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One of the strategic goals of the European Medicines Agency (EMA) and the
European Medicines Regulatory Network is to support the research and uptake
of innovative methods and technologies in the development of medicines. To
promote this goal, EMA drew up a list of enabling technologies (ETs), which
are novel and fast-growing technologies that have the potential to enable
innovation and therefore exert considerable impact on drug development. In
this work, enabling technologies identified by the EMA are analysed to measure
their impact on drug development by following their journey from publications
through early regulatory interactions to clinical trials between 2019 and 2022.
This work also reviews the current list of EMA-identified ETs by scrutinising
previously unseen innovative technologies identified in EMA submissions data.
The analysis shows large variations in the appearance of the various innovative
technologies in the different studied data sources, which provided valuable
insights into the “Journey of Innovation” that innovative technologies undergo.
Several emerging technologies were identified and endorsed for inclusion in the
enabling technologies list, whereas some others already on the list were proposed
to be excluded due to their low appearance in regulatory interactions as well as
clinical trials and publications. Overall, this analysis highlights the relevance and
value of continuously scanning and monitoring enabling technologies, supporting
Europe’s goal to remain a leader in research and development of innovative
technologies, methods, and methodologies relevant to drug development.

enabling technologies, regulatory science, European Medicines Agency, Innovation Task
Force, European Medicines Regulatory Network

Introduction

One of the strategic goals of the European Medicines Agency (EMA) and the European
Medicines Regulatory Network is to foster research and the uptake of innovative methods in the
development of medicines, as set out in the “Regulatory Science Strategy to 2025” (1) and the
“European Medicines Agencies Network Strategy to 2025” (2). Supporting this goal, assistance
and guidance are provided across the EU regulatory network through various initiatives and
procedures, including Scientific Advice, Innovation Office meetings, Qualification of Novel
Methodologies, and specific support for Small and Medium Sized Enterprises (SMEs). The
EMA’ Innovation Task Force (ITF) (3) offers an early contact point for developers for an
informal dialogue on innovative scientific, technical or legal aspects in medicines development.
These early interactions enable the EMA to get an insight into emerging enabling technologies
(ETs). This is also supported by Horizon Scanning initiatives at the Agency and other
organisations (Supplementary Table S1) that systematically examine information from various
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sources to detect early signs of important and potentially disruptive
developments in the public health space (4, 5).

ETs are defined as novel and fast-growing technologies that have
the potential to enable innovation and therefore exert considerable
impact on drug development (6, 7). ETs have a broad range of
applications across multiple industries and fields, allowing for the
creation of new, more efficient solutions and platforms to tackle
societal challenges. ETs are highly adaptable and can often
be combined with other technologies to create even more
powerful solutions.

An example of ETs is artificial intelligence (AI), which, in the
context of health, can be used to analyse large amounts of data and
identify relevant patterns efficiently. Al tools can be utilised in many
ways in drug research, discovery and development (8, 9). For instance,
AI can make the discovery process faster, more efficient and cost-
effective, better targeted, and more specific, e.g., by utilising
computational drug screening (10-12). Another example of ETs is
genetic modification or genome editing, which have the potential to
transform how certain diseases are treated or potentially cured.
Therapies based on these ETs (e.g., cell and gene therapies) can stop
or slow down the effects of diseases by targeting them, e.g., at the
genetic level (13). Additionally, molecular matching of patients to
treatments is also possible, given that the genetic driver for the disease
is known (10). Another ET, advanced manufacturing, including
continuous manufacturing or 3D printing, could be essential in public
health emergency preparedness and response. Innovations in
manufacturing technologies can lead to integrated processes with
fewer steps, consistency and shorter processing times. They can also
support enhanced development methodologies that enable real-time
product quality monitoring, e.g., by quality by design (QbD)
approaches and the use of process analytical technology (PAT) tools
and models. Advanced manufacturing technologies also enable
flexible processes that allow scale-up, scale-down, and scale-out to
accommodate varying demands in supply (14).

The European Medicines Agency drew up a list of ETs
(Supplementary Table S2) in 2016, based on knowledge at that time.
A cross-Agency multidisciplinary team analysed the previous
submissions and stakeholder interactions and agreed to the list of ETS.
Since then, ITF and other EMA procedures, including Scientific
Advice (15), Orphan applications (16) and Qualification of novel
methodologies (17), have been collecting data on ETs.

The tracking of ETs in regulatory interactions, clinical trials and
publications, and the exploration of the collected data is highly
valuable as it supports the continuous future-proofing of the Agency.
By analysing the information on ETs, science and technology trends
in innovative drug development can be detected early on, allowing the
Agency to focus on relevant, most promising developments.

Given its relevance, it is critical that the list of ETs is up-to-date.
The field of drug development is rapidly changing, and the emergence
of novel ETs is continuously ongoing. Additionally, the development
and adoption of novel technologies in the pharmaceutical industry in
Europe are progressing at different speeds across the various
stakeholders in the field (large pharma, SMEs, academia, etc.) driven
by a whole set of changing priorities, challenges, and use cases. For
instance, this process has been impacted by the COVID-19 pandemic,
resulting in the expedited development and adoption of some
innovative technologies, like mRNA-based vaccines and digital
technologies (18). These factors justify the investment for an
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up-to-date list of ETs to incorporate novel and evolving ETs and
remove ETs that prove to be less impactful than previously expected.

