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1 Obstacles to Clinical Translation

Biophotonics is a multidisciplinary field aiming to prevent,
diagnose, and cure diseases with optical technologies and, at the
same time, it is a business sector with double digit growth rates.
Biophotonics can be provisionally subdivided in the areas of
imaging technologies, point-of-care techniques, and therapy
approaches, each of which comprises a multitude of different
technologies and approaches. Out of these many approaches,
only a small percentage have been advanced into medical prod-
ucts and have made it into routine clinical practice, for example,
optical coherence tomography (OCT) in ophthalmology,' fluo-
rescence imaging in endoscopy,” and fluorescence-based immu-
noassays for point-of-care applications.’> What are the obstacles
that obviously prevent biophotonics technologies, in particular
in-vivo-techniques, from their translation to the clinics and how
can these obstacles be removed?

First of all, there is no lack of basic and applied research.*
Indeed, for the medical sector in general, including biophoton-
ics, only a small fraction of the research efforts leads to final
products: “in 2008, more than 800,000 medical research papers
were published but by 2011, only 21 new drugs had been
approved by the US Food and Drug Administration.”> On
the demand side, there is also no lack of need for medical inno-
vations. On the contrary, in particular, our aging societies
long for ways to increase the quality of life in old age and
to fight age-related diseases. Medical insurance companies
actively look for possibilities to reduce costs while, at the
same time, trying to satisfy their customers’ and the patients’
demands. However, while large research efforts exist and
there is no lack of demand, the challenges in the chain
from basic and applied research to a product or service that
is reimbursable by the medical insurance companies are

numerous.’3

*Address all correspondence to: Jirgen Popp, E-mail: juergen.popp@
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A first challenge lies in the fact that many of the researchers
have neither time, knowledge, the resources or the budget to
further develop an idea to a final product. Quite often, they
have to move on once the principal feasibility (i.e., the proof-
of-concept) of their idea is shown. Taking the US as a typical
example, funding by the National Science Foundation to those
from other sources like the Engineering Research Centers,
the Partnerships for Innovation: Building Innovation Capacity
and finally Innovation Corps and Small Business Innovation
Research and Small Business Technology Transfer programs
only cover research to the proof-of-concept stage and to early-
stage prototype. Product development and commercialization has
to be funded from private funds. In addition, for clinical research-
ers, research activities concerning the development of new tech-
nologies are generally not equally valued compared to clinical
work on patients, which rewards the latter more than research.

Overall, in a very simplified model, the way to the final prod-
uct can be compartmentalized into three different phases. Phase
one comprises the idea, its implementation, and proof-of-con-
cept [technology readiness level (TRL) 1 to 3, cf. 4)]. As already
pointed out, this phase is where academic researchers are mostly
involved. Since, ideally, a medical need is the starting point, in
this phase, mainly clinicians or medical doctors and researchers
are involved. The next phase is more engineering than research
(product design and development). Accordingly, the main part
of the work is carried out by engineers, but the medical enduser
plays an important role in defining the demands, as in this phase
the instrumentation has to be prepared to leave the lab and enter
the clinics. Accordingly, everything needs to be shrunk down to
fit into a housing which needs to be compact and robust enough
to be brought to the clinics (TRL 4 to 6). Besides safety con-
siderations, ergonomics, user friendliness, and efficacy also
begin to play more important roles toward clinical trials, the
third and final phase in which these properties of the product
have to be demonstrated. In this phase, naturally, the main part
of the work is carried out by the clinicians. As potential
examples, where development might have followed these stages,
technologies developed by multidisciplinary centers like the
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Beckman Laser Institute might be mentioned, e.g., Doppler
OCT for imaging blood flow.”

Before the clinical trials can begin, however, institutional and
regulatory approval has to be obtained. In terms of logistics and
financial resources, this stage usually exceeds by far what aca-
demic groups can muster. Since new technology is usually
considered very risky, it will not easily be taken up by industry
or commercial investors. Typically, investors tend to derisk
investments by outsourcing development-related work to research
groups or start-ups. New technology is often acquired by big
companies by buying start-ups, but seldom before successful
clinical trials. On the other hand, forming a start-up just to get
the industry interested in a new technology creates an even
larger overhead of work for an academic team. Furthermore,
quite often, approvals for the use of experimental devices in
humans comprise manufacture of such devices under design
control protocols and compliance with quality assurance prac-
tices. In the usual case, universities have neither established
good manufacturing practice protocols compliant with quality
systems regulations for medical devices nor dedicated prototyp-
ing areas. A final point in this regard is the establishing of
intellectual property, which is costly and an additional burden
on the way to a product, where, quite often, the budget will
be extremely strained by concept development.

