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Introduction: Flagship Afterthoughts
Commenting about science has risks. Being critical

sometimes raises strong opposing reactions. People
work so hard and leaders do not like to see their strat-
egies under fire. Critics do not usually provide easy solu-
tions to the problems they raise, and the questions, even
if they are right on target, remain largely unanswered.
When the stakes are high and massive funds wait to be
delivered, the train (or ship), once launched, ought not to
derail (nor sink). It must go on, as planned, keeping the
initial thrust alive.
In terms of management efficacy, a typical reason why

the project’s leadership does not answer critiques is to
“keep the monkey(s) on the critics’ shoulders” (Oncken
and Wass, 1974; Cover, 1999). Being proactive may be a
better way to get rid of the monkeys and open a construc-
tive dialogue. The issue then becomes: what could have
been done instead, for a better science? This is typically
the question that I am asked at the end of my neuro-epis-
temological talks, or in comments received following pro-
spective reviews on global neuroscience initiatives (Frégnac
and Laurent, 2014; Frégnac, 2017, 2021).
My motivation to write about flagships and global neuro-

science comes from my long involvement in interdisciplinary
consortia, first as the biology coordinator for almost 15 years
in successive European Future and Emerging Technology
(FET) projects (Life-Like Perception, Bio-I3, Open-FET:
Sensemaker, FACETS, Brain-I-Nets, BrainScaleS), then
as an active participant in the ramp-up phase of the

Human Brain Project (HBP). The present opinion paper
is a commentary on the merits and limits of scientific
strategies developed during the course of the HBP flag-
ship. It should not be taken as an evaluation of the deliv-
erables produced by eminent scientists and peers, with
some of whom I have the pleasure and the honor to col-
laborate, or of the technological platforms created by
the project, which I did not use. Accordingly, the focus
here is not on individuals and their specific science, but on
flagships, their metaphoric drive, their ups and downs in the
making, and how they could serve the future of brain
sciences.

The Origin of the Flagship Concept
Let us rewind the film of the history of the Human Brain

Project (HBP), back to 2011. More specifically, to the date
of the contest between six flagship proposals organized by
the FET initiative of the Information and Communication
Technologies Directorate of the European Community (EC-
ICT), before two projects, HBP, in the brain science field, and
Graphene, in the 2D material physics domain, got lucky
(Cramer and Hallonsten, 2020).
The initial lobbying of European flagships was moti-

vated by several goals. The first was obvious, to benefit
from the momentum of an unprecedented thrust in fund-
ing, fueled for 10 years (100 million euros per project per
year). The second was to consolidate a research axis with
a time span two or three times longer than classical
funding schemes (10 years vs three to four years). The
third was to develop “visionary, large-scale, science-
driven research initiatives which tackle grand scientific
and technological challenges across scientific disci-
plines” (Carrozza et al., 2017). Flagships were meant to
be blue-sky projects, revolutionizing conceptual knowl-
edge, addressing challenges thought to be at the limits
of feasibility at the time, and generating disruptive tech-
nologies. In this context, the priority for HBP was to enforce
a paradigm shift (Kuhn, 1962), that would revolutionize the
way we look at the brain in terms of science and applica-
tions (Markram, 2006, 2012, 2013; Kandel et al., 2013).
Note here that, in the context of the “blue sky” framing, de-
livering what had been promised was a different issue, and
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probably, in most minds, not mandatory. Indeed, in the
case of HBP, most participants were convinced from the
start of the project that the simulation of a fully digitized
human brain was unlikely to be achieved in a 10-year span.
The fourth goal was to foster interdisciplinarity in Europe
and future emerging technologies. The new frontier tar-
geted by HBP was at the interface between brain scien-
ces and ICT fields, the hallmark of previous Bio-ICT and
Neuro-IT proactive FET initiatives of the European Community
(de Touzalin, 2013). The fifth was to increase the societal
return of scientific research. For HBP, the obvious tar-
gets were the domains of public health (curing brain dis-
eases), digital personalized medicine and brain-inspired
ICT technologies.
The ranking among these motivations at the start of the

project depended most likely on who you were, and what
your primary domain of expertise was: a neuroscientist or
a physicist in search of heavy funding to sustain risky re-
search, a theoretician in search of the ultimate database
to crunch, a computer scientist in need of exaflops, an IT
entrepreneur in search of a new marketing bubble, an EC
Eurocrat manager in charge of global policy design, a pol-
itician in search of a banner.
Other reasons played a role in the corridors of the

European parliament, such as simplifying the scientific
agenda of an entire field of innovative research, and push-
ing it to self-organize. In practice, projects in “big science”
are veiled in a cloud of metaphors, raising the stakes of
feasibility to the limit. “Building a digital brain” was the
original motto of Henry Markram in 2011. “Virtual Brain” and
“Digital Consciousness” have become the hottest HBP de-
liverables in 2023. The coming age of “Digital Medicine” is
now the main target of Thomas Skordas, Deputy Director
General of DG Connect, for the new European Horizon.
Central administrations and politicians indeed favor

megaprojects that become the responsibility of a few
charismatic scientific drivers. Their charge is not only to
defend a common banner, but also to help organize the
collective energies of an army of scientists to the serv-
ice of technology-driven applications. For sure, the
metaphoric semantic drive of the flagship has several
virtues, serving: (1) to be readable and attractive to a
large public, and strike the imagination by its bold-
ness; (2) to bring industrial and private investors under
a common flag; (3) to be vague and adaptive enough to
support several interpretations (behind which adminis-
trators and Eurocrats can easily hide if the initial goals
are not met...).

Ten Years Later
So where do we stand now? Time has gone by since

the initial promises, and the Human Brain Project (HBP) is
wrapping up, after 10 years. Forget the buzz of the hot
metaphors, which harm the public perception of the flag-
ship. They created expectations that HBP scientists, de-
spite their talents, could not reasonably meet. It is no
surprise that some of us, including me, think that the final
results are disappointing when considering the massive
funding, and their innovative value appears somewhat
downscaled relative to the initial claims.

Despite a dominant skepticism in the scientific community
(Mullin, 2021; Sillig, 2023), some lukewarm (Deeg, 2023;
Naddaf, 2023) and even laudatory (Hughes-Castleberry,
2023; Geiser, 2023) reports have accompanied the end
of the European flagship initiative. One should acknowl-
edge the scientific productivity of hundreds of talented
scientists funded, at least partly, by HBP. In particular,
impressive efforts have been made, in the last months of
HBP, to document the legacy of HBP, both for the scien-
tific community and the public. Beautifully presented
syntheses and summaries of highlights give credit to
3000 publications and technical reports [website ad-
dresses and brochures are listed underneath.

• https://www.humanbrainproject.eu
• https://www.humanbrainproject.eu/en/science-

development/scientific-achievements/highlights/
• https://www.humanbrainproject.eu/en/follow-hbp/

news/2023/09/12/human-brain-project-celebrates-
successful-conclusion/

• https://sos-ch-dk-2.exo.io/public-website-
production-2022/filer_public/74/94/74948627-6a92-
4bed-91e0-3fab46df511d/hbp_spotlights_
achievements_2023.pdf

• https://sos-ch-dk-2.exo.io/public-website-
production-2022/filer_public/6f/70/6f706305-a2e3-
45b8-a42b-dfb476222a6a/230413_hpb22_digital.pdf

• https://sos-ch-dk-2.exo.io/public-website-
production/filer_public/63/0d/630d6561-e26a-4e74-
84bf-b5cbc63deab4/hbp_brochure_spotlights_
digital_lowres.pdf

State-of-the-art atlases and impressive simulation show-
cases have been delivered, but the announced paradig-
matic “rupture” remains to be demonstrated. Currently, at
the end of HBP, scientists do think of the brain in “bigger”
terms, the technologies have progressed remarkably, but
the driving concepts in the fields of brain sciences and neu-
romorphic computing remain largely unchanged.
The assumed bias of this opinion paper is to focus on

bottlenecks and strategical disappointments, following
the rationale that one tends to learn more from failures
than successes. Success means the strategy was right
and predictable, and nothing needs to be changed at this
point. Failure, in contrast, tells us that something went
wrong on the way or that the driving ideas needed at least
to be adjusted, if not contested. Flagship afterthoughts,
thoughts after the flagship, open a re-evaluation phase.
This phase should not divide scientists into proselytist
“Pros” advocates and fierce “Against” critics. The flag-
ship concept (and its implementation) merits a more
balanced and scientific evaluation. So, let us look more
in depth at what we did learn from HBP, in particular,
the hurdles met along the path and the bottlenecks that
could not be breached.
Four global observations come to my mind: (1) the diffi-

culty of running an interdisciplinary project of unprece-
dented scale in brain sciences; (2) the difficulty of building
a new community around a common agenda; (3) the fact
that simulating the whole brain is a more complex task
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than expected, not only because of technological limi-
tations, but also because of the lack of new concepts;
(4) in fine, the difficulty (or impossibility) of building a
comprehensive multiscale theory of the brain. Yes, the
stakes were high, and it was probably worth a try, but
more thoughts and attention should be given to under-
standing the reasons why, in the end, we are left with
this awkward feeling of incompleteness.