The aim of this work was two-fold: on the one hand, it was aimed
to measure the impact of the identified ETs by following and analysing
their route (i.e., the “Journey of Innovation”) from publications
through early interactions with EMA to clinical trials (CTs). On the
other hand, this work also aimed to review and suggest an update to
the current list of ETs with previously unseen innovative technologies
identified during the data analysis to further strengthen the support
of EMA for the development of innovative technologies, methods,
and methodologies.

Methods
Search and analysis of publications

Scientific publications related to the various ETs were searched in
the PubMed databases first without any restrictions, using different
search terms for each ET. As these searches resulted in a very large
number of hits (generally >10.000), the results were limited by using
the PubMed Advanced Search Builder applying the following methods:

- Searches were restricted to publications with a publication date
between 2019 and 2022.

- Searches were restricted to publications in English language.

- Searches were narrowed down by using a combination of more
specific search terms (limiting them to titles and abstracts) and
MeSH terms or Major MeSH terms.

The aim was to try to capture the widest possible range of
publications related to a specific ET, including basic science
publications, as eventually the results basic science might also be used
in drug development.

The accuracy of the searches was evaluated by screening the first
approx. 20-50 hits received after a search. The search terms were
attempted to be modified in a way that

- The search terms would be broad enough to minimise the risk of
losing relevant publications

- The results would include only a small percentage of
irrelevant publications.

The list of search terms and the number of hits can be found in
Supplementary Table S3. The ETs were regrouped compared to the
original ET list in a way that the new groups are more descriptive of
the ETs within the group. and these groups were used in the Results
section. The grouping can be found in Supplementary Table S5.

In one case (ET: “Mobile/portable manufacturing”), no hits were
returned after the search despite using various search terms. To
validate this, a more generic search engine (Google) was also used.

Analysis of EMA data

Requests with associated ETs received by the various EMA
procedures [ITF and other EMA procedures (Scientific Advice,
Protocol Assistance, Qualification of Novel Methodologies, Orphan
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Designation)] between 2019 and 2022 were collected from EMA
databases (ITF and IRIS databases). The ITF database collects the
information submitted in the “ITF meeting request form” by the
applicants to the Agency (19). IRIS is EM A’ online regulatory and
scientific information management platform, through which certain
regulatory procedures (e.g., Scientific Advice, Orphan Designation)
are carried out (20).

In the ITF database, the enabling technologies selected in the
application form for each ITF request are recorded. In the IRIS
database, Research Product Identifiers (RPI) are associated to
enabling technologies by referential terms associations. In both
databases, products/developments can have multiple ETs associated
to them. The ITF requests and RPIs associated to certain enabling
technologies were listed and the occurrence of each enabling
technology was counted. Applications without any selected ETs or
with “Other innovation aspect / enabling technology” selected were
collected and inspected individually to identify the associated -
potentially novel -ETs.

Clinical trials search

All clinical trial searches were carried out in the ClinicalTrials.
gov database using the expert search function. Post-marketing
surveillance trials (Phase 4) were excluded from the searches. The
first 20-30 search results were inspected, and the search terms were
modified similarly to the PubMed searches to maximise
search accuracy.

The list of search terms and the number of hits can be found in
Supplementary Table S4. The ETs were regrouped compared to the
original ET list for clarity and these groups were used in the Results
section. The grouping can be found in Supplementary Table S5.

The main aim of the ClinicalTrials.gov database is to report
summary information about clinical study protocols and results. The
database was not set up to record information related to technologies
and this might lead to underreporting of enabling technology use in
clinical trials.

Results
Publications

Table 1 contains the list of the ETs along with the number of
associated publications with them based on the PubMed searches.
Two ETs, E/m health (Digital healthcare) and Novel biomarkers/
omics were linked to a particularly high number of publications
(more than 20,000 and 10,000, respectively), despite the fact that
the search was limited by using the advanced search function and
optimised search terms. Other ETs with a high number of
publications included Novel data sources, Associated medical
devices, and Genome editing.

Interestingly, search for Mobile/portable manufacturing resulted
in 0 hits. To “validate” this result, an additional Google search was
carried out. The first 10 results in Google concerned a portable
pharmaceutical manufacturing system development at MIT in 2016
and the Portable Continuous Miniature Modular (PCMM)
manufacturing platform developed by Pfizer in 2015. Only one of the
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TABLE 1 Enabling technologies in PubMed.

Enabling technologies Search hits

Digital healthcare

Novel biomarkers, omics

Novel data sources 7,867
Associated medical devices 6,658
Genome editing 3,523
Smart materials and active substance(s) 2,839
Nanotechnologies 2,812
Novel non-clinical development methods 2,760
Other ingredients 1992
Delivery methods 1802
Biomaterials 1721
Advanced manufacturing 1,261
Novel clinical trial methodologies 1,068
Synthetic biology 712
Genetically modified organism(s) 441
Development-related: clinical 305
Transgenic technologies 216
Human cell-based in vitro models 51

List of enabling technology categories with the number of associated publications found in
PubMed searches using optimised search terms. Publications were retrieved by searching in
the PubMed database using search strings described in Supplementary Table 3 and limiting
the results to English publications between 2019 and 2022. The coloring of the cells is based
on the value in the given cell. Lighter means lower value and darker means higher value.

top 20 results was more recent than these: a small-scale rapid mobile
manufacturing platform by Moderna from 2020 (21).

