, Hafezi F,
Safran AB, et al.: Five-year safety and performance results from the Argus Il retinal prosthesis
system clinical trial. Ophthalmology 2016, 123:2248-2254.

96. Ayton LN, Blamey PJ, Guymer RH, Luu CD, Nayagam DA, Sinclair NC, Shivdasani MN, Yeoh J,
McCombe MF, Briggs RJ, et al.: First-in-human trial of a novel suprachoroidal retinal prosthesis.
PloS One 2014, 9:e115239.

97. Chuang AT, Margo CE, Greenberg PB: Retinal implants: a systematic review. BrJ Ophthalmol 2014,
98:852-856.

98. Harvey BM, Dumoulin SO: The Relationship between Cortical Magnification Factor and Population
Receptive Field Size in Human Visual Cortex: Constancies in Cortical Architecture. J Neurosci 2011,
31:13604-13612.

99. Dobelle WH, Mladejovsky MG: Phosphenes produced by electrical stimulation of human occipital
cortex, and their application to the development of a prosthesis for the blind. J Physiol 1974,
243:553.

100. Dobelle WH: Artificial vision for the blind by connecting a television camera to the visual
cortex. ASA/O J 2000, 46:3-9.

101.  Schmidt EM, Bak MJ, Hambrecht FT, Kufta CV, O’rourke DK, Vallabhanath P: Feasibility of a
visual prosthesis for the blind based on intracortical micro stimulation of the visual cortex. Brain
1996, 119:507-522.

102.  Dobelle WH, Stensaas SS, Mladejovsky MG, Smith JB: A prosthesis for the deaf based on cortical
stimulation. Ann Otol Rhinol Laryngol 1973, 82:445—-463.

103.  Lane FJ, Huyck M, Troyk P, Schug K: Responses of potential users to the intracortical visual
prosthesis: final themes from the analysis of focus group data. Disabil Rehabil Assist Technol 2012,
7:304-313.

104. Lowery AJ: Introducing the monash vision group’s cortical prosthesis. In Image Processing
(ICIP), 2013 20th IEEE International Conference on. . |EEE; 2013:1536-1539.

105. Ferrandez JM, Liafio E, Bonomini P, Martinez JJ, Toledo J, Fernandez E: A customizable multi-
channel stimulator for cortical neuroprosthesis. In Engineering in Medicine and Biology Society,
2007. EMBS 2007. 29th Annual International Conference of the IEEE. . IEEE; 2007:4707-4710.

106.  Lewis PM, Ackland HM, Lowery AJ, Rosenfeld JV: Restoration of vision in blind individuals using
bionic devices: A review with a focus on cortical visual prostheses. Brain Res 2015, 1595:51-73.



107.  Nauhaus I, Nielsen KJ, Callaway EM: Efficient receptive field tiling in primate V1. Neuron 2016,
91:893-904.

108.  Tehovnik EJ, Slocum WM: Phosphene induction by microstimulation of macaque V1. Brain Res
Rev 2007, 53:337-343.

109. Salzman CD, Murasugi CM, Britten KH, Newsome WT: Microstimulation in visual area MT:
effects on direction discrimination performance. J Neurosci 1992, 12:2331-2355.

110.  Afraz S-R, Kiani R, Esteky H: Microstimulation of inferotemporal cortex influences face
categorization. Nature 2006, 442:692.

111.  Bosking WH, Beauchamp MS, Yoshor D: Electrical Stimulation of Visual Cortex: Relevance for
the Development of Visual Cortical Prosthetics. Annu Rev Vis Sci 2017, 3:null.

112. LiM,YanY, WuK, LuY, SunJ, ChenY, Chai X, Katz S, Cao P, Ma Z, et al.: Penetrative Optic
Nerve-Based Visual Prosthesis Research. In Artificial Vision. . Springer; 2017:165-176.

113.  Veraart C, Wanet-Defalque M-C, Gerard B, Vanlierde A, Delbeke J: Pattern recognition with the
optic nerve visual prosthesis. Artif Organs 2003, 27:996—-1004.

114. Panetsos F, Sanchez-Jimenez A, Diaz-de Cerio ER, Diaz-Guemes |, Sanchez FM: Consistent
phosphenes generated by electrical microstimulation of the visual thalamus. An experimental
approach for thalamic visual neuroprostheses. Front Neurosci 2011, 5:84.