Building a Flagship De Novo
From a historical perspective, a difficulty for a European

flagship specific to the interface field between brain sciences
and ICT, was to define the starting point. With the exception
of the European branch of the International Neuroinformatics
Coordinating Facility (INCF), this was almost zero in terms of
global shared infrastructure. Almost zero, in terms of global
science management. Uncoordinated, in terms of completed
databases. Fragmented, in terms of database ontologies.
Elusively weak, in terms of integration across scales (from
micro to macro). Lacking a coherent unifying theory. Weak
and undecided, in terms of industrial investment intent.
The initial blue-sky feature of the HBP agenda, the one

which won the flagship contest, was in sharp contrast with
the translationally-driven orientation of the two other success-
ful flagships, “Graphene” and, more recently, “Quantum,” for
which industrial applications naturally prevailed. It is impor-
tant to note that the content of the final document contracted
by Henry Markram and EPFL with the EC in 2012 ended up
being quite different from the one submitted for the flagship
contest. The amended version strengthened the focus on
databases and high-performance computing (HPC) infra-
structures, and re-established the preeminence of IT over
fundamental brain sciences. The restrictions on non-
human primate (NHP) experimentation, which quickly fol-
lowed, were decided without the unanimous consent of
the board of scientific directors. These moves were part
of the negotiation with the EC (from which most of the fund-
ing originated). They were most likely made to accommo-
date the IT-division directorate and reduce pressure from
the European anti-vivisectionist lobby. In contrast, compet-
ing international mega-science projects in the field of brain
sciences were, from the start, more technically targeted
(Jorgenson et al., 2015; Huang and Luo, 2015; Grillner
et al., 2016; Fairhall, 2021) and more experimentally fo-
cused [“record every spike in the brain” in Alivisatos et
al. (2012); see the recent advances in the field in
Kleinfeld et al., 2019; Demas et al., 2021].
The original task for HBPwas thus quite unique and daunt-

ing. From the start, many neuroscientists and physicists
thought that the challenge of targeting the full digitization
of the Human Brain, presented as the ultimate “race-to-
the-moon,” was not helping the field. Retrospectively,
there also remains the doubt whether the scientific
community in Europe was mentally prepared and ma-
ture enough, to engage in this type of unified enterprise,
at such a scale.

Building a new scientific community
A crucial hurdle, from the start, was that there was no

solid census of scientists who would not only be interested

enough, but who would also give their full adherence to a
collective research roadmap. Science is often done by
bright minds obsessed with private/individual narrowly-fo-
cused agendas. Apart from some notable mid-size FP7
and FET-Open initiatives (Daisy, BrainScales, Robocom),
which gave rise to distinct and somewhat opposing lobby-
ing (Dario et al., 2011; Markram et al., 2011; see also
Martin, 2022), very few structuration efforts existed in
Europe at a macroscale level before HBP. An attempt to
consolidate scientific networks was made as early as
2004 by the National Bernstein Computational Neuroscience
initiative. Its aim was to establish central nodes of excellence
to strengthen German regional capacities in the field of com-
putational neuroscience, interconnect them and develop ap-
plications in the neuro-IT and brain-machine interface
domains. This structuring move was the result of a unique,
large-scale funding initiative (in sum over 200 million euros)
of the German Federal Ministry of Education and Research
(BMBF), led with persistence by a remarkable officer,
Christiane Buchholz (Schwarzwaelder and Cardoso de
Oliveira, 2010; Biopro, 2011), and driven by ardent and
dedicated scientists (Andreas Herz and Ad Aertsen,
among others). This impressive success story, unique in
the European scientific landscape in life sciences, should
have inspired HBP. However, unfortunately for HBP, the in-
ternal conflict between theoreticians and Henry Markram,
during the writing of the roadmap in 2011, led to the prema-
ture disengagement of the Bernstein centers and the United
Kingdom Gatsby center(s) just before the start of the grant
(Shtull-Trauring, 2012). An additional destructuring event oc-
curred three years later, when the cognitive neuroscience pil-
lar, directed by Stanislas Dehaene, was expelled from the
main research axis by the triumvirate executive board coor-
dinated by Henry Markram (an event recounted in Destexhe,
2021). This last move crystallized a deeper crisis between
HBP and the neuroscience community (see the neurofuture
letter coordinated by Mainen and Pouget, 2014; for review
see Frégnac and Laurent, 2014; Mahfoud, 2021).
Did the flagship change the collective way we do brain

sciences? Attracting and sustaining collaborations has
been at the heart of the open calls of HBP (Lorents et al.,
2023). Despite these efforts, monitored by ethnographic
studies in social sciences (Mahfoud, 2018, 2021; Aicardi
and Mahfoud, 2022; Rüland, 2023), it remains unclear at
the end of the project what type of community has emerged
or been consolidated. To my knowledge, no quantitative in-
dependent social network study has been yet made, looking
at the full longitudinal history of the HBP flagship, to analyze
(1) the evolution of collaborative networks (to illustrate for in-
stance a possible revitalization by open calls) and (2) the in-
terpenetration of the different scientific fields. Some of
these networks, formed before HBP, had already been
driving blue-sky projects (FACETS and BrainScaleS).
These medium-sized interdisciplinary consortia became
diluted in their merging with the partners of the Blue
Brain Project (BBP; for review, see Frégnac and Laurent,
2014). The identification of fixed points (happy contribu-
tors constantly funded throughout the time course of
HBP) is also missing. Did the funding mainly benefit pre-
existing scientific clusters, or sustain, from start to finish,
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a rich club of individual scientists? Did a new community
of users of HBP infrastructures emerge in fine? My own im-
pression is that the fixed points were tightly linked with the
governance (EPFL, then Jülich) and that, around these, sci-
entific subnetworks waxed and waned in succession. The
consortium dynamics do not yet seem to have reached an
equilibrium point where a stable envelope of labs could be
constituted by regular users of HBP databases and digital
infrastructures. This remains an open and fascinating issue
for further social studies.

Building consortium coordination
A more down-to-earth related issue is to assess how

the coordination of the scientific communities targeted by
flagships operates, and what mechanisms can be used to
measure its effectiveness. In the case of Graphene, the
coordination was led by the Department of Physics at the
Chalmers University in Sweden. A decade later, it is clear
that this large-scale initiative has globally succeeded in its
endeavors. According to the final report, scientific and
technological promises have been fulfilled. Sixty to sev-
enty per cent of what was promised in terms of specific
applications has been delivered. A quantified study led by
WifOR (commissioned by the flagship) makes the projec-
tion that Graphene will have created a total contribution to
GDP of e3800 million and 38,400 new jobs in the 27 EU
countries between 2014 and 2030. Per euro invested and
compared with other EU projects, this flagship has per-
formed 13 times better than expected in terms of patent
applications, and seven times better for scientific publica-
tions. Seventeen spin-off companies have received over
e130 million in private funding (Albu and Juneja, 2023; see
also “Flagship EC reports” given underneath.).

• The European Commission (DG Connect) and the
GRAPHENE and the HUMAN BRAIN PROJECT FET
Flagships (2016). FET Flagships. Lessons learned
from the first 30 months of their operation.
https://www.h2020.md/en/fet-flagships-lessons-
learntfet_flagships-lessons_learnedfromramp-upphase-
2016oct 25final_18843.pdf

• See also Public presentation by Wolfgang Boch, FET-
Flagship information day, Bratislava, SK, 23 May 2013:
“FET Flagship Initiatives: Concept, Call and Evaluation
results”

• The European Commission (DG Connect) and the
GRAPHENE and the HUMAN BRAIN PROJECT FET
Flagships (2023). Ten years of the European Union’s
roll of the dice: e1B or 1billion euros each for the
Human Brain Project (HBP) and the Graphene
Flagship. 09 September 2023.
https://www.frogheart.ca/?tag=graphene-week-
september-5-9-2022-is-a-celebration-of-10-years-of-
thegraphene-flagship
https://graphene-flagship.eu/materials/news/chalmers-
steers-europe-s-major-graphene-venture-to-success/

Related statistics and economic studies are still missing
concerning HBP, and it is likely that the Brain flagship did

not provide a similar return of investment, compared with
its Carbon flagship companion.
Indeed, the Graphene project met all the expected eval-

uation criteria, mostly because it was purely technology-
driven and primarily engineered and organized as an in-
dustrial project. Things operated differently in the HBP,
because of its initial blue-sky ambition (see above), and
also in its coordination. The EC chose to run the flagship
through the prestigious Ecole Polytechnnique Fédérale de
Lausanne (EPFL), led by the ambitious entrepreneur
Patrick Aebischer. To put it frankly, at the time no other in-
stitution of similar experience volunteered in Europe to
run the HBP flagship. The choice of EPFL was justified by
the fact that two of the members of the scientific triumvi-
rate leading HBP, the charismatic Henry Markram and
Richard Frackowiak, were professors in this respected in-
stitution. However, in addition to the fact that EPFL be-
longed to a non-EC country, the risk existed of a possible
conflict of interest, since the EPFL was already engaged
in the management of the Blue Brain Project (BBP) with a
strong United States industrial partner, IBM. The initial
choice of a scientific writer as a general communication
manager could also indicate that more attention was
given in the ramp-up phase to the control of the wording
of what could be done, rather than to the consolidation
of the scientific network while keeping the objectives
within reasonable reach. Multiscale, multiomic digital re-
construction of the brain became the flagged mottos.
Hype was there, from the start.
In terms of coordinating administration and the validated