EMA databases

Table 2 contains the ET categories along with their relative
frequencies in the EMA datasets. The most often raised topics by ITF
applicants during the analysed 3years were associated with novel
clinical trial methodologies, digital healthcare, delivery methods, novel
biomarkers, omics, and advanced manufacturing. Fairly similar trends
were observed in the other EMA datasets, some of the most often
referenced ET categories being novel clinical trial methodologies,
delivery methods, and advanced manufacturing. For both ITF and other
EMA applications, “Other innovation aspect/enabling technology” was
amongst the most frequently chosen categories justifying a further
investigation into the specific ETs behind this category.

Biodefense/biowarfare, Medicines for tropical diseases, Other
smart/advanced material, and Photodynamic product were found to
be the least often selected ETs by developers in both ITF and other
EMA applications.

Some differences were also observed in the data: only 5% of the
ITF applications were related to genetically modified organism(s),
whereas it was the most frequently referenced category (13% of the
requests) in the other EMA datasets. Moreover, digital healthcare
and novel biomarkers, omics were amongst the most selected
categories (around 8-9%) amongst the ITF applicants. In contrast,
only 3-4% of the applicants to other EMA procedures referenced the
same categories.
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TABLE 2 Enabling technologies in EMA databases.

Other EMA
procedures

Enabling

technologies

Novel clinical trial

methodologies

Other innovation aspect /

enabling technology

Digital healthcare

Delivery methods

Novel biomarkers, omics 8% 3%
Advanced manufacturing 6% 7%
Genome editing 6% 6%
Associated medical devices 6% 3%
Novel non-clinical 5% 4%
development methods

Novel data sources 5% 3%
Genetically modified 5%

organism(s)

Nanotechnologies 5% 3%
Biomaterials 4% 2%
Synthetic biology 3% 3%
Transgenic technologies 3% 6%
Human cell-based in vitro 2% 4%
models

Other ingredients 2% 4%
Smart materials and active 1% 1%
substance(s)

Development-related: clinical 0% 1%

Relative frequencies of enabling technology categories in ITF and other EMA requests
received between 2019 and 2022. The coloring of the cells is based on the value in the given
cell. Lighter means lower value and darker means higher value.

Other innovation aspect/enabling technology
category

As it can be seen in Table 2, the Other enabling technologies
category was amongst the most selected ETs in the EMA databases.
This category was analysed in more detail as this is the category that
applicants choose if their development does not fit any of the other
categories and therefore could contain previously unidentified
innovation. Requests without any selected ETs or with “Other
innovation aspect/enabling technology” selected were collected and
inspected individually to manually identify associated innovative
topics. 10% of these requests concerned medical devices or in-vitro
diagnostics. Other notable themes identified in these 39 requests were
artificial intelligence/machine learning, platform technologies, faecal
microbiota transplantation (FMT), exosomes, and developments
related to special populations, amongst others.

Clinical trials
The table below (Table 3) gives information about the number of

clinical trials associated with the various ETs. The Associated medical
devices category had the highest number of related clinical trials, with
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TABLE 3 Enabling technologies in clinical trials.

Search hits

Enabling technologies

Associated medical devices

Other ingredients

Nanotechnologies 533
Digital healthcare 456
Novel clinical trial methodologies 391
Smart materials and active substance(s) 356
Delivery methods 292
Novel data sources 135
Novel biomarkers, omics 72
Biomaterials 53
Transgenic technologies 53
Novel non-clinical development methods 43
Development-related: clinical 38
Advanced manufacturing 9
Genome editing 8
Synthetic biology 4
Genetically modified organism(s) 2
Human cell-based in vitro models 1

List of enabling technologies with the number of clinical trials associated with them. Trials
were retrieved by searching all interventional trials (post-marketing surveillance trials were
excluded) in the clinicaltrials.gov database using optimised search terms containing the
various enabling technologies described in Supplementary Table 4. The coloring of the cells
is based on the value in the given cell. Lighter means lower value and darker means higher
value.

considerably more hits (>3,000) than the categories following it
(Matrices and Adjuvant (Other ingredients), Nanotechnologies and
Digital healthcare) (450-800 hits).

It is to be noted that no clinical trials were found to be associated
with manufacturing-related ETs (Bedside/point of care manufacturing,
Distributed manufacturing, Portable manufacturing), except for 3D
printing, which had 9 associated clinical trials.

Comparison of the data sources

Figure 1 shows the ET categories along with their relative
frequencies in the various data sources analysed in this work (EMA
databases, PubMed search, and clinical trial database results). There
are differences between the different data sources in terms of the most
and least frequently referenced ETs.

Several ETs had very low appearances across the different data
sources. Such ETs included biodefense/biowarfare, Avatar, nude and
Bioenhancer,

humanised mice, Pharmacological ~chaperone,

Photodynamic product, Printing, and Mobile/portable manufacturing.

