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“Every technology is actually an artificial extension of the innate tendency possessed by all liv-
ing beings to gain mastery over their environment, or at least not to surrender to it in their
struggle for survival.” Stanistaw Lem, Summa Technologiae [1].

One of the biggest allures of neurotechnology is the possibility to enhance cognitive abilities.
Cognition can be defined as the process by which organisms acquire, store, organize, and
manipulate information and use it to guide behavior and decision-making. Thus, any singular
or collective enhancement of cognitive function could provide a competitive advantage, which
is a source of both promise and concern [2].

Cognitive enhancement has a long history. Its pursuit was first materialized through the
accumulation and transfer of knowledge. The Pythagorean school shaped mathematics into a
fundamental science and Mendel’s scientific publications planted the seed for the gene editing
therapies now being applied to cure diseases. Other traditional forms of cognitive enhance-
ment include caffeine and prescription stimulants, physical exercise, improvements in sleep
quality, and memory training. Can these be boosted or replaced by technology? Efforts so far
have not yet resulted in significant gains, with most technological attempts at cognitive
enhancement producing small effect sizes obtained typically under laboratory conditions [3,4].
However, timid beginnings apply to technologies at the dawn of new eras. After all, the first
mechanical vehicles were slower than horse-driven ones and the first consumer mobile phones
were attached to cars. What is then missing for a leap in neurotechnology to achieve cognitive
enhancement? In our opinion, we are reaching the tip of what can be developed through trial
and error. Our view is that a leap in neurotechnology for neuroenhancement can only be
achieved if it progresses alongside a more fundamental understanding of human brain func-
tion. As Lem put it “. . . technological empiricism develops as far as it can. Edison tried to invent
something like an “atomic engine”, but this did not—and could not—come to much because,
whereas a dynamo can be built through trial and error, an atomic reactor cannot.” [1].

The biggest gains in cognitive improvement will most likely first materialize through pros-
thetics aimed at individuals in whom cognitive function is diminished by injury or disease.
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Indeed, a flourishing number of recent papers pairing invasive recordings of brain activity
(increasingly taking advantage of single-cell resolution) with electrical stimulation via
implanted electrodes, machine learning, or both, have demonstrated improvements that might
soon pave the way for cognitive neuroprosthetics [5,6]. However, to be considered an
enhancer, neurotechnology must produce beneficial effects in the absence of a deficit. But
what is the level of enhancement that justifies the risks associated with brain surgery? Nonin-
vasive neurotechnology is objectively the most desired path.

Currently most promising technologies for cognitive enhancement include brain-com-
puter interfaces and brain stimulation. Noninvasive brain stimulation includes technologies
with the ability to influence neural activity without the need for surgery. These include tech-
niques that shape brain activity through the generation of local electric fields (i.e., transcranial
magnetic or electric stimulation), mechanical interactions (i.e., transcranial focused ultra-
sound), and sensorial stimulation (e.g., via rhythmic entrainment or closed-loop auditory
stimulation). Protocols using noninvasive brain stimulation for cognitive enhancement have
been advancing through trial and error for decades, alongside an increased recognition of the
large parameter space that needs to be accounted for to optimize stimulation for cognitive
functions [3]. Brain stimulation approaches have progressively being refined through model-
ing, implementation of protocols inspired by the brain’s intrinsic patterns of activity, better
engagement with the target area afforded by improving focality, reaching deeper brain areas,
and the combination with imaging for personalized protocols. Brain-computer or brain-
machine interfaces are systems that translate signals from the brain for use in an external
device. Currently, most brain-machine interfaces use sensorimotor signals as inputs, but there
are interesting developments in cognitive brain-machine interfaces. These have so far been
mostly circumscribed to neurofeedback approaches, with examples of cognitive enhancements
targeting attention, memory, and executive functions, and interesting developments in brain-
to-brain interface technology, which could be used for social networks and collective decision-
making [7]. However, evidence for clear cognitive enhancement via noninvasive brain stimu-
lation or machine-based interfaces is modest and it is still unclear whether long-term benefits
that provide competitive advantages in ecological settings can be achieved.