assessment of achievements, HBP created an administra-
tive stranglehold. Rather than capitalizing on the local ad-
ministrative resources already present in the participating
European institutions, an oversized centralizing administra-
tion effort was constructed ahead of the consolidation of
any scientific project. Fifty-two high-salary administrative
positions were filled at the start of HBP. Lessons still remain
to be learnt. The same issue is still present today into the
management of EBRAINS, in part with the same players. An
overpowering administrative approach was repeated again
at the start of EBRAINS, when several dozens of such posi-
tions were requested (unsuccessfully) in the framework of
the Horizon-Infra-2022-SERV call. Despite 10 years of expe-
rience, a goodmanagerial model is yet to be found.
An objective evaluation of the intrinsic weight of the man-

agement budget, together with indirect coordinating activ-
ities (relayed by the partnering institutions), is difficult to
reconstitute. In HBP the official administrative share of the
total funding allowance was initially estimated to be 7–8%, i.
e., 70–80 million euros (Markram, 2012). This projected ad-
ministrative share was equal to the global budget of the
Theoretical Neuroscience pillar! On top of that, indirect
costs and overheads financed by HBP meant that adminis-
trative funding operated as a multilayer skimming of the ini-
tial endowment, dependent on the national institutions:
each participating institution’s administration engulfed a
sizeable share of what was supposed to be scientific fund-
ing. The real numbers do not seem to be retrievable in a
transparent way, and, strangely, Chat-GPT breaks down if
you ask the question to Alice or its deep learning Ersatz!!
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A third issue has been how to monitor the effectiveness of
coordination. Taken globally, the HBP flagship productivity
remains difficult to evaluate: many objectives were renor-
malized during the course of the project, and these were re-
viewed for the EC by a multiplicity of experts, who,
themselves, were often renewed at each phase of the con-
tract. These different factors contributed to the absence of a
common evaluation grid, which would have allowed a co-
herent tracking overview, from start to finish. This lack of
longitudinal continuity finds an echo in the fact that many of
the scientists who participated in the early phase of the
Human Brain Project, including Henry Markram, the founder
of HBP, were not present at its closing ceremonies (the
Summit meeting in Marseille in March 2023, open to the
public, and the more introvert closing event, held in Jülich in
September 2023).
Concerning the scientific job market in HBP, unex-

pected trends were observed. Because of the relative
lack of trust which appeared after the mediation between
the EC and the various individual state administrations,
the deliverable reporting and the level of surveillance
of the productivity of each postdoctoral researcher, engi-
neer, and even animal care technicians, were increased.
The famous Key Performance Indicator (KPI) metrics,
which fit with the managerial monitoring of industrialized
and financial projects (Twin, 2023), were probably not
best adapted to track progress in the more fundamental
aspects of HBP. This holds in particular for highly diverse
brain research studies, where the validation process must
take into account exploratory experimentation and where
publication of results usually takes several years. In paral-
lel, tracing follow-through continuity was aggravated by
employment rules at certain national administrations, for
example the universities and the Centre National de la
Recherche Scientifique (CNRS) in France: to avoid risking
the obligation to transform project-specific, short-term re-
cruitment into permanent tenured positions, individual
postdoctoral researcher employment was limited to a
two-year span (in fear of the application of the French
Sauvadet Law). A possible solution might have been
found by allowing rotations of the hiring institutions, so
that the national constraints, linked with a fixed employer,
could be overcome. Opening the possibility that a re-
searcher or technician working at a given site of the
European consortium could be financed in turn by differ-
ent administrations would have fitted well with the
European dimension of the project. Despite the crucial
need to secure funding of key staff members for up to 10
years, the surprising overall reality of the HBP job market
was that employment contracts were on average shorter
than in regular research grants, or even FET grants. The
unproductive consequence was a loss of continuity in the
work dependent on successive postdocs and high-level
engineers. A reduction in scientific efficacy toward reach-
ing the “hard science” objectives and a down-calibration
in the ambitions of the deliverables resulted from this frag-
mentation in hiring opportunities.

Building novel datasets
In terms of databases, considerable efforts in defining

ontologies, including exhaustive analysis of metadata, are

necessary ahead of any sharing of experimental work. It is
only after agreeing on common classification labels that
labs can interchange and convert their data around a
common referential (Petilla Interneuron Nomenclature
Group, 2008). Impressive attempts have been made be-
yond HBP, in particular by the Allen Institute (Koch and
Reid, 2012), but large-scale initiatives have often kept
their agenda and classification criteria separate, making a
direct comparison difficult (Frégnac, 2017; Fairhall, 2021).
In the case of HBP, no significant funding was allocated
for the full implementation of interoperability of preexist-
ing databases, including revisiting experimental lab note-
books according to accepted standards. This may have a
cost in the long run: important structural and in vivo func-
tional data, already acquired in species which have be-
come out of fashion (cat, electric fish, giraffe.), might
remain noncurated on some lab shelves. This difficult
issue (no one wants to go back to old data formats) was
already discussed between in vivo and in vitro neuro-
scientists at the time of exploratory projects of the FET ini-
tiative (Daisy, FACETS, BrainScaleS) in collaboration with
the experts from the Blue Brain Project (BBP) at EPFL.
Some aspects were partially explored by the INCF com-
munity (mostly neuroimaging and calcium imaging), lead-
ing to the widespread adoption of the Neurodata Without
Borders format for new data acquisition and a solid se-
mantic metadata framework (developed in the second
half of HBP). It is however apparent at the beginning of
EBRAINS (i.e., some 10 years later) that an unsatisfactory
state remains, concerning mostly the functional levels of
investigation where contextual metadata are impossible
to reconstitute post hoc. For instance, still in 2023, the
comparisons between functional in vivo and in vitro multi-
scale data remain inconclusive or superficial. It is fair to
recognize that Henry Markram thought of this, and tried to
annex INCF at the start of HBP, without much success at
that time.
In terms of animal experimentation, HBP achievements

have been limited by the contradiction between defining
and implementing unified experimental paradigms, on the
one hand, and using old data recorded in vastly different
contexts, on the other hand. In principle, paradigmatic
unification requires new experimentation sets. In reality,
HBP limited the amount of animal experimentation in
higher mammals (the species the closest to humans), fo-
cusing instead on rodents and tried to remove nonhuman
primate (NHP) experimentation from its objectives, mostly
for political correctness. Although this exclusion rule was
relaxed in the second part of the grant, it greatly weakened
interspecies comparisons and led to overreaching transfer
of coding concepts, developed in rodents, to the human
brain (Hodge, 2019; Lowe, 2019; Loomba et al., 2022).
By developing centralized database infrastructures, one

benefit, foreseen by Henry Markram (Markram, 2012),
was that the aggregation and mining of diverse long-tail
data, as well as conversion of numerous small data sour-
ces into big data, would improve knowledge about neuro-
science-related disorders (Markram, 2012; Ferguson et al.,
2014). However, the shift in emphasis, during HBP, from
efforts in data acquisition (mostly fine-scale multispecies
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physiology) and ontologies to the development of central-
ized database infrastructure (involving mostly exclusively
neuroinformatics and HPC) and human neuroimaging had,
in my view, an additional side-effect. Some governmental
institutions in Europe (including France!) suggested that
enough data may already be available on the laboratory
shelves, constituting a pile of “siloed” dormant sources
that just need to be curated (for review, see Choudhury et
al., 2014; Frégnac, 2017). It seemed indeed easier in terms
of budget control by institutions to turn scientists into high-
tech engineers seeking patterns in existing data rather than
to continue to fund basic research which requires new ex-
perimentation and costly animal care facilities. At the end of
the road, the infrastructures for exploiting the datasets may
be operational (Amunts et al., 2016), but what fraction of
Europe’s neuroscience data has been curated to populate
the promised HBP databases?

Building a coherent scientific strategy
The major novelty introduced by HBP has been to pro-

mote the concept of “virtual experimentation” (Markram
et al., 2011; Markram, 2012), already applied in medical
studies of human organs and biomedicine [see VHP, the
virtual human physiology project in FP7 (Hunter et al.,
2013); for review, see Mulugeta et al., 2018]. The concept
was generalized in HBP to “in silico” hardware platforms,
where detailed neuromorphic simulations of biological ex-
periments were interpreted by physicists as some kind of
experimentation (see theoretical discussion in Hadky,
2019). Note that the motivation here was not completely
scientifically driven, but provided an easy answer to soci-
etal doubts and legitimate concerns about animal vivisec-
tion. Indeed, switching research experimentation from in
situ to virtual in silico experimentation certainly conforms
to the three Rs of ethics guidelines favored by the EC (re-
placement, reduction, refinement; see Russell and Burch,
1959). However, in my view, giving scientific legitimacy to
such a trend is here more hazardous than it seems, and
its generalized practice could be misleading. Computer
simulations and virtual experimentation are presented to
the public as if they could replace animal experimenta-
tion. They do not.
HBP relates the concept of virtual experimentation to

that of “predictive neuroinformatics,” i.e., the idea to pre-
dict new findings from previous ones without ever carry-
ing out the experiments to support (or reject) these
hypotheses. In essence, this leads to a body of data,
some of which are real, others are predicted, and yet
others that are predicted from predicted data etc. This
strategy in HBP was meant to overcome a key issue in
which, because of technical limitations, much needed ex-
periments could not be conducted on all spatial/temporal
scales. In the end, this strategy generated a conglomerate
of fictive data, which may be related to the models from
which they originate, but cannot be attributed to the bio-
logical system under study. The situation is different in
physics, where theoretical models are strong enough to
correctly predict experimental facts. This challenge may
be one bridge too far in brain sciences.

