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Abstract The field of ageing science has gone through
remarkable progress in recent decades, yet many fundamental
questions remain unanswered or unexplored. Here we present
a curated list of 100 open problems in ageing and longevity
science. These questions were collected through community
engagement and further analysed using Natural Language
Processing to assess their prevalence in the literature and to
identify both well-established and emerging research gaps.
The final list is categorised into different topics, including
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molecular and cellular mechanisms of ageing, comparative
biology and the use of model organisms, biomarkers and the
development of therapeutic interventions. Both long-standing
questions and more recent and specific questions are featured.
Our comprehensive compilation is available to the biogeron-
tology community on our website (www.longevityknowle
dge.app). Overall, this work highlights current key research
questions in ageing biology and offers a roadmap for fostering
future progress in biogerontology.
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Introduction

Ageing and longevity science, dedicated to extend-
ing and understanding the lifespan and healthspan
of organisms, has its roots in gerontology which
emerged as a distinct discipline in the early twentieth
century'. Given the complexity of the ageing pheno-
type, there was initial scepticism about whether the
ageing process could be effectively studied or inter-
vened upon through scientific examination®. A sig-
nificant breakthrough came in 1935 when McCay
et al.’> demonstrated that dietary restriction could
modulate lifespan in rats. This finding, later observed
in multiple other organisms, suggested the existence
of conserved pathways that could extend lifespan®>.
Since then, gene variants influencing lifespan have
been identified in various organisms, including genes
in metabolic pathways like the insulin/IGF-1 signal-
ling pathway®. Current applications of these research
advancements have led to several promising pharma-
cological interventions®. In addition to pharmacologi-
cal approaches, recent advances in biomarkers of age-
ing have led to the development of epigenetic clocks’.
While the underlying mechanisms of ageing remain
debatable®, several attempts have been made at
developing frameworks that catalogue potential age-
ing processes”!’. Elucidating ageing mechanisms is
essential to derive targetable processes and link age-
ing biology to chronic disease prevention and treat-
ment, the so-called geroscience hypothesis.
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Despite these advancements, the field of longev-
ity science is at a crucial point as it continues to face
numerous open problems that hinder further progress.
Recent works have highlighted fundamental knowl-
edge gaps'! and strong disagreements amongst scien-
tist studying ageing!>!3. Addressing these challenges
is critical for unlocking new insights and develop-
ing effective interventions to extend both lifespan
and healthspan. In 1977, Strehler’s seminal work,
“Time, Cells, and Aging”, presented a list of pivotal
questions about ageing at that time, highlighting the
complexity and the need for sustained research and
collaboration '*. Indeed, asking the right questions is
essential for scientific research and, specifically, for
steering the future directions of ageing and longevity
science.

Building on the work of Strehler, we now pre-
sent a new list of 100 open problems in ageing sci-
ence, identified and curated through a combination of
community engagement and text-mining approaches.
These problems span a wide range of topics, from
molecular biology and comparative approaches to
translational efforts and clinical applications. By out-
lining these 100 problems, we aim to guide and pro-
vide goals for future research and map the key areas
where knowledge gaps exist.

These open problems are presented on our web-
site (https://longevityknowledge.app), where users
can interact with and find more information on each
selected problem.
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Methods
Compilation of open problems

First, we developed an initial website and database
where scientists and users could submit their open
problems. Input was garnered through advertising
the website on social media and mailing lists to the
research community; the social media platforms used
were Twitter/X, Facebook and LinkedIn. Users were
able to submit a title and description of their open
problem, which was then saved to our database for
downstream analysis.

In addition to creating a platform to gather open
problems, we held a 3-day workshop in Birming-
ham (UK) in collaboration with the Thalion Ini-
tiative, hosting 24 scientists in the ageing field. This
workshop aimed to foster collaboration and develop
current research questions in need of addressing.
Throughout the workshop, attendees were grouped to
generate ideas for open problems. After discussions,
each group presented their ideas for feedback and to
generate further ideas. All generated open problems
were recorded into our database.

As we aimed to create a list of 100 open problems,
we first narrowed down our obtained open problems,
where we removed poorly formulated open problems
and those deemed non-relevant to the field as well
any duplicated open problems.