115. Chen R, Gerloff C, Hallett M, Cohen LG: Involvement of the ipsilateral motor cortex in finger
movements of different complexities. Ann Neurol 1997, 41:247-254.

116. Thompson PD, Dick JPR, Asselman P, Griffin GB, Day BL, Rothwell JC, Sheehy MP, Marsden CD:
Examination of motor function in lesions of the spinal cord by stimulation of the motor cortex.
Ann Neurol 1987, 21:389-396.

117. Penfield W, Boldrey E: Somatic motor and sensory representation in the cerebral cortex of
man as studied by electrical stimulation. Brain J Neurol 1937,

118.  Borchers S, Himmelbach M, Logothetis N, Karnath H-O: Direct electrical stimulation of human
cortex — the gold standard for mapping brain functions? Nat Rev Neurosci 2012, 13:63-70.

¢119. Meinzer M, Darkow R, Lindenberg R, FI6el A: Electrical stimulation of the motor cortex
enhances treatment outcome in post-stroke aphasia. Brain 2016,

Motor cortex neuromodulation can also have important roles in functional neurorehabilitation.

120. Takeuchi N, Chuma T, Matsuo Y, Watanabe |, Ikoma K: Repetitive transcranial magnetic
stimulation of contralesional primary motor cortex improves hand function after stroke. Stroke
2005, 36:2681-2686.

121.  Collinger JL, Foldes S, Bruns TM, Wodlinger B, Gaunt R, Weber DJ: Neuroprosthetic technology
for individuals with spinal cord injury. J Spinal Cord Med 2013, 36:258-272.



122.  Ethier C, Oby ER, Bauman MJ, Miller LE: Restoration of grasp following paralysis through brain-
controlled stimulation of muscles. Nature 2012, 485:368—371.

123.  Moritz CT, Perlmutter SI, Fetz EE: Direct control of paralysed muscles by cortical neurons.
Nature 2008, 456:639-642.

e124. Bouton CE, Shaikhouni A, Annetta NV, Bockbrader MA, Friedenberg DA, Nielson DM, Sharma G,
Sederberg PB, Glenn BC, Mysiw WJ, et al.: Restoring cortical control of functional movementin a
human with quadriplegia. Nature 2016, 533:247-250.

Implementation of a cortical motor neuroprosthetic device to control volitional movement of a
quadriplegic patient’s own limbs. The patient was able to grasp and manipulate objects by interfacing
motor cortex intracranial recordings with an external neuromuscular stimulation sleeve.

¢125. Ajiboye AB, Willett FR, Young DR, Memberg WD, Murphy BA, Miller JP, Walter BL, Sweet JA,
Hoyen HA, Keith MW, et al.: Restoration of reaching and grasping movements through brain-
controlled muscle stimulation in a person with tetraplegia: a proof-of-concept demonstration. The
Lancet 2017, 389:1821-1830.

This paper reports the use of functional electrical stimulation (FES) of peripheral nerves to evoke
voluntary arm movements of a spinal cord injury patient through a brain-machine interface.

126. Ibitoye MO, Hamzaid NA, Hasnan N, Wahab AKA, Davis GM: Strategies for rapid muscle fatigue
reduction during FES exercise in individuals with spinal cord injury: a systematic review. PloS One
2016, 11:e0149024.

127.  Branner A, Stein RB, Normann RA: Selective stimulation of cat sciatic nerve using an array of
varying-length microelectrodes. J Neurophysiol 2001, 85:1585—-1594.

128. Berger TW, Hampson RE, Song D, Goonawardena A, Marmarelis VZ, Deadwyler SA: A cortical
neural prosthesis for restoring and enhancing memory. J Neural Eng 2011, 8:046017.

129. Deadwyler SA, Hampson RE, Song D, Opris I, Gerhardt GA, Marmarelis VZ, Berger TW: A
cognitive prosthesis for memory facilitation by closed-loop functional ensemble stimulation of
hippocampal neurons in primate brain. Exp Neurol 2017, 287:452-460.

130. Fell J, Staresina BP, Do Lam AT, Widman G, Helmstaedter C, Elger CE, Axmacher N: Memory
modulation by weak synchronous deep brain stimulation: a pilot study. Brain Stimulat 2013,
6:270-273.