Strictly speaking, “virtual” experiments are experiments
that test new hypotheses on real biological data that were
collected to test other hypotheses. Classically, the quali-
fier “virtual” is used to refer to data collected from existing
datasets (for instance, from different labs) and collated
into a unique data set rather than taken from a new set of
animals (Peterson, 1995). This concept in HBP, and in
deep learning models, has been extended to the read-out
of sets of local internal “hidden” variables, which are the
exclusive results of simulations for different contexts,
without being systematically validated by the experi-
menter. In most cases, the global parameters of the
model were initially defined by the specific context of the
biological experiment. They were trained to fit the correla-
tion matrix between recorded real data, i.e., external
input, biological data recorded in sparse specific brain
sites and the global output performance. The same model
can thus be replayed for other classes of simulated in-
puts, and virtual responses can be predicted under vari-
ous types of perturbations produced by modulatory-like
or electrical-like artificial manipulations, or even following
in silico lesions (Markram, 2014). This data-enriching ap-
proach has generated a lot of interest in the modeling
field. It has also been applied with some success to
psychology and neurolinguistics (Jain et al., 2023). In
physics of materials, deep learning algorithms trained
by extensive structure-property datasets have recently
been optimized to predict the capability of generating
new materials with targeted properties (Honda et al.,
2021). This example of experiment-free strategy cer-
tainly represents important advances that will influ-
ence future research.
Complementary virtual experimentation strategies have

been used in the second half of HBP course, adding an
elaborate twist of sophistication. The initial concept of
“The Virtual Brain” (TVB) dates from 2008 (Ritter et al.,
2013; Sanz, 2013), well before HBP. By merging individual
anatomy from brain imaging data with state-of-the-art
mathematical modeling, its aim was to reduce complexity
on the microscopic level aiming to reveal the macroscopic
organization. The driving hypothesis is that a TVB model
of a human patient’s brain activity generates sufficiently
accurate EEG, MEG, BOLD, and SEEG signals to reduce
the dynamic complexity by a million-fold through meth-
ods from statistical physics (Ghosh et al., 2008). This hy-
brid approach, already applied in human medicine, has
been merged during HBP with the concept of “digital
twin,” which originates from the engineering industry, es-
pecially aeronautics (Grieves, 2019). A “digital twin” is a
type of personalized computational brain model, based
on measured real-world data obtained from its real-life
counterpart, i.e., the patient. This concept has been ap-
plied, with impressive success, by Viktor Jirsa and col-
leagues in predictive modeling of focal epilepsy (Jirsa et
al., 2023). In this case, sensor data are recorded in the
real world and then used to build a virtual model of the in-
dividual brain. However, by feeding the databases with
virtual data simulated in a metaverse world, the scientific pro-
ject tends to suffer from a kind of poor man’s logic (I cannot
record for real, so I simulate). We are no longer studying the
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brain but the properties of its digital Ersatz, as if these were
precisely identical at every level of description and function.
Identical “twins”: can still one pretend?
In biological, neurologic, or psychological terms, we are

very far from understanding the complexity of brain func-
tion: to what extent is the construction of a digital facsim-
ile actually advancing knowledge of the human mind?
Indeed, is there any reason to expect that digital models
would, could or should achieve capabilities of function
and adaptation (in the case of lesion/inactivation para-
digms) identical to those of the real brain. What are the
critical parameters in the virtual brain model that are nec-
essary to substantiate the biological relevance of the pre-
dicted effects? Can we exclude the possibility that the
global simulation of the whole brain simply provides a
hyped-up robe of metadata, used to visualize more local-
ized perturbation dynamics in a richer context? In my
view, additional targeted in situ experiments are nec-
essary to understand the real differences, and to learn
from these before making sense of the alternative
source of knowledge provided by the virtual experi-
mentation paradigm. To what extent is it a valid fund-
ing strategy to encourage “virtualization” as a way to
replace in situ experimentation?
Recently, the HBP consortium has answered to these

criticisms by distancing its current objectives from the
multiomic initial approach of the ramp-up phase of the
project (Markram et al., 2011; Markram, 2012). In Section
6 of the white Zenodo paper generated at the end of the
HBP flagship (Amunts, et al., 2023), the reformed consor-
tium brings a clear semantic clarification: “We distinguish
purpose-driven digital twins from the abstract idea of a
full digital replica (or duplicate/copy) of the brain, the latter
being the complete representation of all aspects of the
brain at all levels. A full replica of the brain is neither
achievable nor does it seem of clear practical use.” Note
however, that HBP does not take the full responsibility for
its repeated use of the “twin” metaphor in relation to a bi-
ological brain, whose journalistic media impact (the “twin”
duplicate), will unfortunately prevail in the eye of the
public.

Building a unified multiscale theory of the brain
The global scientific strategy did change radically dur-

ing the HBP flagship. At the start, “reverse engineering,”
advocated by the charismatic Henry Markram, was the
driving justification for the industrialization of neuro-
science, the multiomic collection of big data and the need
for high performance computing (HPC) infrastructures.
One may agree or not with the soundness of the working
hypothesis (see, for instance, Pitra, 2013; Frégnac, 2017),
but it had the merit of providing a roadmap. Although
doubtful about the Lego-like reconstruction strategy envi-
sioned by Henry Markram, many of us thought that such
an extensive reductionist exploration phase might un-
cover unsuspected alleys necessary for building a more
comprehensive model of the brain.
The reductionist phase (Markram, 2012) progressively

waned, when the triumvirate reduced experimental fund-
ing to the benefit of HPC, neuromorphic technology and

future database infrastructures (Amunts et al., 2016,
2019), as if the community had siloed from the start
enough low-level biological information to crack the brain.
In the second part of the flagship, mean field (or neural
mass) approaches and human brain imaging became
dominant. In my view, this progressive shift in focus re-
flects the mid-flagship restructuration in governance, pro-
posed by the Marquardt (2015) report, rather than a
fundamental change in the way of looking at the brain.
Science historians might make a finer diagnosis. Still, in a
more scientific context, the shift could be interpreted as a
down-grading of the initial ambitions, signaling the defeat
of the theoretical field’s ambition to provide a multiscale
view of the brain.
Let us expand a bit further. The main pragmatic issue of

the reductionist phase during HBP was to decide how
deep into the microscopic dimensions should the experi-
mentation go. Unfortunately, we do not know yet. As early
as 1714, the philosopher and mathematician Gottfried
Wilhelm Leibniz argued that “if one could enter the brain
as one enters a mill, there would be only mechanical
parts, but one would not be able to observe thoughts”
(cited in Cobb, 2020). Jonas and Kording (2017) con-
firmed the intuition of the “brain-mill”metaphor of Leibniz,
by showing that reverse engineering methods would fall
short of producing meaningful understanding of neural
and computer systems, regardless of the amount of data.
From the start of HBP, as well as in concurrent global neu-
roscience initiatives, a continuous debate has been whether
reverse engineering is just a time/energy-consuming path,
or a dead-end strategy (Pitra, 2013). Time will tell.
Following the transfer of the scientific leadership from

EPFL to the Forschungszentrum Jülich, the HBP consor-
tium gave less attention to molecular/cellular diversity,
concentrating on brain imaging and mean field (neural
mass) mesoscopic approaches. The mesoscopic dimen-
sion takes the lead in the public eye, mostly because strik-
ing correlations have been established between brain
imaging mapping and perceptual or behavioral output.
Even if fMRI signals are of a complex origin, mixing vascu-
lar, glial, and local field components rather than neuronal
activity itself (Sirotin and Das, 2009; Schulz et al., 2012),
they seem to provide topological markers of a medley of
global activity. As such, they are used to encode the read-
out of the holistic brain. This fits with what we know al-
ready from a phrenology-like localizationist approach (but
with what statistical confidence? See Eklund et al., 2016;
Murphy, 2016). This mapping strategy has been general-
ized with impressive success, to build, on the basis of
more abstract labels, cognitive and semantic atlases
(Huth et al., 2016).
In terms of computational neuroscience and theory, the