Literature-driven analysis of open problems using
Natural Language Processing (NLP)

We first collected PubMed articles indexed under
the MeSH term “Ageing” from 1963 to 2023 and
excluded records without abstracts. For each record,
the title and abstract were concatenated into a single
string. We then encoded the text into fixed-length,
contextual embeddings (vector representations of
text) for all open problem titles and for each article
abstract using PubMedBERT (a domain-specific
BERT transformer trained on PubMed articles, devel-
oped for various NLP tasks)!®>. The model was run
with its standard tokeniser and a maximum input
length of 512 tokens; texts longer than this limit were
truncated to the maximum input length.

Using these embeddings, we then calculated cosine
similarity (— 1 to 1) for every problem-article pair
to quantify the alignment between an open problem
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and an article. We then inspected the distribution of
the cosine similarity scores, and removed the article
pairs that scored below 0.2, a conservative threshold
that was above the upper quartile (0.132) of the dis-
tribution. This first step was to ensure that pairs with
a genuine semantic signal are passed into the second
stage of the NLP pipeline, which was more compu-
tationally expensive. In total, our NLP pipeline has
three steps: an embedding based similarity filter,
cross-encoder relevance scoring and a natural lan-
guage inference (NLI) entailment check.

For the remaining candidates, we then applied a
cross-encoder model MedCPT, specifically trained on
PubMed search logs for query-document relevance'®.
Unlike the PubMedBERT which provides independ-
ent encodings of each text, the cross-encoder model
encodes the problem-article pair in a single sequence,
making it more discriminative at detecting relevant
pairs. The output returned were logits which we then
mapped onto a probability (0 to 1) using a sigmoid
function. We interpret this probability score as the
model’s confidence that the article is relevant to the
specific open problem statement. We then selected
problem-article pairs that scored 0.8 and above, a
threshold chosen to ensure that highly confident and
semantically aligned pairings were retained without
sacrificing relevant problem-article pairings or intro-
ducing potentially irrelevant pairings.

As a final screening step, we used a PubMed-
BERT-based NLI classifier, a model used for the NLP
task of assessing whether a text supports another'’.
The NLI model evaluates a premise—hypothesis pair
and classifies the relation as entailment, contradic-
tion or neutral. Here, the article abstract is the prem-
ise, and the open problem statement is the hypothesis.
Only pairs passing both the cross-encoder threshold
and the NLI entailment label were kept. We then
counted the retained articles per open problem, pro-
viding a measure of how frequently each problem’s
topic appears in scientific literature.

Grouping and thematic analysis of open problems

To group the open problems, we used the previously
calculated embeddings of the open problem titles
and assembled the values into a similarity matrix.
We then employed consensus clustering where we
combined multiple clustering methods to obtain a
grouping that was consistent across all approaches.
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For each clustering algorithm we selected a common
number of clusters or components, k. The choice of k
was determined by using the gap statistic method for
determining the optimal number of clusters.

The clustering methods employed were K-means,
agglomerative clustering with average linkage and
Gaussian Mixture Models. These runs produced
multiple label assignments over the same items. We
then formed the consensus by majority vote across
algorithms for each item (i.e. each open problem was
assigned the mode of its labels across all runs). The
resulting consensus labels served as our initial group-
ings. Although, given the complexity and subjectiv-
ity of these topics, we reviewed the groups and either
split or merged borderline cases to ensure thematic
accuracy in the final set.

The resulting dataset comprised all the open
problems along with their associated article counts,
organised into initial groups based on similar themes.
Where appropriate, we merged highly similar ques-
tions into a single entry. From this dataset, Jodo
Pedro de Magalhaes selected the final list of 100 open
problems, prioritising those deemed important while
ensuring a diversity of topics, using the initial group-
ings and article counts as a complementary guide. In
other words, we aimed to have a broad range of ques-
tions in terms of topics and article counts.

The final 100 open problems are published on our
website: www.longevityknowledge.app.

