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An Editorial on the Frontiers in Science Lead Article

Organoid intelligence (Ol): the new frontier in biocomputing and
intelligence-in-a-dish

Introduction

In 1965, Gordon E. Moore, the co-founder of Intel, observed that the number of
transistors on a single microchip doubles approximately every two years, while the cost of
computers roughly halves during that timeframe; this became known as “Moore’s Law.” This
increase in computational power was the bedrock of the Fourth Industrial Revolution and all
the societal change it drove. Engineers continue to find seemingly impossible ways to pack
even more transistors onto chips, even though logic tells us we have been nearing physical size
limits for years. How can science and society prolong these welcome waves of progress?

Perhaps biology could offer the solution. From the very beginning, computers have
been designed to model the human brain. The mathematician John von Neumann was a
pioneer of the computer age. His unfinished book, The Computer and the Brain, first
published in 1958, discussed important differences between brains and the computers of his
day and suggested directions for future research. This strongly influenced the efforts of
generations of innovators to make computers increasingly brain-like.

In their fascinating article, Smirnova et al. (1) now propose doing the exact opposite:
making brain cultures more computer-like. In June 2022, Hewlett Packard’s Enterprise
Frontier (OLCEF-5) supercomputer at the U.S. Department of Energy Oak Ridge National
Laboratory surpassed the estimated computing power of a single human brain (1
exaFLOPS). However, there is a dramatic difference in efficiency: a human brain weighs
around 1.4 kg and consumes 20 W of power, whereas Enterprise Frontier takes up 680 m*
and consumes 21 MW. Notably, the supercomputer also cost an estimated $600 million to
build, not to mention its running costs. On a smaller scale, Apple’s current MacBook also
weighs about 1.4 kg and claims to deliver 10 teraFLOPS of performance - that is, 100,000
times less than a human brain. In other words, if Moore’s Law holds, it would take
approximately 33 more years for a laptop to reach brain performance.

Although these comparisons are purely notional, they help to illustrate the enormous
potential of biological computing. The big challenge for Smirnova et al. and other
researchers in this field is: can they grow the next supercomputer in a cell culture lab?
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Organoid intelligence: Achievements
and challenges

The field of artificial intelligence (AI) is at an impasse, requiring
exponentially larger amounts of power and data to yield only
incremental gains. One key problem is that Al systems must build a
new model every time data is added, whereas the human brain uses
progressive learning. Some years ago at the American Association for
the Advancement of Science’s Annual Meeting, and more recently at
the 2022 EuroScience Open Forum in Leiden, the Netherlands, I have
seen how Johns Hopkins University is leading a revolution in
bioengineering and brain cell culturing that aims at a new generation
of Al In their latest article (1), Smirnova and colleagues, based at Johns
Hopkins and other institutions, explain how standardized human brain
organoids are now being produced with the aim of harnessing them via
pioneering interface technologies and machine learning toward the
development of biological computers and “organoid intelligence” (OI),
or intelligence-in-a-dish.

While much of the work remains hypothetical, substantial progress
has certainly been made since the first description of human brain
organoid cultures in 2013 (2). Standardized brain cell cultures are
successfully being produced with the incorporation of glial helper cells,
which are critical for cognitive functions such as learning and memory.
These are being supported by microphysiological systems that attempt
to recreate brain architecture and functionality on a micro-scale,
including organoids, organ-on-chip, and multi-organ-on-chip
models. Other microphysiological systems are already achieving
breakthroughs for COVID-19 and autism research and are also
being applied to space research. For the first time, the U.S. Food and
Drug Administration has approved an investigational drug candidate
to move into human trials based on microphysiological testing -
without animal efficacy data (3).

Major challenges remain to realizing OI, including the
development of techniques to supply input to brain organoids
and measure their output. Recently, some of Smirnova’s co-
authors have made advances in electroencephalograph (EEG)
technology that allows the electrical activity of brain organoids to
be assessed (4). Other co-authors are currently pioneering truly
fascinating studies to assess learning in brain cell cultures, such as
training brain organoids to play the computer game Pong (5) or to
control the movements of a robot (6). Unquestionably, there is still
a long way to go, but this multidisciplinary community of
researchers has reached the critical mass necessary to tackle these
and other challenges.

A “man-on-the-moon”-style ambition
is hecessary

Biomedicine depends on models to understand both standard
physiology and disease processes — such knowledge is prerequisite
for the development of treatments and cures. Current models, based
on, for example, human tumor cell lines and human cells from
surgical materials, have well-known limitations. Brain organoids
may provide a human model that allows researchers to recreate
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physiological and pathophysiological processes without the
drawbacks of conventional models. Innovative technologies such
as OI will shape the advancement of biomedical research - even if
not everyone is brave enough to get on board.