With regard to the regulatory hurdles, it must also be stated
that it is hard to demonstrate that a new device or technique is
safe, when, in reality, safety standards still require clarification,
such as in, e.g., safety standards for optical radiation. In this
particular case, the current safety standards have been trans-
ferred blindly from those obtained by studies of eye and skin
exposure to optical radiation delivered to internal tissues, which
are usually not exposed to light and might, therefore, be more
sensitive to it. Again, the conduct of such safety studies is way
beyond what a typical research group can accomplish.

Clinical trials also represent a critical stage that is usually not
financed by any photonics-related governmental funds. In addi-
tion, very close collaboration with clinicians is needed. In the
ideal case, this collaboration should already exist at the stage
of the idea, which should be based on a significant unmet
medical need. Clinicians should also give advice on important
considerations at the engineering step, since, e.g., hygienic con-
siderations might be very important to select proper instrument
housing, while ergonomics for the clinician and patient might be
different from what a researcher understands by that term. Once
the regulatory approval has been granted and clinical trials
begin, the new device or technology has not only to demonstrate
its benefit for the patient but also needs to show that it can be
seamlessly integrated into clinical practice and also has benefits
for the clinical team. These benefits have to be convincing, as
people working in the healthcare sector, in particular clinicians,
are necessarily conservative’ and will not be easily convinced of
the new technique or procedure, when they do not fully under-
stand the risks or the potential benefits.

But even after this is achieved, success is not guaranteed.
A further hurdle remains, namely, reimbursement: gaining of
acceptance by the health insurance companies and/or the public
healthcare providers to pay for the device.'® Without it, no stan-
dard procedure employing the new device or technique will be
adopted by doctors or clinics.

Indeed, translation of medical research into a medical prod-
uct is much more complicated than that of any other kind of
research. Nevertheless, there are possible ways to bridge this
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extraordinarily broad valley of death, which will be discussed
in Sec. 2.

2 Ways to Bridge the Valley(s) of Death

One of the new photonics-based techniques that has made its
way into the clinics is OCT. Could OCT serve as an example
from which general rules could be derived? Probably yes,
even if in hindsight, it seems to be serendipitous that OCT suc-
ceeded, including the fact that many components used in OCT
originally stem from the telecommunications industry. Since
these components were already in use in nonhealth-related prod-
ucts, substantial effort and resources had already been invested
to make them compact, robust, and relatively low cost. Another
factor that played a role in OCT’s success is that it has much in
common with ultrasound, which is a very well-established tech-
nology in medical practice. Hence, clinicians find OCT rela-
tively easy to use. Furthermore, the information provided by
OCT is straightforward to understand, while its higher resolu-
tion over ultrasound is usually greatly appreciated. OCT also
benefitted from fulfilling a variety of different clinical needs
in other specialties after it had already been established in
ophthalmology.

Nevertheless, it must also be stated that, despite all of these
favorable circumstances, the further development of OCT into a
product was quite often touch-and-go. At several points, Carl
Zeiss Meditec AG (the developing company) was close to giving
up on OCT.!

Because of the 2008 financial crisis, but also due to new
problematic developments like the Theranos debacle,'? the
lack of appetite for risk taking has increased the difficulties
in obtaining the venture capital that is urgently needed for clini-
cal translation of new technologies. Therefore, there is an evi-
dent need for a much more targeted approach. Such an approach
should start with a dedicated team of scientists and clinicians
matching specific unmet clinical needs with existing and emerg-
ing technologies. These teams should seek out companies inter-
ested in further developing the technology at as early a stage as
possible. Certainly, there needs to be matched financial resour-
ces from appropriate funders to succeed and make it through the
development phases and clinical trials. It is further of upmost
importance that healthcare providers and insurance companies
are engaged at the earliest possible stages to guarantee that the
clinical use of the evolving instruments, methods, and proce-
dures will be reimbursable.