Results

To help identify and prioritise the more pressing
open problems in longevity and ageing science we
combined community input, data-driven analysis
and manual review (see Methods). All open prob-
lems were collected through an online platform as
well as a dedicated workshop which ensured engage-
ment from the scientific community. We assessed the
open problems by applying NLP techniques to ana-
lyse their prevalence in the PubMed database. This
allowed us to quantify the extent to which an open
problem may have been explored, highlight potential
gaps in research and inform us on the final selection
of open problems. Alongside this, we utilised cluster-
ing methods to help us group our open problems into
appropriate categories for easier exploration for users
on our website.

Data collection of open problems

The number of open problems we collected through
submissions via the website and through the work-
shop totalled to 290. Online submissions totalled to
160 open problems while the workshop produced
130. Initial pre-filtering of questions before grouping
and NLP analysis reduced this to a total of 204. These
204 open problems were then used for clustering and
NLP analysis against PubMed articles.

NLP analysis of open problems using PubMed
literature

Collection of all PubMed articles under the MeSH
term of “Ageing” totalled to 389,627 articles. After
the removal of articles that did not contain an abstract,
the number of unique articles totalled to 200,228 (a
48.6% reduction) articles which were then paired to
the 204 selected open problems. This created a total
of 40,846,512 pairs of open problems and articles to
be analysed. Using the PubMedBert embeddings of
the open problems and article texts, we assessed the
relationship between the open problems and the Pub-
Med articles on ageing.

The NLP analysis of the 204 open problems
revealed variability in their representation within the
ageing research literature (Supplementary Table 1).
After the application of the language models, a total
of 172,031 relevant article and open problem pairs
were identified. The representation of individual open
problems ranged from 1 to 10,808 articles, with a
median of 437 and a mean of 847 (95% confidence
interval, CI, calculated at 685-1010) articles per
problem. The standard deviation of 1176.7 reflects
substantial disparities in research focus across differ-
ent open problems in ageing research.

Summary of the top and bottom open problems

A statistical analysis of the top and bottom 20 open
problems ranked by the total number of associated
articles shows a disparity in their representation
within the ageing research literature (Supplemen-
tary Table 1). The top 20 open problems collectively
account for 69,322 articles, representing 40.3% of
the total dataset, with an average of 3466.1 (95% CI
2552-4381) articles per problem. In contrast, the bot-
tom 20 problems account for only 341 articles, 0.2%
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Table 1 Examples of open problems with significant representation in the literature, categorised by topic

Category Open problem

Articles (n)

Broad fundamental questions Why do we age?

10,808

Do fundamental ageing processes exist and if so, how do they synchronise age- 2366
ing changes and promote age-related diseases?

Which tissues, organs or cell types contribute more to ageing? 2304
Cellular and molecular mechanisms Does somatic mutation accumulation cause ageing? 5977
What molecular and cellular processes modulate the pace of ageing in mam- 3885
mals?
Which and when are senescent cells beneficial or detrimental? 2280
Evolutionary and comparative What mechanisms determine the longevity of long-lived species? 3668
biology
Model organisms Which ageing changes in model organisms also change in a similar way in 3110
humans?
Biomarkers How can we measure intrinsic biological age in individuals and translate this 2545
knowledge into accurate biomarkers of ageing?
Interventions How can we reverse or restore cell function lost during ageing? 2196

of the dataset, with an average of just 17.05 (95% CI
11.7-22.4) articles per problem.

The top 20 problems dominate the literature,
reflecting well-established questions regarding the
causes of ageing and even whether fundamental age-
ing processes exist (Table 1). These problems align
closely with current research priorities and method-
ologies, such as cellular and molecular mechanisms
of ageing, evolutionary and comparative biology,
the role of model organisms in ageing research, bio-
markers and anti-ageing interventions, reinforcing
their centrality to the field. Article counts for these

problems range from 2196 to 10,808, showing the
breadth of interest in these topics.

In contrast, the bottom 20 open problems have arti-
cle counts ranging from 1 to 36. These less explored
problems often focus on emerging or niche areas,
including methodological challenges, novel therapeu-
tic approaches and unexplored biological mechanisms
(Table 2). Naturally, more underrepresented open
problems tend to be less supported by existing lit-
erature. Nonetheless, these often more specific topics
can provide tangible research goals in a shorter time
frame (Table 2).