Unless there is a joint effort to champion reliable, evidence-
based policymaking on issues relating to the brain and brain
research, we risk a dangerous slide into the realm of policy-
misinformed evidence. While I agree with the “precautionary
principle,” there are times when the “innovation principle” should
hold sway - and this might just be one such time. Not only could
brain organoid research benefit biological computing, it could also
have significant public health benefits. The incidence of
neurological disorders, mental illnesses, and addictive behaviors
has increased markedly in recent decades owing in part to
demographic and lifestyle changes. For example, based on 2016
data (which likely understates current numbers), neurological
diseases are the leading cause of disability and the second leading
cause of all deaths worldwide (7). In the United States, around one
in six children is born with some form of neurodevelopmental
disorder (8) and around one in 44 children has autism (9). At the
other end of the life cycle, 6.5 million Americans aged 65 and older
are currently living with Alzheimer’s disease, and the US Centers for
Disease Control and Prevention projects this number will reach 12.7
million by 2050 (10).

Despite large, worldwide investments in brain research, truly
novel therapeutic approaches and effective treatments for central
nervous system disorders remain remote. The recent development
of the monoclonal antibody lecanemab (11) is an important step
forward in the treatment of Alzheimer’s disease, but there is much
more to do. To tackle these silent pandemics, we need new,
“outside-the-box” research tools and strategies. A human-based
model of learning and memory, potentially built from a patient’s
own cells to incorporate the individual’s specific genetic elements,
could become a crucial tool for better understanding neurological
diseases and developing cures. If we succeed in creating models that
are capable of learning and remembering, we will be able to study
the fundamental physiology of brain function in a dish. Combining
a brain cell culture with AI and enabling crosstalk might elucidate
how the brain changes in response to external factors and disease
states, and hence how these affect its function. This will potentially
allow us to take a significant but limited step in our understanding
of what is going wrong in neurodevelopment toward cognition.

Smirnova et al. are driving toward such a model to help us
improve our understanding of how cognitive functions are
established and how our genes and our environments (enviro-
genomics) play a role. This could be game changing for public
health. Everyone - from policymakers and funding bodies to
scientists, pharmaceutical companies, and the public - should
give the innovative approach of OI a chance to succeed. These
studies are still in their infancy, and they need our support.

The ethics of brain research

There was a time when people who were “different” were simply
locked up alongside criminals and debtors. Out of sight was out of
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mind; caring for such individuals was costly. Today, society strives
to do more to help everyone - from children to elderly people -
suffering from life-limiting or life-threatening conditions. However,
the extent of societal intervention is frequently limited by legal
boundaries, which are often informed by the hotly contested
interests of ethics and religion, as well as by a fear of the
unknown. As a neuroscientist, and as Quebec Chief Scientist, I
have seen firsthand how topics involving the brain — and even more
so the mind - can divide individuals, scientists, and policymakers.
Recent advances toward OI give me great hope that, with the proper
engagement of all stakeholders, we can establish a successful set of
ethics and principles to inform this crucial work at the boundary
between science, society, and policy - while avoiding the
unfortunate pitfalls experienced with genetically modified
organisms (GMO), for example.

There is a whole new arena for debate around OI, posing
questions about when sentience or consciousness start, or about the
relationship of a patient to their organoid, and/or what it perceives
and computes. The way we address these compelling questions is
critical to societal acceptance of any new treatments or technologies
that may result from brain organoid research. Scientists should
promote the innovation principle at levels, whether at the dinner
table or the gas station, when informing national policy, and via
networks such as the International Network for Government Science
Advice (INGSA) (12). We should vigorously encourage and pursue
detailed discussions among experts in various disciplines, as well as
from various cultural and ethnic backgrounds. Such discussions are
one of the best ways to ensure that the new discipline of OI thrives
and generates breakthroughs in the understanding of brain functions
and diseases. The authors must be applauded for their efforts to
address these questions from the outset, with the help of
leading ethicists.

Watch this space

I believe we will hear much more about this new field of OI in the
months and years to come. It will not be easy - the saying “it takes a
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toward the exploration of organoid intelligence” (13). In February
2022, they held an initial workshop at which 50 eminent participants
explored the latest scientific, technological, and ethical developments
and challenges in this area (14). It is tempting to compare this
workshop with the workshop at Dartmouth College in the summer
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lives up to this comparison — wouldn’t it be tremendous if these
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wouldn’t miss it for the world.
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