131.  Miller JP, Sweet JA, Bailey CM, Munyon CN, Luders HO, Fastenau PS: Visual-spatial memory may
be enhanced with theta burst deep brain stimulation of the fornix: a preliminary investigation
with four cases. Brain 2015, 138:1833-1842.

®132. Ezzyat, Kragel JE, Burke JF, Levy DF, Lyalenko A, Wanda P, O’Sullivan L, Hurley KB, Busygin S,
Pedisich I, et al.: Direct Brain Stimulation Modulates Encoding States and Memory Performance in
Humans. Curr Biol 2017, 27:1251-1258.



This paper demonstrates that memory performance of cognitive neuroprostheses is dependent on the
brain’s encoding-state.

133.  Nicolelis MA: Brain—machine interfaces to restore motor function and probe neural circuits.
Nat Rev Neurosci 2003, 4:417-422.

134.  Sahakian BJ, Morein-Zamir S: Neuroethical issues in cognitive enhancement. J Psychopharmacol
(Oxf) 2011, 25:197-204.

135.  Rousche PJ, Normann RA: Chronic intracortical microstimulation (ICMS) of cat sensory cortex
using the Utah Intracortical Electrode Array. IEEE Trans Rehabil Eng 1999, 7:56—-68.

136. Berényi A, Somogyvari Z, Nagy AJ, Roux L, Long JD, Fujisawa S, Stark E, Leonardo A, Harris TD,
Buzsdki G: Large-scale, high-density (up to 512 channels) recording of local circuits in behaving
animals. J Neurophysiol 2014, 111:1132-1149.

137.  Scholvin J, Kinney JP, Bernstein JG, Moore-Kochlacs C, Kopell N, Fonstad CG, Boyden ES: Close-
packed silicon microelectrodes for scalable spatially oversampled neural recording. /EEE Trans
Biomed Eng 2016, 63:120-130.

138.  Shobe JL, Claar LD, Parhami S, Bakhurin KI, Masmanidis SC: Brain activity mapping at multiple
scales with silicon microprobes containing 1,024 electrodes. J Neurophysiol 2015, 114:2043-2052.

139. Lee HC, Gaire J, McDowell SP, Otto KJ: The effect of site placement within silicon
microelectrodes on the long-term electrophysiological recordings. In Engineering in Medicine and
Biology Society (EMBC), 2014 36th Annual International Conference of the IEEE. . |EEE; 2014:465—
468.

140. Schouenborg J, Garwicz M, Danielsen N: Multimodal, longitudinal assessment of intracortical
microstimulation. Brain Mach Interfaces Implic Sci Clin Pract Soc 2011, 194:131.

141.  DuJ, Blanche TJ, Harrison RR, Lester HA, Masmanidis SC: Multiplexed, high density
electrophysiology with nanofabricated neural probes. PloS One 2011, 6:26204.

142.  Seidl K, Schwaerzle M, Ulbert |, Neves HP, Paul O, Ruther P: CMOS-based high-density silicon
microprobe arrays for electronic depth control in intracortical neural recording—characterization
and application. J Microelectromechanical Syst 2012, 21:1426-1435.

143.  Buzsaki G, Stark E, Berényi A, Khodagholy D, Kipke DR, Yoon E, Wise KD: Tools for probing local
circuits: high-density silicon probes combined with optogenetics. Neuron 2015, 86:92—-105.

ee144. Patel PR, Zhang H, Robbins MT, Nofar JB, Marshall SP, Kobylarek MJ, Kozai TD, Kotov NA,
Chestek CA: Chronic in vivo stability assessment of carbon fiber microelectrode arrays. J Neural
Eng 2016, 13:066002.

This paper reports the chronic biocompatibility and performance of ultrasmall implantable
carbon fiber microelectrodes



145. Kozai TDY, Langhals NB, Patel PR, Deng X, Zhang H, Smith KL, Lahann J, Kotov NA, Kipke DR:
Ultrasmall implantable composite microelectrodes with bioactive surfaces for chronic neural
interfaces. Nat Mater 2012, 11:1065-1073.

146.  Guitchounts G, Markowitz JE, Liberti WA, Gardner TJ: A carbon-fiber electrode array for long-
term neural recording. J Neural Eng 2013, 10:046016.

147.  Wilks SJ, Richardson-Burn SM, Hendricks JL, Martin D, Otto KJ: Poly (3, 4-ethylene
dioxythiophene)(PEDOT) as a micro-neural interface material for electrostimulation. Front
Neuroengineering 2009, 2:7.