HBP consortium has thus progressively shifted its focus
of attention to the mesoscopic scale, to the detriment of
pursuing an in-depth analysis of multiscale integration.
The mean field formalism is attractive and seems the best
candidate, since it provides a way to interpret brainwave
diffusion in the context of functional brain maps. Its use
has been most successful in understanding motor plan-
ning, decisional processes and speech production, all
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represented topographically in dedicated cortical output
domains. Mean field models are also used to probe the
dynamics of excitability states and their predictions guide
cortical lesion experiments in epileptic patients.
However important hurdles persist. The mean field, or

neural mass, certainly has global simplifying virtues (Deco
et al., 2008; Pinotsis et al., 2014), but it relies on unproven
assumptions of stochasticity and Gaussian distributions
at more microscopic scales. The supposed stochasticity
assumed by mesoscopic studies in fact ignores the bio-
logical diversity seen at the more microscopic level. This
diversity is an essential functional specificity of central nerv-
ous system biology. Each molecular or cellular subelement is
a carrier of retrievable information and its contribution to the
mass (or, for the sake of illustration, columnar) activity field
cannot be treated as purely additive noise or variability
around amean, as in traditional physics.
Other levels of complexification come with the multiscale

organization of the living brain. For instance, efficient con-
nectivity (functional connectome measures derived from
fMRI resting state studies) in the brain does not depend only
on the density of supposed connections and anatomic inter-
action distances (Mill et al., 2017). At a more microscopic
level, functional wiring is specific to cell types and mem-
brane affinities, it reflects the heterogeneity of local synaptic
correlations and, very importantly, it is a dynamic function
which depends on the timing-dependent integration of tem-
porally structured factors and the history of past activity of
the network. Consequently, smoothed (averaged) thresh-
olded interpretation of fMRI studies leads to an interpretative
view disconnected from the picture of integrative diversity
obtained from results gathered in functional synaptic studies
(Smith et al., 2013).
The same danger of disconnection may occur between

mesoscopic and macroscopic scales, when the global ge-
ometry of the brain is taken into account. Recent work by
Pang and colleagues, modeling large-scale brain activity
(Pang et al., 2023), suggests that the macroscopic geome-
try of the brain may exert a more fundamental and stronger
constraint on temporal “para”-synchronization dynamics
than does the complex inter-regional mesoscopic connec-
tivity (corresponding to the effective functional connec-
tome). Knowledge of the connectome is not enough
(Bargmann and Marder, 2013). It does not tell us much
about how mental processes are generated, nor how differ-
ent areas synchronize on wider scales. The real scientific
challenge, which, in my view, would justify the HBP flagship
dimension, is to account for the functional organization of
the brain across all scales, beyond what can be charted
topologically in a homeomorphic fashion on the 3D-cortical
envelope of the brain.
We are far from establishing a comprehensive physical

theory of the human brain. We still have to integrate conflict-
ing observations at different scales. The success of meso-
scopic approaches in the physics of inanimate matter is well
established (“more is the same” in Kadanoff, 2009), but may
not be strictly applicable to living glial and neuronal entities.
Philip Anderson in his creative essay (“more is different”) de-
scribed how new concepts, not present in ordinary classical
or quantum mechanics, can arise from the consideration of

aggregates of large numbers of particles (Anderson, 1972).
With present knowledge, the systemwe study is necessarily
a too complex product of evolution to be faithfully de-
scribed by reduced equations. All we can do is to extract
partial caricatures. These “simpler” representations can be
used and manipulated to produce insightful predictions in
specific contexts, but they may have, by construction and
assumptions, eradicated important sources of causality
and information. A new type of physics, of animated matter
has to be invented, to better account for the multiscale
stratification of information distributed in the living brain.
Consequently, and despite the claim of some HBP lead-

ers (Amunts et al., 2019), integrating the three scales (micro-
meso-macro) in a comprehensive functional model of the
brain remains a challenge unsolved by HBP. Ten years later,
we have still not decided whether spikes alone can yield
useful simulations. We do not yet know if more microscopic
variables and silent synaptic events, such as shunting inhibi-
tion, need to be considered, or whether dendro-dendritic
computation may become effective in some globally ignited
“conscious” states (Aru et al., 2023). Similarly, we suspect
that more distributed or holistic information binding (glia-
neuron communication, neuromodulation, nonsynaptic cou-
pling effects; Cunha et al., 2022; Pinotsis and Miller, 2023)
may be needed to account for the versatility and adaptivity
of brain function. Perhaps now is the time to consider form-
ing a more general quantitative model of brain networks not
governed by statistical measures of association between
spatial signals but based on the underlying most elemental
physical properties of neural tissues from which those sig-
nals emerge (Van Horn et al., 2023).
The complexity of the model needed to accommodate

the ever-growing flow of produced data may become
commensurate with that of the brain itself (Borges, 1946)!
In brief, simulating the full brain remains a target that is
out of reach. Running simulations of its simplified carica-
ture is certainly of major interest, but it should not make
us forget that such models are not “twins” of the brain. As
Steve Jobs, the founder of Apple, used to say: “Details
matter. It’s worth waiting to get it right.”

Transforming Criticism into a Proactive
Agenda
An ideal overview of the flagship experience should not

create a divide between those who do the hard work and
those who criticize, and stop us from modeling the brain!
It should provide the opportunity to open a constructive
dialogue and suggest alternative pathways. Crossing the
finish line of HBP, we are now in a better position to iden-
tify the bottlenecks, characterize which objectives were
not met, and find the causal reasons which limited the
success of the flagship. By turning these around, we can
transform them into proactive proposals (what SHOULD
or COULD have been done). By applying lessons from the
three areas of scientific planning, community coordination,
andmanagement, can we define what alternative strategies
might have better served the steering of such an ambitious
flagship?
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Box 1. Scientific planning

• Rather than simulating the whole brain, science in
the flagship should have been focused on a selected
number of “hard problems,” validated by the scien-
tific community, and for which the need for a collec-
tive interdisciplinary synergy could be demonstrated.

• The “flagship” dimension should enter in through
the blue-sky prospect of a unified theory of the
brain, linking structure and function, across spa-
tial and temporal scales, in a causative and pre-
dictive way.

• Ideally, to make collaboration effective, the num-
ber of teams – each selected for an innovative
combination of technology or expertise for a
given task, should be medium size (10–20), with
each team composed of 5–20 labs or experi-
enced ERC-funded researchers. A case-example
of such an effective team exists already: The
International Brain Laboratory (2017) regroups
with impressive success twenty-two self-selected
labs and fifty PIs around a single basic task in the
behaving mouse, in a comprehensive project de-
signed to probe decisions based on visual per-
ception and on history of reward. The present
view further includes the coordination of teams
and tasks at a macroscale level, adding further
coherence to the collective agenda and partner-
ship, independent of individual merit.

• Most importantly, the flagship should include
an “integrator” consortium of interdisciplinary
labs and theoretical centers, with a full-time
focus on the final integration of the flagship re-
search findings. The aim would be to produce a
strong theoretical framework that generates
testable predictions for the future.

To feed the model(s), the whole community should first
agree on common standards of data and metadata.
Significant funding should be devoted to ensuring that
new datasets and relevant existing datasets are interoper-
able. Consolidated databases should be open and not
privately owned. When possible, theoreticians should
partner with the experimenters from start in defining
the dataset which will feed their simulations. All new
sets of data should be acquired using agreed-on
shared criteria. Planning should include comprehen-
sive think-tank initiatives, fostering participation from
the widest audience.
Comparative animal experimentation studies should

be encouraged, to better understand commonalities
and distinctions between humans and other species.
Species should be chosen according to the studied
behavior and cognitive capability, and not solely
based on the technology availability. If the necessary

technologies do not exist for a species, the develop-
ment of the appropriate tools should be part of the
roadmap and should precede the functional and be-
havioral experimentation.
Across-scales biophysical integration studies should

be systematically developed, to help with data integra-
tion and theoretical hypothesis testing. Research ob-
jectives should not be confined to fitting performance,
but should be structured to identify causative internal
neural mechanisms.
Major efforts should be made in modeling strategies

and brain theory. Scientific exchanges should be rein-
forced by all means, and should benefit from the exist-
ing structures in the theoretical field (Europe: Bernstein
Centers, Gatsby, EITN; United States: Kavli Foundation,
Simons Institute; International: INCF, as examples).
Permanent facilities should be created in key scientific
nodes, taking the form of Institutes of advanced studies,
to increase the effectiveness of interdisciplinarity and
state-of-the-art training of young scientists. European
courses in theoretical/computational neuroscience should
be organized on a yearly basis (EITN, Bernstein), in close
coordination with related international initiatives (e.g.,
United States: Tellurides, Cosyne, Cold Spring Harbor
Laboratory (Woods Hole); Japan: Riken-BSI; China:
Cold Spring Harbor Asia, ION) and the EC initiative in
neuromorphic engineering (CCN).

Box 2. Community coordination

• The targeted research and industry communities
should be clearly defined from the start.

• Funding should be guaranteed for 10 years, and
renewable in the case of tangible success. This
extended duration provides tranquility and the
capacity to think of long-term impact. Note that
renewed funding has been achieved for the
Graphene flagship, while the support necessary
for the viability of EBRAINS remains somewhat
modest and still under scrutiny.

• The EC funding priorities should take the form of
targeted support of mid-size consortia (to ensure
effective collaborations) and ERC-funded individ-
uals (to sustain original proposals). These should
be registered and coordinated in the global road-
map context.

• Priorities should also include the production of
appropriate tools for the community to ensure in-
teroperability between the databases and models
produced by the various actors. Note that this
issue motivated the creation of EBRAINS as a
tool and infrastructure provider following HBP.

• This coordination would require, from the start, the
active and direct participation of the main national
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and federal research agencies (e.g., CNRS, Max
Planck Gesellschaft, DFG, CNR) and private cen-
ters already funding scientific excellence (e.g.,,
International Brain Laboratory, ELSC among many),
as well as the main European scientific coordinating
networks (e.g., Bernstein Network). Note here that,
in contrast to the HBP, this coordination strategy
was fully operational from the start of the United
States BRAIN initiative.

• Collaborations and Interdisciplinarity should be
encouraged through extrafunding initiatives (see
for instance the “Collaborative Research Center”
funding program (CRC) by the German Research
Foundation to reinforce collaborations and the in-
novative “Change of Course” program of the
DFG/Volkswagen Foundation).

• The growth in interdisciplinary and effective net-
working of the community should be monitored,
using social sciences metrics.