This is an idea that is pursued, for example, at Infecto-
Gnostics, which is a research campus funded for 15 years and
setup 5 years ago in Jena, Germany, and which is a kind of one-
stop shop along the whole value creation chain. It comprises
different laboratories with a plethora of photonic instrumenta-
tion and with access to clinical samples and clinical experts.
In addition, it offers specialized services for technology transfer
and scientific steering and networking from an idea to a product
and potential market entry. Furthermore, it offers mentoring by
experienced entrepreneurs as well as support for start-up com-
panies. These measures are flanked by specialized education
programs, e.g., a master of medical photonics, which can be pur-
sued by students with a natural science or medical background.

To further strengthen these activities, Jena is trying to estab-
lish a Leibniz Center for Photonics specializing in infection
research (LPI). The LPI pursues the aim of combating infectious
diseases by means of photonics-based diagnostic tools and thera-
peutic procedures. From the technological side, the photonics
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technology platform will comprise state-of-the-art time and
space-resolved spectroscopic imaging as well as innovative mul-
timodal imaging technologies spanning the whole spectral range
from extreme ultraviolet to the far infrared, and photonic
molecular—biological point-of-care technologies. These technol-
ogy platforms will enable diagnosis and treatment, including the
treatment control of difficult-to-treat infections, as well as infec-
tions in the context of immunosuppression and defined co-
morbidities. The photonic technologies will be combined with
biomedical technologies from high dimensional biology (i.e.,
genomics, transcriptomics, proteomics, and metabolomics), next
generation sequencing and enabling technologies, such as micro-
fluidics and chemometrics, in order to use these directly in a
multidisciplinary manner in clinical settings.

Innovative diagnostic technologies and therapeutic approac-
hes are to be created using a comprehensive innovation pipeline
—starting with the concept and extending through to the vali-
dation procedure—in the form of a completely innovative
research infrastructure open to national and international users,
for whom LPI will provide, as a onestop agency under S2 and
S3 safety conditions, a complete diagnostic and therapeutic ser-
vice pipeline in order to develop their proof-of-concepts further.
In the diagnostics pipeline, LPI will provide the necessary infra-
structure in the form of modules, such as “photonics technolo-
gies,” “target identification,” “assay development,” “sample
center/biobank,” etc. At a certain stage of the R&D, the LPI
researchers will develop, together with guest researchers and
industrial partners, a diagnostic prototype, for which there will
be a designated module called “design freeze.” The prototype
will then be tested and validated. By means of flying study
nurses, the diagnostic and therapeutic approaches researched
and implemented in the form of prototypes will be put into prac-
tice at various hospital sites and, thereby, directly subjected
to multicenter clinical validation. All these facilities will be
perfectly intertwined to further develop an idea toward instru-
ments that serve the aim of clinicians and the patient as well
as possible.

Of course, the LPI is just one idea that can be taken as an
example ready to be transferred to other locations and other
techniques. Nevertheless, overall, it is important that such and
other initiatives join forces on several levels. Such an idea, not
only for biophotonics but also for all technologies, is being pur-
sued by the European Commission under the Pan-European ini-
tiative “digital innovation hubs.”!* Under a digital innovation
hub (DIH), the European Commission means “a one-stop
shop that help companies to become more competitive with
regard to their business/production processes, products, or ser-
vices using digital technologies.” These innovation hubs will be
funded according to the European commission: “it is the ambi-
tion of the Commission to focus 500M€ over the next 5 years
from Horizon 2020 budget to these actions” and aim to help
derisk innovation for companies: “with the rapid pace of change
in digital technologies, most decision makers in industry have
difficulties to decide when to invest, up to what level and in
which technologies.”

The idea of the innovation hubs is to connect different com-
petence centers that, very much like the planned LPI, are able to
provide a technological infrastructure or a technology platform
together with knowledge and expertise in different fields “to
support their customers with piloting, testing, and experi-
menting with digital innovations.” The latter also means that
the competence center supports experimentation in a business
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environment and is able to demonstrate best practice. Such com-
petence centers already exist in different countries all over
Europe and for different fields. The term “competence center”
is actually quite broadly defined. According to the European
Commission, the DIHs are regional multipartner corporations
that can include organizations like “research and technology
organizations, universities, industry associations, chambers of
commerce, incubator/accelerators, regional development agen-
cies, and even governments, and can also have strong linkages
with service providers outside of their region supporting com-
panies with access to their services.”