Discussion

The European Pharma Strategy highlights that in order to
guarantee that high-quality and safe medicines reach patients it is
crucial that the European regulatory environment understands and
facilitates innovation (22). Support for innovation is an important goal
at EMA and the European Medicines Regulatory Network (EMRN),
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FIGURE 1
Comparison of enabling technologies in different data sources. Relative frequencies of enabling technology categories in EMA requests, PubMed and
clinical trials searches. The category of “Other innovation aspect/enabling technology” was omitted as it is not applicable in the case of publications
and clinical trials.

as highlighted in the EMA’s Regulatory Science Strategy to 2025 (1)
and the European Medicines Agencies Network Strategy (2).
Identification, monitoring and continuous updating of emerging
innovative technologies (ETs), methods, and methodologies enables
their use in innovative drug development. The identification of trends
further supports the allocation of resources and specialised expertise
within the network.

The EMA list of identified enabling technologies has been used by
the Innovation Task Force for more than 5 years and more recently, by
other EMA procedures, including Scientific Advice, Orphan
Designation, Qualification of Novel Methodologies, and Business
Pipeline Meetings. In this work, data accumulated over the past 3 years
on ETs identified by the EMA was analysed to measure their impact
on drug development by following their journey from publications
through early regulatory interactions to clinical trials. This study also
reviewed the current list of ETs by scrutinising previously unseen
innovative technologies identified in EMA submissions data.

We identified differences when analysing the appearance of ETs
in different data sources over the studied time period (Figure 1). A
reason for this could be that innovative developments are likely to
appear in the various analysed data sources (publications (PubMed),
early regulatory interactions, e.g., EMA ITF, and clinical trials) at
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different times based on their development stage/maturity, which
reflects the “Journey of Innovation” that these ETs undergo. The
majority of the ET categories were well represented in at least one data
source, which confirms these technologies’ relevance. However,
several ETs had very low appearance across the different data sources,
which could indicate that either even though they showed potential
for growth earlier, later their development was slowed down/
abandoned or that the development of these specific ETs has not been
realised yet. The need for continued availability of these terms should
be reassessed. Attention should be paid to the “Other innovation
aspect / enabling technology” section to be able to detect if the
development of any of the ETs is enhanced. The list of ETs should
be reviewed periodically to cheque the relevance of ETs. Given the
extent of data being produced in the field of drug development
(publications, regulatory submissions or clinical trials), quantitative/
automatic approaches, like machine learning or natural language
processing, should be summarise/track
developments of ETs.

Digital healthcare has been frequently identified in all studied data

considered  to

sources, including EMA procedures, publications and clinical trials
(Figure 1). There is ongoing global growth in digitalisation in all
sectors (23). The European Commissions Competence Centre on
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Foresight identified digitalisation in healthcare as part of a Megatrend,
defined as “long-term driving forces that are observable now and will
most likely have a global impact” (24). Recognising this, the EMA and
the EU Regulatory Network provide specific support in this area (25-
27). EMA has issued several qualification opinions and advice for
digital technology-based methodologies as part of the Qualification
of novel methodologies for medicine development (QoNM) pathway,
which is intended to support the qualification of innovative
development methods for a specific intended use in the context of
research and development into pharmaceuticals (28, 29). Qualified
digital technologies, amongst others, include an ingestible sensor that
can monitor medication adherence of patients, a system that allows
the capture of clinical study source data electronically, and a registry
for pharmacoepidemiology studies (30). To further support the
successful development of digital technology-based methodologies,
EMA has released a question and answer document focusing on the
qualification of digital technologies (31) and has started a focus group
on the QONM framework and an Al coordination group. During the
COVID-19 pandemic, many digital health tools moved from being
seen as a potential opportunity to an immediate need, and their use
increased considerably (32). Other activities and developments are
expected in this field if the current momentum is retained as the
pandemic comes under control, and therefore the ETs related to
Digital healthcare (e.g., E/m-health and Monitoring devices/sensors/
systems) could be reviewed and subdivided into more granular terms.

The lack of clinical trials associated with manufacturing-related
ETs could be due to the fact that manufacturing-related ETs are not
relevant for clinical trials. In fact, an ET is an attribute of a product,
not necessarily of a clinical trial or an EMA submission. An ET
associated to a product may be relevant for some but not all CTs
carried out with the product.

The adoption of decentralised clinical trials has been increasing
over the past few years, enabled further by the advancement of
available technologies. The relatively high number of medical devices
(MD) and in-vitro diagnostics (IVD)-related requests could be linked
to the use of sensors like glucometers or wearable activity trackers or
eDiaries, which are decentralised clinical trial enablers. In addition,
there are two new EU legislations in this area (MDR (33) and IVDR
(34)), which entered into force in 2021 and 2022. The new Regulations
introduced new tasks and responsibilities for EMA, for example in the
assessment of combination products and companion diagnostics, in
the monitoring of medical device shortages, and in the support of the
various medical device expert panels. These tasks require strong
liaison between EMA, EU member states, and notified bodies, which
indicates the need for the two regulatory frameworks (i.e., notified
bodies and medicines regulators) to collaborate and work well
together. Based on the increasing exposure, the number of MD and
IVD-related requests at the EMA is expected to grow further. The
Associated medical devices category in the ET list covers Matrices,
Other associated medical device, and Biomaterials; however, these
might not cover all aspects of MDs and IVDs. Therefore, it is
recommended to either refine the already existing ETs or to include a
separate MD/IVD-related ET in the list.