Table 2 Examples of open problems with the least representation in literature, categorised by topic

Category Open problem

Articles (n)

Biomarkers

ageing?

Novel therapeutic
approaches

How can we measure the extent and pace of changes in the homeodynamic space during 1

How can we break through the current human lifespan ceiling of 122 years?
How and which interventions should be prioritized for human clinical trials? 8

Can a combination of senolytics with ROCK inhibitors and 5-LOX inhibitors contribute 12

to tissue rejuvenation?

Can we apply stem cell therapy based on our own young stem cells (e.g., from cord 19

blood) to modulate ageing?

Could blood clean-up be used to target ageing processes? 32

Specific mechanisms

How much does the immune response to mutated cells or altered (oxidised, misfolded) 9

molecules (e.g. oxLDL, beta amyloid, alpha synuclein) contribute to ageing?

How much do positive feedback loops and chain reactions contribute to ageing? 23

How many diseases of ageing are caused by the trapping of citrate in the mitochondria? 36

@ Springer
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Pie Chart of the Total Number of Open Problems by Category

\

Category (n=100)
Interventions — 22
Ageing Mechanisms — 16
Molecular Mechanisms — 15
Evolution and Comparative Biology — 12
Biomarkers and Measurement — 9
Cellular Processes — 9
Immune System and Inflammation — 6
Ageing and Disease — 3
Diversity in Human Ageing — 3
Model Organisms — 3
Environmental and Physical Factors — 2

Fig. 1 Pie chart of the total number of open problems distributed across the 11 themes

Final themes and distribution of open problems

The final list of 100 open problems was grouped into
11 themes, ensuring thematic alignment. This group-
ing process facilitated the organisation of problems
into a logical structure that reflects the breadth of
the open problems. Each problem was assigned to
one primary theme that best fitted its focus.

Figure 1 presents the distribution of the 100 open
problems across the 11 themes. The largest propor-
tions were assigned to broader Ageing Mechanisms,
more specific Molecular Mechanisms, and Interven-
tions, which collectively accounted for over half of
the selected problems. Themes such as Environmen-
tal and Physical Factors and Diversity in Human Age-
ing were less represented, which may reflect they are
less explored topics in the field. The final list of 100
open problems is available as Supplementary Table 2.

Presentation of the final 100 open problems

To maximise engagement and accessibility, the final
list has been published on the Longevity Knowledge
App website (www.longevityknowledge.app). The
website serves as an interactive platform, enabling
researchers and the public to explore the open prob-
lems and their themes. Each problem is presented
with detailed information, including:

Title of the open problem.
Theme to which it belongs.
Metadata, such as genes or compounds, that link
to external databases.

e Links to related open problems.
A section where users can post any solutions or
proposals that can tackle the open problem.
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Our website is designed to stimulate further dis-
cussion, collaboration and roadmap planning in the
ageing research scientific community.

Discussion

Asking the right questions is crucial to advance a sci-
entific field and steer its future directions. As such,
we took inspiration from the pioneering work of Stre-
hler to identify, through a collective and systematic
effort, a new set of 100 open problems in ageing sci-
ence. Our list of open problems purposedly includes a
combination of broad, big picture questions and spe-
cific questions. While broad questions, for example
regarding why we age, set long-term prospects in the
field, more specific questions may be answerable in
the foreseeable future. In other words, we need both
big picture questions—for direction—and precise
questions to advance biogerontology, which our work
provides. Besides, while some topics are more repre-
sented than others, for example questions on mecha-
nisms of ageing are the most popular, we also aimed
to have a diverse set of topics represented in our final
list of questions. As such, our open problems aim to
stimulate further discussions and provide a corner-
stone in ageing research for years to come. Moreover,
given the dynamic nature of the field, our website can
be used in the future to update the list of open prob-
lems to reflect evolving priorities.