• The same scientific experts should follow a flagship’s
progress throughout the entire project duration.

• Education (including Ethics) should play a much
stronger (and better funded) role in all activities,
since flagships go further than teaching tools, by
also building a culture and a way of thinking/oper-
ating (see for instance the success of Marie-Curie
FACETS-ITN in earlier FET initiatives). This will take
time over several successive flagship durations.

Box 3. Administration and management

• The scientific flagship leadership should be gov-
erned by an interdisciplinary and decision-making
board of scientific directors (not by administrators).
These directors should be representative of their
fields of expertise, and should accept to spend a
sizeable fraction of their professional activity on flag-
ship issues, and be free of conflicts of interest.

• Management should capitalize on existing adminis-
trative resources at the participating institutions.
Administration should be delocalized across the
main European centers and shared by existing na-
tional institutional agencies and private centers of
excellence, requiring already proven their efficiency
in coordinating science and willingness to work in
concert. To ensure their participation, a stable rate
of recurrent funding should be guaranteed, with the
appropriate safeguard monitoring measures.

• Hiring policy should make use of the exceptional
long time course of the flagship (10 years). To

ensure scientific continuity throughout the pro-
ject, long-term recruitments to key roles should
be made possible in all participating countries.

Conclusion: Virtual Replay
Thanks to the Human Brain Project, we have been

given an exceptional opportunity to advance knowledge
in brain science and to change science and technology
around the brain. The results are what they are.
Somemay be tempted to stop the tide of funding to better

see whether a strong legacy will survive. The future of
EBRAINS will be closely linked to the use that the scientific
community will make of the infrastructure that HBP finally
delivered. A pause period could also be used to realign HBP
efforts with the other global neuroscience initiatives, and
perhaps to transfer the responsibility or leadership to other
national or international institutions, mature enough to per-
sist in the quest. However, a pause, if it happens, should be
transient. In my view, flagship projects like HBP are needed
because they raise society awareness on fundamental
questions: how should science evolve (data-driven or hy-
pothesis driven, big or small, or both); how should techno-
logical races and promises of industrial profit influence
(good or bad) the way we think about fundamental issues
and complex scientific objects, such as the brain; what part
should societal applications should take in defining (foster-
ing or reasoning) flagships to fulfill our blue-sky ambitions?
The possibility of a second flagship shot, in the field of

brain sciences and neurotechnology, is at present unlikely in
the present format, at least in Europe. Opening a new win-
dow in the near future would require at least three changes
in the conception of flagships, involving all the community
leaders, scientists, eurocrats and industrialists. We need: (1)
greater modesty, in view of the complexity of the brain; (2)
honesty and acuity, in identifying the bottlenecks met by the
previous flagships; and (3) proactive inspiration from our
successes and failures. In my view, the justification for re-
newing flagships must depend on the acuity and reactivity
with which we, as a community, are able to learn lessons
from past experience and adapt our way of doing science.
Fifty years ago, after the exhilarating hopes generated by

the rise of strong artificial intelligence (AI) and symbolic com-
putability using Turing machines, the “Lighthill report” (1973),
commissioned by the British Science Research Council gave
a very pessimistic prognosis, stating that “in no part of the
field have the discoveries made so far produced the major
impact that was then promised.” As neuroscientists passion-
ate about the “Mind,” it remains our collective responsibility
to avoid a “winter” period, already experienced when the
“Computer” suddenly became the “tenor” (Richards, 1936)
of the computational metaphor of the brain. Such winters
occur when the promises are too high.
Let the “Brain” remain the “tenor,” and IT the “vehicle.”

Counter intuitively, it could be that the sense of incomplete-
ness, if not frustration, experienced at the end of the first act
of HBP puts scientists in the right mind, to consolidate a co-
herent roadmap and clear targets with guidance based on
theory from the start. We need to recognize the limits of cari-
catures seeking to account for biological complexity, to
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conceive more rigorously the engineering of task-specific
digital twins (in the industrial neuro-IT sense) as applications,
and to avoid pretending that macroscopic phenomenology
explains how the real brain works. Why? Because this first
edition of the flagship has given scientists significant time to
find out (1) what does not work and (2) what matters. More
importantly, more scientists may now fully recognize the im-
portance of building an effective community and a collective
agenda.
So, let us be more optimistic and dream of a possible

replay of HBP: “Please, play it again, Sam...” Of course,
this virtual closing note and meme is directed neither at
Sam the pianist playing “As Time Goes By” in the movie
Casablanca, nor at Henry and Katrin from HBP. It simply
expresses my own desire, as a nostalgic scientist, to go
back in time, to re-establish a lost relationship, and restart
a new history, with greater hope...

References

Aicardi C, Mahfoud T (2022) Formal and informal infrastructures of col-
laboration in the Human Brain Project. Sci Technol Hum Val, pp 1–28.
https://doi.org/10.1177/01622439221123.

Albu N, Juneja M (2023) Economic footprint and research and devel-
opment footprint for Graphene Flagship: measurement of the eco-
nomic impact relating to Graphene Flagship’s R&D activities and
impact related to Graphene consortium (commissioned by the
Graphene flagship). WifOR Institute. Darmstadt, Germany.

Alivisatos P, Chun M, Church GM, Greenspan RJ, Roukes ML, Yuste
R (2012) The brain activity map project and the challenge of func-
tional connectomics. Neuron 74:970–974.

Amunts K, Ebell C, Muller J, Telefont M, Knoll A, Lippert T (2016) The
Human Brain Project: creating a European research infrastructure
to decode the human brain. Neuron 92:574–581.

Amunts K, Knoll AC, Lippert T, Pennartz CMA, Ryvlin P, Destexhe A,
Jirsa VK, D’Angelo E, Bjaalie JG (2019) The Human Brain Project—
synergy between neuroscience, computing, informatics, and
brain-inspired technologies. PLoS Biol 17:e3000344.

Amunts K, et al. (2023) The coming decade of digital brain research - a
vision for neuroscience at the intersection of technology and comput-
ing (version 4.0). ‘Living paper,’ work in progress, initiated by the
Science and Infrastructure Board, The Human Brain Project Zenodo.

Anderson PW (1972) More is different. Science 177:393–396.
Aru J, Bachmann T, Suzuki M, Larkum ME (2023) Primer on the
Dendritic Integration Theory of Consciousness. Available at: https://
doi.org/10.31234/osf.io/vkdt2.

Bargmann CI, Marder E (2013) From the connectome to brain func-
tion. Nat Methods 10:483–490.

BiOPRO (2011) Review: Bernstein Conference 2011 – stories from
the neurosciences. In: Biotechnology and life sciences in Baden-
Württemberg, pp 1–4. BIOPRO Baden-Württemberg GmbH.

Borges JL (1946) On exactitude in science. In: A universal history of infamy
(translated by Norman Thomas deGiovanni). London: Penguin Books.

Choudhury S, Fishman JR, McGowan ML, Juengst ET (2014) Big
data, open science and the brain: lessons learned from genomics.
Front Hum Neurosci 8:239.

Cobb M (2020) The idea of the brain: the past and future of neuro-
science. New York: New York Basic Books.

Cover SR (1999) Making Time for Gorillas. Harvard Business Review.
Cramer KC, Hallonsten O (2020) Big science and research infrastruc-
tures in Europe. Cheltenham: Edward Elgar Publishing.

Cunha GM, Corso G, Miranda JGV, Dos Santos Lima GZ (2022)
Ephaptic entrainment in hybrid neuronal model. Sci Rep 12:1629.

Dario P, Verschure P, Prescott T, Cheng G, Sandini G, Cingolani R,
Dillmann R, Floreano D, Leroux C, MacNeil S, Roelfsema P,
Verykios X, Bicchi A, Melhuish C, Albu-Schäffer A (2011) Robot
companions for citizens. Procedia Comput Sci 7:47–51.

Deco G, Jirsa VK, Robinson PA, Breakspear M, Friston K (2008) The
dynamic brain: from spiking neurons to neural masses and cortical
fields. PLoS Comput Biol 4:e1000092.

Deeg J (2023) Human Brain Project - the vision of the simulated
brain. Spektrum. Available at: https://www.spektrum.de/news/human-
brain-project-die-vision-vom-simulierten-hirn/2177787.

Demas J, Manley J, Tejera F, Barber K, Kim H, Traub FM, Chen B,
Vaziri A (2021) High-speed, cortex-wide volumetric recording of
neuroactivity at cellular resolution using light beads microscopy.
Nat Methods 18:1103–1111.

Destexhe A (2021) In silico, computer simulations from neurons up to
the whole brain. eNeuro 8:ENEURO.0124-21.2021.

De Touzalin A (2013) FET in FP7: pathfinding future ICT. European
Commission DG Connect, Excellence in Science, March 37, 2013.
Available at: https://franceuniversites.fr/wp-content/uploads/2013/
10/A._de_Touzalin_FET_in_H2020_27032013.pdf.

Eklund A, Nichols TE, Knutsson H (2016) Cluster failure: why fMRI in-
ferences for spatial extent have inflated false-positive rates. Proc
Natl Acad Sci USA 113:7900–7905.

Fairhall AL (2021) In silico: where next? eNeuro 8:ENEURO.0131-21.2021.
Ferguson AR, Nielson JL, Cragin MH, Bandrowski AE, Martone ME
(2014) Big data from small data: data-sharing in the ‘long tail’ of
neuroscience. Nat Neurosci 17:1442–1447.