Analysis of EMA procedures without ETs flagged or the category
“Other innovation aspect / enabling technology” offered insights into
what terms or categories might be missing from the current ETs list.
Newly identified technologies/methods/methodologies and treatment
mondalities included artificial intelligence and machine learning,
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manufacturing  platform  technologies, faecal —microbiota
transplantation (FMT), developments related to special populations,
e.g., pregnant women, a novel environmental monitoring technology,
and exosomes. Several of these technologies are described below. It
should be noted that applicants may not always choose sufficient or
correct ETs when submitting applications, which could be mitigated
by adding more detailed instructions to the application forms to help
applicants choose the most suitable ET.

Artificial Intelligence and Machine Learning were amongst the new
ETs, and their appearance is in line with the general trend of increasing
application of AI technologies in medicines development (4). As these
technologies are missing from the ET list —the closest related term is Big
data analysis it is suggested to include them in the list given their
significant potential for growth and impact in the upcoming years (35).

A notable theme identified in the uncategorised requests was
related to platform technologies. One of the main characteristics of
platform technologies is flexibility, which makes them well suited to
fight against novel pathogens or diseases that are sporadic or
unpredictable. In 2016, following a public consultation, the World
Health Organisation (WHO) presented six promising platforms to
increase R&D preparedness for future epidemics (36). It is expected
that future epidemics will become more frequent, more complex and
challenging to prevent and contain, and therefore the efforts to
develop platform technologies are also likely to be increased in the
future (12, 37).

FMT was also mentioned in the “Other innovation aspect /
enabling technology” category. FMT has gained considerable interest
in the past decades due to the high recovery rate in recurrent
Clostridium difficile infections compared to traditional antibiotic
therapy. Research and development of FMT-based products have
advanced in recent years worldwide. A recent EU-Innovation Network
Horizon Scanning report on FMT anticipates further developments
in the field, with potential Marketing Authorisation Applications
happening in the EU within the next 5-10years (38).

Exosomes and extracellular vesicles were another novel technology
category identified. Extracellular vesicles have recently attracted great
attention as they act as intercellular communication signalling
mediators. They can also carry a wide range of cargo molecules and have
the potential to act as diagnostic markers in clinical applications.
Despite the growing interest in exosome or extracellular vesicle-based
therapies, the technologies are still in their infancy, and regulatory
requirements for these products need to be clarified by regulators
worldwide. The Pharmaceuticals and Medical Devices Agency (PMDA)
in Japan, in collaboration with the International Coalition of Medicines
Regulatory Authorities ICMRA), is developing a “regulatory points to
consider” document to address the open questions in the field (39).

Except for medical devices/in-vitro diagnostics and artificial
intelligence/machine learning, which were associated with a large
number of requests, the other technologies (platform technologies,
FMT, and exosomes) appeared in a small number of EMA submissions
(generally 1-3 request(s)/new ET). Therefore, these terms could
be considered weak signals and have to be tracked to evaluate if a new
ET should be added to the list.

In summary, this work explored the presence of ETs in EMA
submissions, analysing their relevance with respect to publications
and clinical trials. This provided valuable insight into the “Journey of
Innovation and Trends” from publications over early interactions with
the Regulator to clinical trials. This work also reviewed the current list
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of EMA ETs and by scrutinising EMA data submissions, previously
unseen innovative technologies were identified, resulting in the
following recommendations:

- Analysis of “Other innovation aspect / enabling technology”
category in ITF resulted in suggestions for new ET terms, e.g.,
MDs/IVDs, artificial intelligence/machine learning. Potential
future ETs could include platform technologies, FMT,
and exosomes.

- The enabling technologies related to Digital healthcare (e.g.,
E/m-health and Monitoring devices/sensors/systems) could
be reviewed and subdivided into more granular terms.

- Some of the enabling technologies had very low appearances
across the studied data sources; therefore, the need for their
continued availability in the list should be reassessed (e.g.,
Biodefense/biowarfare, Pharmacological chaperone).

- A mechanism for systematically updating the ETs list in a
quantitative way [e.g., with natural language processing (NLP)].

The design of the current analysis is subject to limitations that could
be addressed in future research. This cross-sectional study of ETs in
EMA submissions, publications and clinical trials looked at a 3-year
long time period. A longitudinal review could be carried out, including
the interpretation of the time between the identification of the same ET
in the different sources, which would allow for the charting of the
journey of certain ETs from basic science to their use in regulatory
contexts. A more progressive/sensitive methodology could also
be considered involving the analysis of patents, venture capital
investments, and more dynamic data sources (e.g., Google, Wikipedia),
and social media (e.g., Twitter, Reddit). Additionally, the examination
of the historical events, policies, and regulations that have shaped the
development of an ET can provide a deeper understanding of its
evolution. The EMA and the members of the EMRN are digital-driven
medicines regulators that continuously take advantage of innovations
and emerging technologies for the ultimate benefit of public and animal
health, and therefore the exploration of machine learning
methodologies, e.g., text mining algorithms for the identification of
novel ETs in regulatory and public data would also be of high interest.