148.  Luo X, Weaver CL, Zhou DD, Greenberg R, Cui XT: Highly stable carbon nanotube doped poly (3,
4-ethylenedioxythiophene) for chronic neural stimulation. Biomaterials 2011, 32:5551-5557.

149. Luan L, Wei X, Zhao Z, Siegel JJ, Potnis O, Tuppen CA, Lin S, Kazmi S, Fowler RA, Holloway S, et
al.: Ultraflexible nanoelectronic probes form reliable, glial scar—free neural integration. Sci Adv
2017, 3:e1601966.

150.  LiuJ, FuT-M, Cheng Z, Hong G, Zhou T, Jin L, Duvvuri M, Jiang Z, Kruskal P, Xie C, et al.: Syringe-
injectable electronics. Nat Nanotechnol 2015, 10:629-636.

151.  Zhou T, Hong G, Fu T-M, Yang X, Schuhmann TG, Viveros RD, Lieber CM: Syringe-injectable mesh
electronics integrate seamlessly with minimal chronic immune response in the brain. Proc Nat/
Acad Sci 2017, 114:5894-5899.

152.  Oxley TJ, Opie NL, John SE, Rind GS, Ronayne SM, Wheeler TL, Judy JW, McDonald AJ, Dornom A,
Lovell TJ, et al.: Minimally invasive endovascular stent-electrode array for high-fidelity, chronic
recordings of cortical neural activity. Nat Biotechnol 2016,

153.  Potter KA, Buck AC, Self WK, Capadona JR: Stab injury and device implantation within the brain
results in inversely multiphasic neuroinflammatory and neurodegenerative responses. J Neural
Eng 2012, 9:046020.

154.  Kozai TDY, Vazquez AL, Weaver CL, Kim S-G, Cui XT: In vivo two-photon microscopy reveals
immediate microglial reaction to implantation of microelectrode through extension of processes.
J Neural Eng 2012, 9:066001.

155.  Xie Y, Martini N, Hassler C, Kirch RD, Stieglitz T, Seifert A, Hofmann UG: In vivo monitoring of
glial scar proliferation on chronically implanted neural electrodes by fiber optical coherence
tomography. 2014,

156. Schwartz AB: Cortical neural prosthetics. Annu Rev Neurosci 2004, 27:487-507.

157.  Vetter RJ, Williams JC, Hetke JF, Nunamaker EA, Kipke DR: Chronic neural recording using
silicon-substrate microelectrode arrays implanted in cerebral cortex. /EEE Trans Biomed Eng 2004,
51:896-904.

158.  Williams JC, Rennaker RL, Kipke DR: Long-term neural recording characteristics of wire
microelectrode arrays implanted in cerebral cortex. Brain Res Brain Res Protoc 1999, 4:303—313.



159. Johnson MD, Otto KJ, Kipke DR: Repeated voltage biasing improves unit recordings by reducing
resistive tissue impedances. /EEE Trans Neural Syst Rehabil Eng 2005, 13:160-165.

160. Lycke RJ, Schendel A, Williams JC, Otto KJ: In vivo evaluation of a MECOG array for chronic
stimulation. In Engineering in Medicine and Biology Society (EMBC), 2014 36th Annual International
Conference of the IEEE. . IEEE; 2014:1294-1297.

161. Insanally M, Trumpis M, Wang C, Chiang C-H, Woods V, Kay Palopoli-Trojani, Bossi S, Froemke
RC, Viventi J: A low-cost, multiplexed p ECoG system for high-density recordings in freely moving
rodents. J Neural Eng 2016, 13:026030.

162.  Nitsche MA, Cohen LG, Wassermann EM, Priori A, Lang N, Antal A, Paulus W, Hummel F, Boggio
PS, Fregni F, et al.: Transcranial direct current stimulation: state of the art 2008. Brain Stimulat
2008, 1:206-223.

163. Bonmassar G, Lee SW, Freeman DK, Polasek M, Fried S, Gale JT: Microscopic magnetic
stimulation of neural tissue. Nat Commun 2012, 3:921.

ee164. Lee SW, Fallegger F, Casse BD, Fried SI: Implantable microcoils for intracortical magnetic
stimulation. Sci Adv 2016, 2:e1600889.