Frégnac Y (2017) Big data and neuroscience industrialization: a safe
roadmap for understanding the brain? Science 358:470–477.

Frégnac Y (2021) How blue is the sky? eNeuro 8:ENEURO.0130-21.2021.
Frégnac Y, Laurent G (2014) Where is the brain in the Human Brain
Project. Nat Comment 513:27–29.

Geiser E (2023) Behind the headlines: a decade after its founding,
the Human Brain Project has taken brain research to a new level.
Neue Zürcher Zeit, October 9, 2023. Available at: https://www.nzz.
ch/english/the-human-brain-project-has-taken-brain-research-to-
a-new-level-ld.1759796.

Ghosh A, Rho Y, McIntosh AR, Kötter R, Jirsa VK (2008) Noise during
rest enables the exploration of the brain’s dynamic repertoire.
PLoS Comput Biol 4:e1000196.

Grieves M (2019) Virtually intelligent product systems: digital and
physical twins. In: Complex systems engineering: theory and prac-
tice (Flumerfelt S, ed), pp 175–200. Reston: American Institute of
Aeronautics and Astronautics.

Grillner S, Ip N, Koch C, Koroshetz W, Okano H, Polachek M, Poo
MM, Sejnowski TJ (2016) Worldwide initiatives to advance brain
research. Nat Neurosci 19:1118–1122.

Hadky M (2019) Neuroscience without brains: in silico experiments.
EPSA. Conference Poster. Available at: https://www.researchgate.
net/publication/335620262.

Hodge RD, et al. (2019) Conserved cell types with divergent features
in human versus mouse cortex. Nature 573:61–68.

Honda T, Muroga S, Nakajima H, Shimizu T, Kobashi K, Morita H,
Okazaki T, Hata K (2021) Virtual experimentations by deep learning
on tangible materials. Commun Mater 2:88.

Huang ZJ, Luo L (2015) Neuroscience. It takes the world to under-
stand the brain. Science 350:42–44.

Hughes-Castleberry K (2023) How the Human Brain Project built a
mind of its own. Leaps.Org. Newsletter, May 04, 2023. https://
leaps.org/neuroscience/.

Hunter P, et al. (2013) A vision and strategy for the virtual physiologi-
cal human: 2012 update. Interface Focus 3:20130004.

Huth AG, de Heer WA, Griffiths TL, Theunissen FE, Gallant JL (2016)
Natural speech reveals the semantic maps that tile human cerebral
cortex. Nature 532:453–458.

Jain S, Vo VA, Wehbe L, Huth AG (2023) Computational language
modeling and the promise of in silico experimentation. Neurobiol
Lang. Advance online publication. Retrieved Mar 9, 2023. https://
doi.org/10.1162/nol_a_00101.

Jirsa V, Wang H, Triebkorn P, Hashemi M, Jha J, Gonzalez-Martinez
J, Guye M, Makhalova J, Bartolomei F (2023) Personalised virtual
brain models in epilepsy. Lancet Neurol 22:443–454.

Jonas E, Kording KP (2017) Could a neuroscientist understand a mi-
croprocessor? PLoS Comput Biol 13:e1005268.

Commentary 11 of 12

November 2023, 10(11) ENEURO.0428-23.2023 eNeuro.org

https://doi.org/10.1177/01622439221123
https://www.ncbi.nlm.nih.gov/pubmed/22726828
https://www.ncbi.nlm.nih.gov/pubmed/27809997
https://www.ncbi.nlm.nih.gov/pubmed/17796623
https://doi.org/10.31234/osf.io/vkdt2
https://doi.org/10.31234/osf.io/vkdt2
https://www.ncbi.nlm.nih.gov/pubmed/23866325
https://www.ncbi.nlm.nih.gov/pubmed/24904347
https://www.ncbi.nlm.nih.gov/pubmed/18769680
https://www.spektrum.de/news/human-brain-project-die-vision-vom-simulierten-hirn/2177787
https://www.spektrum.de/news/human-brain-project-die-vision-vom-simulierten-hirn/2177787
https://www.ncbi.nlm.nih.gov/pubmed/34462592
https://franceuniversites.fr/wp-content/uploads/2013/10/A._de_Touzalin_FET_in_H2020_27032013.pdf
https://franceuniversites.fr/wp-content/uploads/2013/10/A._de_Touzalin_FET_in_H2020_27032013.pdf
https://www.ncbi.nlm.nih.gov/pubmed/27357684
https://www.ncbi.nlm.nih.gov/pubmed/25349910
https://www.ncbi.nlm.nih.gov/pubmed/29074766
https://www.nzz.ch/english/the-human-brain-project-has-taken-brain-research-to-a-new-level-ld.1759796
https://www.nzz.ch/english/the-human-brain-project-has-taken-brain-research-to-a-new-level-ld.1759796
https://www.nzz.ch/english/the-human-brain-project-has-taken-brain-research-to-a-new-level-ld.1759796
https://www.ncbi.nlm.nih.gov/pubmed/18846206
https://www.ncbi.nlm.nih.gov/pubmed/27571190
https://www.researchgate.net/publication/335620262
https://www.researchgate.net/publication/335620262
https://www.ncbi.nlm.nih.gov/pubmed/31435019
https://www.ncbi.nlm.nih.gov/pubmed/26430110
https://leaps.org/neuroscience/
https://leaps.org/neuroscience/
https://www.ncbi.nlm.nih.gov/pubmed/24427536
https://www.ncbi.nlm.nih.gov/pubmed/27121839
https://doi.org/10.1162/nol_a_00101
https://doi.org/10.1162/nol_a_00101
https://www.ncbi.nlm.nih.gov/pubmed/36972720
https://www.ncbi.nlm.nih.gov/pubmed/28081141


Jorgenson LA, Newsome WT, Anderson DJ, Bargmann CI, Brown
EN, Deisseroth K, Donoghue JP, Hudson KL, Ling GSF, MacLeish
PR, Marder E, Normann RA, Sanes JR, Schnitzer MJ, Sejnowski
TJ, Tank DW, Tsien RY, Ugurbil K, Wingfield JC (2015) The BRAIN
Initiative: developing technology to catalyse neuroscience discov-
ery. Philos Trans R Soc Lond B Biol Sci 370:20140164.

Kadanoff LP (2009) More is the same: phase transitions and mean
field theories. arXiv 0906.0653v2.

Kandel ER, Markram H, Matthews PM, Yuste R, Koch C (2013)
Neuroscience thinks big (and collaboratively). Nat Rev Neurosci
14:659–664.

Kleinfeld D, Luan L, Mitra PP, Robinson JT, Sarpeshkar R, Shepard
K, Xie C, Harris TD (2019) Can one concurrently record electrical
spikes from every neuron in a mammalian brain? Viewpoint
103:1005–1015.

Koch C, Reid RC (2012) Observatories of themind. Nature 483:397–398.
Kuhn TS (1962) The structure of scientific revolutions. Chicago:
University of Chicago Press. Available at: https://archive.org/
details/structureofscie00kuhn.

Lighthill J (1973) Artificial intelligence: a general survey. Artificial in-
telligence: a paper symposium. UK: Science Research Council
Cambridge Unversity.

Loomba S, Straehle J, Gangadharan V, Heike N, Khalifa A, Motta A, Ju N,
Sievers M, Gempt J, Meyer HS, Helmstaedter M (2022) Connectomic
comparison of mouse and human cortex. Science 377:eabo0924.

Lorents A, Colin ME, Bjerke IE, Nougaret S, Montelisciani L, Diaz M,
Verschure P, Vezoli J (2023) Human Brain Project partnering projects
meeting: status quo and outlook. eNeuro 10:ENEURO.0091-23.2023.

Lowe D (2019) Human brains and mouse brains: so similar, so differ-
ent. Science, Commentary–Blogs in the pipeline. August 22, 2019.

Mahfoud T (2018) Blue skies and glimmering stars. Visions of the
Human Brain Project. PhD thesis, King’s College London (present-
ly under embargo).

Mahfoud T (2021) Visions of unification and integration: building
brains and communities in the European Human Brain Project.
News Med Soc 23:322–343.

Mainen Z, Pouget A (Coordinators) (2014) Collective open letter: open
message to the European Commission concerning the Human Brain
Project. July 7, 2014. Available at: http://www.neurofuture.eu/.

Marquardt W (2015) Human Brain Project mediation report. Editor:
mediation of the Human Brain Project. Juelich, March, 2015.

Markram H (2006) The blue brain project. Nat Rev Neurosci 7:153–160.
Markram H (2012) The human brain project. Sci Am 306:50–55.
Markram H (2013) Seven challenges for neuroscience. Funct Neurol
28:145–151.

Markram H (2014) Building electronic brains for in silico neuro-
science. AAAS 2014 Annual Meeting. Meeting global challenges:
discovery and innovation, Chicago, IL, February 13–17.

Markram H, Meier K, Lippert T, Grillner S, Frackowiak R, Dehaene S,
Knoll A, Sompolinsky H, Verstreken K, DeFelipe J, Grant S,
Changeux JP, Saria A (2011) Introducing the Human Brain Project.
Procedia Comput Sci 7:39–42.