References

1. European Medicines Agency. EMA Regulatory Science to 2025. Amsterdam:
European Medicines Agency (2020).

2. European Medicines Agency and Heads of Medicines Agencies. EMA Netw strategy
to 2025. (2020)

3. European Medicines Agency. Innovation in medicines. Availabe at: https://www.
ema.europa.eu/en/human-regulatory/research-development/innovation-medicines

4. International Coalition of Medicines Regulatory Authorities (ICMRA). Horiz
Scanning Assess Rep -Artif Intell; (2021)

5. European Medicines Agency. Genome editing EU-IN Horizon Scanning Report.
Amsterdam: European Medicines Agency (2021).

6. European Commission. A European Strategy for key Enabling Technologies - A
Bridge to Growth and Jobs. Brussels: European Commission (2012).

7. European Commission. Preparing for our Future: Developing a Common Strategy
for Key Enabling Technologies in the EU. Brussels: European Commission (2009).

8. McKinsey & Company. The top trends in tech. Availabe at: https://www.mckinsey.
com/business-functions/mckinsey-digital/our-insights/the-top-trends-in-tech

9. Vrscaj, D. An Oecd Horizon Scan of Megatrends and Technology Trends in the
Context of Future Research Policy; Danish Agency for Science. Technology and Innovation:
Kebenhavn (2016).

Frontiers in Medicine

10.3389/fmed.2023.1122405

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding authors.

Author contributions

PV, FE, and AH contributed to the conception and design of the
study. PV performed the research and analysed the data. PV and FE
wrote the first draft of the manuscript. All authors contributed to the
critical revision of the manuscript, read, and approved the
submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmed.2023.1122405/
full#supplementary-material

10.European Commission, Council European Innovation, Agency SMEs
ExecutiveLopatka, M, Pélvora, A, Manimaaran, S, and Borissov, R. Identification
of emerging technologies and breakthrough innovations (2022). doi:
10.2826/06288,

11. Manly, CJ, Shirley, L-M, and Hammer Jack, D. The impact of informatics and
computational chemistry on synthesis and screening. Drug Discov Today. (2001)
6:1101-10. doi: 10.1016/s1359-6446(01)01990-0

12. World Health Organization. Emerging Trends and Technologies: A Horizon Scan
for Global Public Health. Geneva; World Health Organization (2022).

13. European Commission, Research Directorate-General for InnovationAndreescu, L,
Parkkinen, M, Kuusi, O, Daniel, L, Gheorghiu, R, et al. 100 Radical Innovation
Breakthroughs for the Future. Luxembourg: Publications Office (2019).

14. FDA. Quality Considerations for Continuous Manufacturing. Silver Spring, MD:
FDA (2019).

15. European Medicines Agency (n.d.). Scientific advice and protocol assistance.
Availabe at: https://www.ema.europa.eu/en/human-regulatory/research-development/
scientific-advice-protocol-assistance (Accessed on September 7, 2022).

16. European Medicines Agency (n.d.). Orphan designation: overview. Availabe at:
https://www.ema.europa.eu/en/human-regulatory/overview/orphan-designation-
overview (Accessed on September 7, 2022).

frontiersin.org


https://doi.org/10.3389/fmed.2023.1122405
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmed.2023.1122405/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmed.2023.1122405/full#supplementary-material
https://www.ema.europa.eu/en/human-regulatory/research-development/innovation-medicines
https://www.ema.europa.eu/en/human-regulatory/research-development/innovation-medicines
https://www.mckinsey.com/business-functions/mckinsey-digital/our-insights/the-top-trends-in-tech
https://www.mckinsey.com/business-functions/mckinsey-digital/our-insights/the-top-trends-in-tech
https://doi.org/10.2826/06288
https://doi.org/10.1016/s1359-6446(01)01990-0
https://www.ema.europa.eu/en/human-regulatory/research-development/scientific-advice-protocol-assistance
https://www.ema.europa.eu/en/human-regulatory/research-development/scientific-advice-protocol-assistance
https://www.ema.europa.eu/en/human-regulatory/overview/orphan-designation-overview
https://www.ema.europa.eu/en/human-regulatory/overview/orphan-designation-overview

Vass et al.

17. European Medicines Agency (n.d.). Qualification of novel methodologies for
medicine development. Availabe at: https://www.ema.europa.eu/en/human-
regulatory/research-development/scientific-advice-protocol-assistance/
qualification-novel-methodologies-medicine-development-0  (Accessed  on
September 7, 2022).

18. European Commission; Small Executive Agency for; Enterprises Medium-
sizedSiviero, A, Butiniello, L, Magnani, I, and Micheletti, G. Advanced Technologies for
Industry — AT watch: Looking Beyond the Horizon. Luxembourg: Publications Office
(2021).

19. European Medicines Agency (n.d.). ITF meeting request form. Availabe at: https://
www.ema.europa.eu/documents/template-form/innovation-task-force-itf-briefing-
meeting-request-form_en.docx (Accessed on January 25, 2023).

20. European Medicines Agency (n.d.). EMA's IRIS platform. Availabe at: https://iris.
ema.europa.eu/ (Accessed on January 25, 2023).