Design and fabrication of an implantable-sized (50 um x 100 um) microcoil prototype.
Physiological experiments showed the efficacy of this microcoils to safely activate neurons
through micromagnetic stimulation with a spatial resolution of <60 um. Furthermore, these
implantable coils can selectively activate neurons depending on the coil orientation.

165.  Lee SW, Fried SI: Magnetic control of cortical pyramidal neuron activity using a micro-coil. In
Neural Engineering (NER), 2015 7th International IEEE/EMBS Conference on. . IEEE; 2015:268-271.

©166. Lee SW, Fried SI: Suppression of subthalamic nucleus activity by micromagnetic stimulation.
IEEE Trans Neural Syst Rehabil Eng 2015, 23:116-127.

This paper demonstrates the ability of micromagnetic stimulation to suppress neuronal activity through
repetitive pulses.

167.  Deisseroth K: Optogenetics. Nat Methods 2011, 8:26-29.

168.  Williams JC, Denison T: From optogenetic technologies to neuromodulation therapies. Sci
Trans! Med 2013, 5:177ps6—177ps6.

169. Histed MH, Ni AM, Maunsell JH: Insights into cortical mechanisms of behavior from
microstimulation experiments. Prog Neurobiol 2013, 103:115-130.

170.  Repina NA, Rosenbloom A, Mukherjee A, Schaffer DV, Kane RS: At Light Speed: Advances in
Optogenetic Systems for Regulating Cell Signaling and Behavior. Annu Rev Chem Biomol Eng 2017,
8:13-39.

171. Borton D, Micera S, Milldn J del R, Courtine G: Personalized Neuroprosthetics. Sci Trans! Med
2013, 5:210rv2-210rv2.



172. Boyden ES, Zhang F, Bamberg E, Nagel G, Deisseroth K: Millisecond-timescale, genetically
targeted optical control of neural activity. Nat Neurosci 2005, 8:1263-1268.

173.  Aravanis AM, Wang L-P, Zhang F, Meltzer LA, Mogri MZ, Schneider MB, Deisseroth K: An optical
neural interface: in vivo control of rodent motor cortex with integrated fiberoptic and optogenetic
technology. J Neural Eng 2007, 4:5143.

e174. Carvalho-de-Souza JL, Treger JS, Dang B, Kent SB, Pepperberg DR, Bezanilla F: Photosensitivity of
neurons enabled by cell-targeted gold nanoparticles. Neuron 2015, 86:207—-217.

Technique capable of optically activating neurons through gold nanoparticles.

175. Kim T, McCall JG, Jung YH, Huang X, Siuda ER, Li Y, Song J, Song YM, Pao HA, Kim R-H, et al.:
Injectable, cellular-scale optoelectronics with applications for wireless optogenetics. Science 2013,
340:211-216.

®176. ParkSl, Brenner DS, Shin G, Morgan CD, Copits BA, Chung HU, Pullen MY, Noh KN, Davidson S,
Oh SJ, et al.: Soft, stretchable, fully implantable miniaturized optoelectronic systems for wireless
optogenetics. Nat Biotechnol 2015, 33:1280-1286.

This paper developed a minimally invasive wireless system capable of optogenetically modulating
neuronal activity in the spinal cord and peripheral nerves.

®177. Montgomery KL, Yeh AJ, Ho JS, Tsao V, lyer SM, Grosenick L, Ferenczi EA, Tanabe Y, Deisseroth K,
Delp SL, et al.: Wirelessly powered, fully internal optogenetics for brain, spinal and peripheral
circuits in mice. Nat Methods 2015,

Development of a subcutaneous wireless optogenetic system capable of neuromodulating
different nerve tissues in mice.

ee178. ParkS, GuoY, Jia X, Choe HK, Grena B, Kang J, Park J, Lu C, Canales A, Chen R, et al.: One-step
optogenetics with multifunctional flexible polymer fibers. Nat Neurosci 2017, 20:612—-619.

A novel optogenetic probe capable of stimulating and recording neuronal activity. The small
size and flexibility of this device enhances its biocompatibility and chronic performance.

179. Yazdan-Shahmorad A, Diaz-Botia C, Hanson TL, Kharazia V, Ledochowitsch P, Maharbiz MM,
Sabes PN: A large-scale interface for optogenetic stimulation and recording in nonhuman
primates. Neuron 2016, 89:927-939.