The topics covered in our open questions reflect
those we received on our website and the discussions
during our workshop. While we made efforts to avoid
systematic biases and be inclusive in our list of ques-
tions, for example by having a public website anyone
in the world could have contributed to, our list will
still reflect biases in how contemporary scientists per-
ceive ageing and those topics they find more impor-
tant. As such, it is not surprising that a major empha-
sis is on mechanisms of ageing and understanding
why we age. This is still a key but major open ques-
tion in the field as the drivers of ageing remain open
to debate'®. Many open questions focus on processes
or mechanisms hypothesised to be associated with
ageing, again ranging from broad questions to more
specific ones that are amenable to experimentation.
We hope some of our more specific questions broaden
the field’s research directions and are useful for stu-
dents and researchers to address in the next five years.

@ Springer

Another broad topic of great interest is developing
interventions targeting ageing. Again, there is sig-
nificant discussion concerning longevity therapeutics,
regarding both the effectiveness of existing poten-
tial therapies and how to test them in a clinical set-
ting. It is clear, however, that there is great interest in
developing effective interventions for ageing and this
is one of the major areas for demonstrating clinical
efficacy in the future®. Several questions also concern
biomarkers, e.g. which would be the most suitable for
evaluating therapies. Questions also arose regarding
the nature of existing biomarkers, such as epigenetic
clocks, the genetic and environmental determinants of
ageing in humans and model organisms and questions
regarding recent methods such as partial reprogram-
ming. A few questions concerned the nature of the
ageing process, which others have also debated with-
out reaching a consensus'>', for example regarding
cell autonomous and systemic contributors to ageing
across tissues and organs. A subset of questions also
concerned specific organs and tissues, such as the
immune system, and the relationship between ageing
processes and disease.

Evolution and comparative biology were another
broad topic of interest, again a historically important
topic that has not been resolved. Broadly speaking,
we still do not understand species differences in age-
ing, and therefore, it remains another major open area
for research. Despite recent progress in finding com-
mon ageing markers across mammalian species'®, the
level of conservation of ageing mechanisms across
species remains under debate.

We did not use the initial set of open questions by
Strehler, now nearly 50 years old!, as a basis for our
work. Hence, how do our 100 open questions com-
pare to those of Strehler? Broadly speaking, some
topics remain the same, such as the role of genetics
in ageing and longevity, how transcription and trans-
lation relate to ageing, the timing of development in
long-lived species, species differences in ageing, and
even gene therapies for ageing. A few of the ques-
tions from Strehler have been partially addressed, for
example regarding the genetics of longevity in ani-
mal models®, but most remain open. There is also an
overlap in mechanisms of ageing between Strehler’s
list and ours, for example regarding mitochondria,
cellular changes and the role of the immune system.
In terms of differences, Strehler gives much more
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emphasis to CNS diseases, including not only neu-
rodegenerative conditions but also others such as
dyslexia and Batten’s disease, which are absent from
our list. Furthermore, our list is shaped by modern
priorities, including a strong emphasis on develop-
ing and evaluating interventions—such as senolytics,
partial reprogramming and establishing biomarkers
to guide clinical application. This shift may reflect
a broader evolution in the field, from characteris-
ing ageing changes to actively seeking to modulate
them. Our list also reflects a deeper knowledge of
molecular biology. For example, Strehler referred to
enzymes, tRNAs and ribosomes—broader aspects
of biology that are rarely now studied in the context
of ageing, even though their role remains an open
question. With the advent of molecular biology and
large-scale-omics analyses, we should perhaps take
notice of old-fashioned questions for which we still
lack answers. As such, we see our list as reflecting
advances in the field, but complementary to those of
Strehler. We have no doubt that future lists of open
questions in biogerontology will only partly overlap
with ours. While asking the right questions is essen-
tial to advance science, answering—or attempting to
answer—them often leads to more questions.

In conclusion, our work aims to provide future
directions for ageing research that will allow us to
address key challenges that remain unanswered. Our
open questions reflect current large discussions and
unknowns in the field of biogerontology. In spite of
progress, for example in developing interventions that
retard ageing in preclinical models, there is still huge
debate regarding the underpinning mechanisms of
ageing, the nature of biomarkers of ageing and a route
to developing effective interventions for ageing in
humans. Our questions reflect current key disagree-
ments in the field (Table 1), and we hope will serve
as inspiration and guide to researchers as well as lay a
path for advancing biogerontology.
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