21. DARPA (n.d.). Awards Moderna up to $56 Million to Enable Small-Scale, Rapid
Mobile Manufacturing of Nucleic Acid Vaccines and Therapeutics. Availabe at: https://
investors.modernatx.com/news/news-details/2020/DARPA- Awards-Moderna-up-
to-56-Million-to-Enable-Small-Scale-Rapid-Mobile-Manufacturing-of-Nucleic- Acid-
Vaccines-and-Therapeutics/default.aspx (Accessed on August 8, 2022).

22. European Commission. Pharmaceutical Strategy for Europe; (2020).

23.Kim, S, Choi, B, and Lew, YK. Where is the age of digitalization heading? The
meaning, characteristics, and implications of contemporary digital transformation.
Sustainability. (2021) 13:8909. doi: 10.3390/su13168909

24. European Commission; Competence Centre Foresight (n.d.). Digitize me and my
health. Availabe at: https://knowledge4policy.ec.europa.eu/foresight/digitize-me-my-
health_en (Accessed on June 8, 2022).

25. European Medicines Agency (n.d.). Big data. Availabe at: https://www.ema.europa.
eu/en/about-us/how-we-work/big-data (Accessed on September 7, 2022).

26. European Medicines Agency. (n.d.). Data analysis and real world interrogation
network (DARWIN EU). Availabe at: https://www.ema.europa.eu/en/about-us/how-we-
work/big-data/data-analysis-real-world-interrogation-network-darwin-eu (Accessed on
September 7, 2022).

27. European Medicines Agency. (n.d.). Task forces. Availabe at: https://www.ema.
europa.eu/en/about-us/who-we-are/task-forces (Accessed on September 7, 2022).

28. European Medicines Agency (n.d.). Qualification of novel methodologies for
medicine development. Availabe at: https://www.ema.europa.eu/en/human-regulatory/
research-development/scientific-advice-protocol-assistance/qualification-novel-
methodologies-medicine-development-0 (Accessed on June 17, 2022).

Frontiers in Medicine

08

10.3389/fmed.2023.1122405

29. Hendrikse, NM, Llinares, GJ, Vetter, T, Humphreys, AJ, and Ehmann, E
Biomarkers in medicines development-from discovery to regulatory qualification and
beyond. Front Med. (2022) 9:878942. doi: 10.3389/fmed.2022.878942

30. European Medicines Agency (n.d.). Opinions and letters of support on the
qualification of novel methodologies for medicine development. Availabe at: https://
www.ema.europa.eu/en/human-regulatory/research-development/scientific-advice-
protocol-assistance/novel-methodologies-biomarkers/opinions-letters-support-
qualification-novel-methodologies-medicine-development#multiple-sclerosis-clinical-
outcome-assessment-(mscoa)--section (Accessed on June 17, 2022).

31. European Medicines Agency. Questions and Answers: Qualification of Digital
Technology-Based Methodologies to Support Approval of Medicinal Products (2020).

32. European Observatory on Health Systems and PoliciesNick, F, and Williams
Gemma, A. Use of digital health tools in Europe: before, during and after COVID-19.
Copenhagen: World Health Organization. Regional Office for Europe (2021).

33. REGULATION (EU) 2017/745. The European Parliament and of the Council of 5
April 2017 on medical devices, amending Directive 2001/83/EC, Regulation (EC) No
178/2002 and Regulation (EC) No 1223/2009 and repealing Council Directives 90/385/
EEC and 93/42/EEC. p. 1-175. Available at: https://eur-lex.europa.eu/legal-content/EN/
TXT/PDF/?uri=CELEX:32017R0745

34. REGULATION (EU) 2017/746. The European Parliament and of the Council of 5
April 2017 on in vitro diagnostic medical devices and repealing Directive 98/79/EC and
Commission Decision 2010/227/EU. p. 176-332. Available at: https://eur-lex.curopa.cu/
eli/reg/2017/746/0j

35. Garcia, E, Manuel, N, Agata, G, Radu, G, Daniele, G, and Konstantinos, S.
Windows to the future around top trends in emerging technologies. Roadmapping
Exercise (2020). doi: 10.13140/RG.2.2.11020.54409,

36. World Health Organisation. WHO Research and Development Blueprint: Evaluation
of Ideas for Potential Platforms to Support Development and Production of Health
Technologies for Priority Infectious Diseases with Epidemic Potential. Geneva: World
Health Organisation (2016).

37. Bedford, J, Farrar, ], Ihekweazu, C, Kang, G, Koopmans, M, and Nkengasong, J. A
new twenty-first century science for effective epidemic response. Nature. (2019)
575:130-6. doi: 10.1038/s41586-019-1717-y

38. Heads of Medicines Agencies — European Medicines Agency. Faecal Microbiota
Transplantation - EU-IN Horizon Scanning Report (2022).