The idea behind the DIH is to make better use of this already
existing expertise and equipment. One of its tasks is, therefore,
to develop and support an ecosystem which “can help ensure
that every company, small or large, high-tech or not, can
grasp the digital opportunities,” to which photonics technolo-
gies, including biophotonics, belong. Therefore, a DIH also sup-
ports brokerage, helps to access funds, and market intelligence.
Beyond that, they also support training and education to help to
establish the workforce necessary for innovation. Furthermore,
they also provide incubator services, which mean that proximity
is considered a very crucial factor. DIHs are meant as first
regional contact points.

A somewhat different approach is being pursued in Australia,
where, for example, MTPConnect'* serves as the Industry
Growth Centre for MedTech and Pharmaceuticals to connect
researchers with investors and companies to support translation.
In addition, MTPConnect has close contacts with Industry
Associations, regulators and government as well as government-
based funding initiatives. As one of six industry growth centers,
MTPConnect supports regulatory reforms, helps to gain
improved access to global supply chains and international mar-
kets, and improves the engagement between research and busi-
ness as well as industry-specific management and workforce
skills. MTPConnect’s activities are based on a “10-year sector
competitiveness plan”'> with “a vision and strategy to maximize
the sector’s competiveness and productivity, and to help it
achieve more rapid and sustained growth.” Its goal is to establish
Australia as a hub for medical technology, biotechnology, and
pharmaceutical companies. Of its seven sector growth priorities,
there are two of special interest for translation in biophotonics,
namely “create a highly productive commercialization environ-
ment from research to early clinical trials and proof-of-concept”
as well as “support the development of digitally enabled MTP
solutions: devices and data analytics.” Overall, MTPConnect’s
role is threefold. On the one hand, MTPConnect acts as an in-
dependent voice that, based on intimate knowledge of the sector,
will help to change it toward obtaining sustainable growth. In
addition, it will proactively “foster collaboration and competi-
tion, educate sector participants, and aggregate existing knowl-
edge.” A third activity of MTPConnect is that it acts as a funding
entity, which targets industry-led and dollar-for-dollar matched
projects that aim to fill gaps identified in the sector (around pol-
icy, regulation, funding and focus, commercialization and col-
laboration, skills, and global supply chain). Overall, MTPConnect’s
vision is to act as the nexus for all sector stakeholders, to create a
collaborative culture, and to assist in building a robust ecosys-
tem for the efficient translation of medical and pharmaceutical
innovations in Australia.

While the innovation hubs that will be initiated in Europe and
MTPConnect focus more on connecting already existing appro-
aches or initiating new ones, InfectoGnostics together with the
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planned Leibniz Center for Photonics specialized in infection
research are more similar to existing multidisciplinary appro-
aches like the well-known Wellman Center for Photomedicine
(Boston, United States), the Beckman Laser Institute and
Medical Clinic (Irvine, United States) as well as the Medical
Laser Center Liibeck.” While the LPI’s focus is with infectious
diseases on a different specialty, it shares with the aforemen-
tioned institutions important features like “intellectual diversity”
concentrated in one center, the possibility to carry out clinical
studies and to “supporting high-risk, high-reward research.””’
What is different though, is that it is designed as a research infra-
structure, so that external research groups can also profit from its
capacities. Overall, we think what is generally important is that
we need much more of such multidisciplinary initiatives not
only to cover the broadness of biophotonics as a field and to
take all chances that biophotonics technologies offer, but also
to see which approach works best.

In conclusion, while there exist major challenges to enable a
better translation of biophotonics research into the clinic, several
new initiatives are on the way to help to remove the existing
barriers together with future ones. Nevertheless, these initiatives
can only support individual enterprises, so that it is of utmost
importance that all involved stakeholders continuously work
on an improvement of the current situation in order to serve
the enduser of the biophotonics technologies and, ultimately,
the patient.
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