180. Marblestone AH, Daugharthy ER, Kalhor R, Peikon ID, Kebschull JM, Shipman SL, Mishchenko Y,
Lee JH, Kording KP, Boyden ES, et al.: Rosetta brains: a strategy for molecularly-annotated
connectomics. ArXiv Prepr ArXiv14045103 2014,

181. CaiD, Cohen KB, Luo T, Lichtman JW, Sanes JR: Improved tools for the Brainbow toolbox. Nat
Methods 2013, 10:540-547.

182.  Wells J, Kao C, Mariappan K, Albea J, Jansen ED, Konrad P, Mahadevan-Jansen A: Optical
stimulation of neural tissue in vivo. Opt Lett 2005, 30:504-506.



183.  Cayce JM, Friedman RM, Chen G, Jansen ED, Mahadevan-Jansen A, Roe AW: Infrared neural
stimulation of primary visual cortex in non-human primates. Neurolmage 2014, 84:181-190.

¢184. Lothet EH, Shaw KM, Lu H, Zhuo J, Wang YT, Gu S, Stolz DB, Jansen ED, Horn CC, Chiel HJ, et al.:
Selective inhibition of small-diameter axons using infrared light. Sci Rep 2017, 7.

Contrary to standard neuromodulation techniques, this paper developed an infrared light
interface capable of preferentially neuromodulate smaller axons in peripheral nerves.

185. Peterman MC, Bloom DM, Lee C, Bent SF, Marmor MF, Blumenkranz MS, Fishman HA: Localized
Neurotransmitter Release for Use in a Prototype Retinal Interface. Invest Ophthalmol Vis Sci 2003,
44:3144-3149.

186. Song Y-A, Melik R, Rabie AN, Ibrahim AMS, Moses D, Tan A, Han J, Lin SJ: Electrochemical
activation and inhibition of neuromuscular systems through modulation of ion concentrations
with ion-selective membranes. Nat Mater 2011, 10:980-986.

187. HuangH, Delikanli S, Zeng H, Ferkey DM, Pralle A: Remote control of ion channels and neurons
through magnetic-field heating of nanoparticles. Nat Nanotechnol 2010, 5:602—-606.

188.  Reverter F, Prodromakis T, Liu Y, Georgiou P, Nikolic K, Constandinou T: Design considerations
for a CMOS Lab-on-Chip microheater array to facilitate the in vitro thermal stimulation of
neurons. In 2014 IEEE International Symposium on Circuits and Systems (ISCAS). . 2014:630-633.

¢¢189. Munshi R, Qadri SM, Zhang Q, Rubio IC, del Pino P, Pralle A: Magneto-thermal genetic deep
brain stimulation of motor behaviors in awake, freely moving mice. eLife 2017, 6:e27069.

First application of magneto-thermal genetic stimulation in freely behaving rats. This technique works by
combining MNPs with non-invasive alternating magnetic fields on TRPV1 genetically-modified cells

©190. Lee W, KimH, JungY, Song I-U, Chung YA, Yoo S-S: Image-guided transcranial focused
ultrasound stimulates human primary somatosensory cortex. Sci Rep 2015, 5:8743.

Non-invasive transcranial focused ultrasound stimulation elicited transient sensory percepts in
human volunteers.

191. Legon W, Sato TF, Opitz A, Mueller J, Barbour A, Williams A, Tyler WJ: Transcranial focused
ultrasound modulates the activity of primary somatosensory cortex in humans. Nat Neurosci
2014, 17:322-329.

©192. Lee W, Kim H-C, Jung Y, Chung YA, Song I-U, Lee J-H, Yoo S-S: Transcranial focused ultrasound
stimulation of human primary visual cortex. Sci Rep 2016, 6.

This paper reports how advances in non-invasive ultrasound neuromodulation are capable of
evoking phosphenes by stimulating visual cortex in human volunteers.

193, Grossman N, Bono D, Dedic N, Kodandaramaiah SB, Rudenko A, Suk H-J, Cassara AM, Neufeld E,
Kuster N, Tsai L-H, et al.: Noninvasive Deep Brain Stimulation via Temporally Interfering Electric
Fields. Cell 2017, 169:1029-1041.



Novel neuromodulation method capable of selectively stimulating subcortical deep brain
regions through non-invasive temporally interfering electric fields.