39. Fukaya-Shiba, A, Shimokawa, M, Sasaki, H, and Wakao, R. Pharmaceuticals and
medical devices agency's horizon scanning and the science board: cooperation toward
extracellular vesicle-based products. Br J Clin Pharmacol. (2021) 88:1392-4. doi:
10.1111/bcp.15065

frontiersin.org


https://doi.org/10.3389/fmed.2023.1122405
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.ema.europa.eu/en/human-regulatory/research-development/scientific-advice-protocol-assistance/qualification-novel-methodologies-medicine-development-0
https://www.ema.europa.eu/en/human-regulatory/research-development/scientific-advice-protocol-assistance/qualification-novel-methodologies-medicine-development-0
https://www.ema.europa.eu/en/human-regulatory/research-development/scientific-advice-protocol-assistance/qualification-novel-methodologies-medicine-development-0
https://www.ema.europa.eu/documents/template-form/innovation-task-force-itf-briefing-meeting-request-form_en.docx
https://www.ema.europa.eu/documents/template-form/innovation-task-force-itf-briefing-meeting-request-form_en.docx
https://www.ema.europa.eu/documents/template-form/innovation-task-force-itf-briefing-meeting-request-form_en.docx
https://iris.ema.europa.eu/
https://iris.ema.europa.eu/
https://investors.modernatx.com/news/news-details/2020/DARPA-Awards-Moderna-up-to-56-Million-to-Enable-Small-Scale-Rapid-Mobile-Manufacturing-of-Nucleic-Acid-Vaccines-and-Therapeutics/default.aspx
https://investors.modernatx.com/news/news-details/2020/DARPA-Awards-Moderna-up-to-56-Million-to-Enable-Small-Scale-Rapid-Mobile-Manufacturing-of-Nucleic-Acid-Vaccines-and-Therapeutics/default.aspx
https://investors.modernatx.com/news/news-details/2020/DARPA-Awards-Moderna-up-to-56-Million-to-Enable-Small-Scale-Rapid-Mobile-Manufacturing-of-Nucleic-Acid-Vaccines-and-Therapeutics/default.aspx
https://investors.modernatx.com/news/news-details/2020/DARPA-Awards-Moderna-up-to-56-Million-to-Enable-Small-Scale-Rapid-Mobile-Manufacturing-of-Nucleic-Acid-Vaccines-and-Therapeutics/default.aspx
https://doi.org/10.3390/su13168909
https://knowledge4policy.ec.europa.eu/foresight/digitize-me-my-health_en
https://knowledge4policy.ec.europa.eu/foresight/digitize-me-my-health_en
https://www.ema.europa.eu/en/about-us/how-we-work/big-data
https://www.ema.europa.eu/en/about-us/how-we-work/big-data
https://www.ema.europa.eu/en/about-us/how-we-work/big-data/data-analysis-real-world-interrogation-network-darwin-eu
https://www.ema.europa.eu/en/about-us/how-we-work/big-data/data-analysis-real-world-interrogation-network-darwin-eu
https://www.ema.europa.eu/en/about-us/who-we-are/task-forces
https://www.ema.europa.eu/en/about-us/who-we-are/task-forces
https://www.ema.europa.eu/en/human-regulatory/research-development/scientific-advice-protocol-assistance/qualification-novel-methodologies-medicine-development-0
https://www.ema.europa.eu/en/human-regulatory/research-development/scientific-advice-protocol-assistance/qualification-novel-methodologies-medicine-development-0
https://www.ema.europa.eu/en/human-regulatory/research-development/scientific-advice-protocol-assistance/qualification-novel-methodologies-medicine-development-0
https://doi.org/10.3389/fmed.2022.878942
https://www.ema.europa.eu/en/human-regulatory/research-development/scientific-advice-protocol-assistance/novel-methodologies-biomarkers/opinions-letters-support-qualification-novel-methodologies-medicine-development#multiple-sclerosis-clinical-outcome-assessment-(mscoa)--section
https://www.ema.europa.eu/en/human-regulatory/research-development/scientific-advice-protocol-assistance/novel-methodologies-biomarkers/opinions-letters-support-qualification-novel-methodologies-medicine-development#multiple-sclerosis-clinical-outcome-assessment-(mscoa)--section
https://www.ema.europa.eu/en/human-regulatory/research-development/scientific-advice-protocol-assistance/novel-methodologies-biomarkers/opinions-letters-support-qualification-novel-methodologies-medicine-development#multiple-sclerosis-clinical-outcome-assessment-(mscoa)--section
https://www.ema.europa.eu/en/human-regulatory/research-development/scientific-advice-protocol-assistance/novel-methodologies-biomarkers/opinions-letters-support-qualification-novel-methodologies-medicine-development#multiple-sclerosis-clinical-outcome-assessment-(mscoa)--section
https://www.ema.europa.eu/en/human-regulatory/research-development/scientific-advice-protocol-assistance/novel-methodologies-biomarkers/opinions-letters-support-qualification-novel-methodologies-medicine-development#multiple-sclerosis-clinical-outcome-assessment-(mscoa)--section
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32017R0745
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32017R0745
https://eur-lex.europa.eu/eli/reg/2017/746/oj
https://eur-lex.europa.eu/eli/reg/2017/746/oj
https://doi.org/10.13140/RG.2.2.11020.54409
https://doi.org/10.1038/s41586-019-1717-y
https://doi.org/10.1111/bcp.15065

	Enabling technologies driving drug research and development
	Introduction
	Methods
	Search and analysis of publications
	Analysis of EMA data
	Clinical trials search

	Results
	Publications
	EMA databases
	Other innovation aspect/enabling technology category
	Clinical trials
	Comparison of the data sources

	Discussion
	Data availability statement
	Author contributions
	Conflict of interest
	Publisher’s note
	Supplementary material

	﻿References