Martin KAC (2022) Kevan A.C. Martin autobiography. Society for
Neuroscience. Available at: https://www.sfn.org/-/media/SfN/
Documents/NEW-SfN/About/History-of-Neuroscience/20220914_
HON_volume12_kamartin.pdf.

Mill RD, Ito T, Cole MW (2017) From connectome to cognition: the
search for mechanism in human functional brain networks.
Neuroimage 160:124–139.

Mullin E (2021) How big science failed to unlock the mysteries of the
human brain. Section Biotechnology and Health. MIT Technol Rev,
August 25, 2021. Available at: https://www.technologyreview.
com/2021/08/25/1032133/big-science-human-brain-failure/.

Mulugeta L, Drach A, Erdemir A, Hunt CA, Horner M, Ku JP, Myers
JG Jr, Vadigepalli R, Lytton WW (2018) Credibility, replicability,

and reproducibility in simulation for biomedicine and clinical appli-
cations in neuroscience. Front Neuroinform 12:18.

Murphy K (2016) Do you believe in god, or is that a software glitch?
(opinion). News Analysis. The New York Times, August 27, 2016.
Available at: https://www.nytimes.com/2016/08/28/opinion/sunday/do-
you-believe-in-god-or-is-that-a-software-glitch.html.

Naddaf M (2023) Europe spent e600 million to recreate the human
brain in a computer. How did it go? Nature 620:718–720.

Oncken W, Wass DL (1974). Management time: who’s got the mon-
key? Harvard Business Review. Available at: https://hbr.org/1999/
11/management-time-whos-got-the-monkey.

Pang JC, Aquino KM, Oldehinkel M, Robinson PA, Fulcher BD,
Breakspear M, Fornito A (2023) Geometric constraints on human
brain function. Nature 618:566–574.

Peterson BE (1995) Exploration and virtual experimentation in a local
neuroscience database. J Neurosci Methods 63:159–174.

Petilla Interneuron Nomenclature Group, et al. (2008) Petilla terminology:
nomenclature of features of GABAergic interneurons of the cerebral
cortex. Nat Rev Neurosci 9:557–568.

Pinotsis DA, Miller EK (2023) In vivo ephaptic coupling allows memo-
ry network formation. Cereb Cortex 33:9877–9895.

Pinotsis D, Robinson P, beim Graben P, Friston K (2014) Neural
masses and fields: modeling the dynamics of brain activity. Front
Comput Neurosci 8:149.

Pitra M (2013) What’s wrong with the brain activity map proposal. Sci
Am. Avalable at: https://www.scientificamerican.com/article/whats-
wrong-with-the-brain-activity-map-proposal/.

Richards IA (1936) The philosophy of rhetoric.
Ritter P, Schirner M, McIntosh AR, Jirsa VK (2013) The virtual brain
integrates computational modeling and multimodal neuroimaging.
Brain Connect 3:121–145.

Rüland AL (2023) Big science, big trouble? Understanding conflict in
and around big science projects and networks. Minerva 1–28.
https://doi.org/10.1007/s11024-023-09497-w.

Russell WMS, Burch RL (1959) The principles of humane experimen-
tal technique. London: Methuen.

Sanz LP, Knock SA, Woodman MM, Domide L, Mersmann J,
McIntosh AR, Jirsa V (2013) The virtual brain: a simulator of pri-
mate brain network dynamics. Front Neuroinform 7:10.

Schulz K, Sydekum E, Krueppel R, Engelbrecht CJ, Schlegel F, Schröter
A, Rudin M, Helmchen F (2012) Simultaneous BOLD fMRI and fiber-
optic calcium recording in rat neocortex. Nat Methods 9:597–602.

Schwarzwaelder K, Cardoso de Oliveira S (2010) National Bernstein
network computational neuroscience. Inf Technol 52:39–44.

Shtull-Trauring A (2012) Project to map the brain would be biggest in
history. Haaretz, March 2, 2012. Available at: https://www.haaretz.
com/2012-03-02/ty-article/project-to-map-the-brain-would-be-
biggest-in-history/0000017f-db12-df0f-a17f-df53d4ec0000.

Sillig L (2023) Le Human Brain Project touche à sa fin, avec un bilan
contrasté. Science-Tech RTS Press. September 6, 2023. Available
at: https://www.rts.ch/info/sciences-tech/14292979-le-human-
brain-project-touche-a-sa-fin-avec-un-bilan-contraste.html.

Sirotin YB, Das A (2009) Anticipatory haemodynamic signals in sensory
cortex not predicted by local neuronal activity. Nature 457:475–479.

Smith SM, Vidaurre D, Beckmann CF, Glasser MF, Jenkinson M,
Miller KL, Nichols TE, Robinson EC, Salimi-Khorshidi G, Woolrich
MW, Barch DM, Uğurbil K, Van Essen DC (2013) Functional con-
nectomics from resting-state fMRI. Trends Cogn Sci 17:666–682.

The International Brain Laboratory (2017) An international laboratory for
systems and computational neuroscience. Neuron 96:1213–1218.

Twin A (2023) Key Performance Indicator (KPI): definition, types and
examples. Investopedia. Available at: https://www.investopedia.
com/terms/k/kpi.asp.

Van Horn JD, Jacokes Z, Newman B, Henry T (2023) Editorial: is now
the time for foundational theory of brain connectivity? Neuroinform
21:633–635.

Commentary 12 of 12

November 2023, 10(11) ENEURO.0428-23.2023 eNeuro.org

https://www.ncbi.nlm.nih.gov/pubmed/23958663
https://www.ncbi.nlm.nih.gov/pubmed/22437592
https://archive.org/details/structureofscie00kuhn
https://archive.org/details/structureofscie00kuhn
https://www.ncbi.nlm.nih.gov/pubmed/35737810
http://www.neurofuture.eu/
https://www.ncbi.nlm.nih.gov/pubmed/16429124
https://www.ncbi.nlm.nih.gov/pubmed/22649994
https://www.ncbi.nlm.nih.gov/pubmed/24139651
https://www.sfn.org/-/media/SfN/Documents/NEW-SfN/About/History-of-Neuroscience/20220914_HON_volume12_kamartin.pdf
https://www.sfn.org/-/media/SfN/Documents/NEW-SfN/About/History-of-Neuroscience/20220914_HON_volume12_kamartin.pdf
https://www.sfn.org/-/media/SfN/Documents/NEW-SfN/About/History-of-Neuroscience/20220914_HON_volume12_kamartin.pdf
https://www.ncbi.nlm.nih.gov/pubmed/28131891
https://www.technologyreview.com/2021/08/25/1032133/big-science-human-brain-failure/
https://www.technologyreview.com/2021/08/25/1032133/big-science-human-brain-failure/
https://www.ncbi.nlm.nih.gov/pubmed/29713272
https://www.nytimes.com/2016/08/28/opinion/sunday/do-you-believe-in-god-or-is-that-a-software-glitch.html
https://www.nytimes.com/2016/08/28/opinion/sunday/do-you-believe-in-god-or-is-that-a-software-glitch.html
https://www.ncbi.nlm.nih.gov/pubmed/37608010
https://hbr.org/1999/11/management-time-whos-got-the-monkey
https://hbr.org/1999/11/management-time-whos-got-the-monkey
https://www.ncbi.nlm.nih.gov/pubmed/37258669
https://www.ncbi.nlm.nih.gov/pubmed/8788061
https://www.ncbi.nlm.nih.gov/pubmed/37420330
https://www.ncbi.nlm.nih.gov/pubmed/25477813
https://www.scientificamerican.com/article/whats-wrong-with-the-brain-activity-map-proposal/
https://www.scientificamerican.com/article/whats-wrong-with-the-brain-activity-map-proposal/
https://www.ncbi.nlm.nih.gov/pubmed/23442172
https://doi.org/10.1007/s11024-023-09497-w
https://www.ncbi.nlm.nih.gov/pubmed/23781198
https://www.ncbi.nlm.nih.gov/pubmed/22561989
https://www.haaretz.com/2012-03-02/ty-article/project-to-map-the-brain-would-be-biggest-in-history/0000017f-db12-df0f-a17f-df53d4ec0000
https://www.haaretz.com/2012-03-02/ty-article/project-to-map-the-brain-would-be-biggest-in-history/0000017f-db12-df0f-a17f-df53d4ec0000
https://www.haaretz.com/2012-03-02/ty-article/project-to-map-the-brain-would-be-biggest-in-history/0000017f-db12-df0f-a17f-df53d4ec0000
https://www.rts.ch/info/sciences-tech/14292979-le-human-brain-project-touche-a-sa-fin-avec-un-bilan-contraste.html
https://www.rts.ch/info/sciences-tech/14292979-le-human-brain-project-touche-a-sa-fin-avec-un-bilan-contraste.html
https://www.ncbi.nlm.nih.gov/pubmed/19158795
https://www.ncbi.nlm.nih.gov/pubmed/24238796
https://www.investopedia.com/terms/k/kpi.asp
https://www.investopedia.com/terms/k/kpi.asp

	Flagship Afterthoughts: Could the Human Brain Project (HBP) Have Done Better?
	Introduction: Flagship Afterthoughts
	The Origin of the Flagship Concept
	Ten Years Later
	Building a Flagship De Novo
	Building a new scientific community
	Building consortium coordination
	Building novel datasets
	Building a coherent scientific strategy
	Building a unified multiscale theory of the brain

	Transforming Criticism into a Proactive Agenda
	Conclusion: Virtual Replay
	References