Progress is expected to come through technologies that can make use of closed-loop
approaches that “read” and can influence brain activity associated with the cognitive function
to be enhanced. While considerations such as high-fidelity neural sensors that can be used for
prolonged periods of time, computing power, advanced signal processing, and machine learn-
ing techniques are all critical, the biggest challenge lies in the intrinsic complexity of the neural
mechanisms underlying cognition. The metaphor of the brain as a machine can be useful and
has enabled significant progress. However, the brain is ultimately not a machine, and the bio-
logical reductionism that has served as the substrate of many interventions using noninvasive
brain stimulation or brain-machine interfaces likely also underlies the lack of robustness and
replicability of many of the current findings [8]. If cognitive functions are associated with dis-
tributed patterns across brain networks, for which there is no one-to-one mapping, where
causal factors interact in nonlinear ways to produce larger-scale collective outcomes [9], and
for which the response to a target input is non-stationary, then new paradigms better suited to
analyzing and interpreting the brain signals that can be read and the effects on behavior that
are likely to be produced will need to be explored and embraced.

Some progress is being made in the fields of neuroscience and neuroimaging through a bur-
geoning interdisciplinary engagement with the challenges and questions posed by the science
of complex systems. This generates both new challenges and new potential. If neurotechnology
is to move beyond the limitations of a trial and error approach, it is time to engage with the
brain’s irreducible complexity.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002831 October 29, 2024 2/83


https://doi.org/10.1371/journal.pbio.3002831

PLOS BIOLOGY

Acknowledgments

We thank Dr. M Savransky and Dr. V Jaramillo for comments that improved this manuscript.

Author Contributions

Conceptualization: Ines R. Violante, Prince Okyere.

Writing - original draft: Ines R. Violante.

Writing - review & editing: Prince Okyere.

References

1.

Lem S. Summa Technologiae. Zylinska J., translator. 1st ed. Minneapolis: University of Minnesota
Press; 2013.

Erden YJ, Brey PAE. Ethics guidelines for human enhancement R&D. Science. 2022; 378(6622):835—
838.

Antal A, Luber B, Brem AK, Bikson M, Brunoni AR, Cohen Kadosh R, et al. Non-invasive brain stimula-
tion and neuroenhancement. Clin Neurophysiol Pract. 2022; 7:146—165. https://doi.org/10.1016/j.cnp.
2022.05.002 PMID: 35734582

Cinel C, Valeriani D, Poli R. Neurotechnologies for Human Cognitive Augmentation: Current State of
the Art and Future Prospects. Front Hum Neurosci. 2019; 13:13. https://doi.org/10.3389/fnhum.2019.
00013 PMID: 30766483

Silva AB, Littlejohn KT, Liu JR, Moses DA, Chang EF. The speech neuroprosthesis. Nat Rev Neurosci.
2024; 25(7):473—-492. https://doi.org/10.1038/s41583-024-00819-9 PMID: 38745103

Gupta A, Vardalakis N, Wagner FB. Neuroprosthetics: from sensorimotor to cognitive disorders. Com-
mun Biol. 2023; 6(1):14. https://doi.org/10.1038/s42003-022-04390-w PMID: 36609559

Saha S, Mamun KA, Ahmed K, Mostafa R, Naik GR, Darvishi S, et al. Progress in Brain Computer Inter-
face: Challenges and Opportunities. Front Syst Neurosci. 2021; 15:578875.

Noble S, Curtiss J, Pessoa L, Scheinost D. The tip of the iceberg: A call to embrace anti-localizationism
in human neuroscience research. Imaging Neuroscience. 2024; 2:1-10.

Turkheimer FE, Rosas FE, Dipasquale O, Martins D, Fagerholm ED, Expert P, et al. A Complex Sys-
tems Perspective on Neuroimaging Studies of Behavior and lts Disorders. Neuroscientist. 2022; 28
(4):382-399. https://doi.org/10.1177/1073858421994784 PMID: 33593120

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002831 October 29, 2024 3/3


https://doi.org/10.1016/j.cnp.2022.05.002
https://doi.org/10.1016/j.cnp.2022.05.002
http://www.ncbi.nlm.nih.gov/pubmed/35734582
https://doi.org/10.3389/fnhum.2019.00013
https://doi.org/10.3389/fnhum.2019.00013
http://www.ncbi.nlm.nih.gov/pubmed/30766483
https://doi.org/10.1038/s41583-024-00819-9
http://www.ncbi.nlm.nih.gov/pubmed/38745103
https://doi.org/10.1038/s42003-022-04390-w
http://www.ncbi.nlm.nih.gov/pubmed/36609559
https://doi.org/10.1177/1073858421994784
http://www.ncbi.nlm.nih.gov/pubmed/33593120
https://doi.org/10.1371/journal.pbio.3002831

