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Review: in vivo optical spectral tissue sensing—how to go
from research to routine clinical application?
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Abstract Innovations in optical spectroscopy have helped the
technology reach a point where performance previously seen
only in laboratory settings can be translated and tested in real-
world applications. In the field of oncology, spectral tissue
sensing (STS) by means of optical spectroscopy is considered
to have major potential for improving diagnostics and opti-
mizing treatment outcome. The concept has been investigated
for more than two decades and yet spectral tissue sensing is
not commonly employed in routine medical practice. It is
therefore important to understand what is needed to translate
technological advances and insights generated through basic
scientific research in this field into clinical practice. The aim
of the discussion presented here is not to provide a compre-
hensive review of all work published over the last decades but
rather to highlight some of the challenges found in literature
and encountered by our group in the quest to translate optical
technologies into useful clinical tools. Furthermore, an out-
look is proposed on how translational researchers could pro-
ceed to eventually have STS incorporated in the process of
clinical decision-making.

Keywords Fiber-optic . Optical spectroscopy . Tissue
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Introduction

The interaction of light within tissue to recognize disease has
been widely researched since the mid-19th century when
Joseph von Fraunhofer developed diffraction grating. A large
number of scientists have brought optical spectroscopy for-
ward and enabled it to become a precise and quantitative sci-
entific technology. In recent years, improvements made to
spectrometers, software, and overall design positively affected
instrument characteristics such as speed, sensitivity, size, and
price. These technological advances, combinedwith increased
awareness of the potential of optical spectroscopy have led to
the development of optical systems which were usable for
clinical research purposes and allowed further exploration of
the potential applications. In the medical field the technology
has gained interest for numerous biomedical applications for
its advantages over existing conventional techniques. Optical
spectroscopy at infrared and visible wavelengths avoids the
use of ionizing radiation, is non-destructive, utilizes relatively
inexpensive equipment, and can be performed near real-time
without pharmaceutical means to enhance contrast, i.e., con-
trast agents. Several spectroscopic techniques have been ap-
plied for tissue characterization, including; diffuse reflectance
spectroscopy (DRS); autofluorescence spectroscopy (FS);
elastic scattering spectroscopy (ESS); and Raman
Spectroscopy (RS). All of these methods rely on the same
underlying principle: tissue characterization is performed by
measuring the spectral response after the tissue is illuminated
with a selected spectral band of light. This spectral response
contains specific quantitative morphologic, compositional,
and functional information about the probed tissue, thereby
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enabling tissue discrimination. Especially in the field of on-
cology, characterization of human tissues by optical spectros-
copy (spectral tissue sensing; STS) is considered to have ma-
jor potential. Various STSmethods already have been used for
tissue assessment in several organs for years with promising
results [1–11].

How to transfer optical spectroscopy research
to clinical practice

Despite these technological advancements and promising re-
sults, fiber-optic STS technology has not (yet) found wide-
spread clinical acceptance in medical practice. This gap be-
tween original research and final clinical implementation is
not specific for STS. It is considered to be one of the key
aspects of translational research in general, as it can take more
than two decades before the findings of original research be-
come part of routine clinical practice [12, 13]. However,
awareness of the causes of the gap and potential bridging
strategies could help the field of STS avoiding unnecessary
delay in the evolution of this technology into clinical useful
tools.

For example, research in this field is often not focused on
the potential application or clinical relevance [14]. This might
not come across as a problem, since indeed, many transforma-
tive discoveries leading to inventions that are now used in
daily clinical practice did not originate from application-
directed research [15, 16]. However, in the case of STS, the
field has become mature technologically and reached a point
where spectral tissue sensing in its current form is ready to
enter the clinical arena. Since translating novel technologies
into clinical applications is a very time-consuming and expen-
sive process, it is important to assess the clinical relevance of
an application and keep this under constant review during
clinical research as this will eventually be a dominating force
in the process of successful implementation in the clinic [17,
18]. Furthermore, the success of an intended application will
also partly depend on the extent of additional improvements in
detection sensitivity and specificity in combination with in-
strument cost. Expensive techniques that are slightly better
compared to well-established methods will be more difficult
to implement in the hospital. It can be highly rewarding to
perform a cost-benefit analysis in a very early stage and un-
derstand the preferences and drivers of the various stake-
holders (e.g., patients, health insurances, health care pro-
viders, regulatory bodies) [16, 19]. In addition to the clinical
relevance, also the extent to which the clinical workflow needs
to be adapted is a major factor determining the feasibility of a
new method in clinical practice. Techniques that are not com-
patible with the existing clinical routines are likely to encoun-
ter more resistance from physicians during implementation
than those that can easily be added to the accustomed process.

Moreover, modification of the accepted workflow can gener-
ate secondary effects on the outcome of the procedure that
may counteract the intended benefits. On the other hand, when
a new method significantly improves procedure outcome or
shortens procedure time, disrupting the existing clinical
workflow is likely to be a smaller obstacle. Researchers
should be aware of this important trade-off in an early stage
of clinical research.

Besides these clinical aspects, it should be noted that
optical spectroscopy is a very broad concept including
many settings and configurations. The range of different
optical technologies and available hardware choices lead
to a complicated process of convergence upon the optimal
system for each specific clinical need. For example, for
reflectance spectroscopy, distance between source and de-
tection fibers to a large extend defines the probing depth
and spatial resolution, and therefore determines the feasi-
bility of a system for a certain clinical application. Since
challenges in the biomedical field are extremely versatile,
developing a universal solution applicable to each clinical
problem is unlikely to be possible. As a consequence, the
clinical success of optical spectroscopy in general is high-
ly dependent on finding the best modality with appropri-
ate optical geometry for a specific application.

Seeking in-depth collaboration with medical physicians
may help basic and translational scientists to acquire greater
understanding of both the medical aspects and the optics of the
clinical problem, and design a solution appropriate for the
specific clinical problem [19, 20]. Comprehensive collabora-
tion is not only important to elucidate the relevant details of
the clinical problem [18], but also for tackling other non-
scientific challenges (i.e., previously mentioned barriers such
as workflow issues and clinical acceptance as well as regula-
tion issues) that translational researchers are faced with [21,
22]. Invariably, extensive expertise is needed as technology
develops from the preclinical stage towards increasingly com-
plex and demanding phases of clinical testing, where patient
safety and clinical usability become major determinants for
progress. Furthermore, similar to the process of translating
drug discoveries, the participation of industrial partners, espe-
cially during testing in clinical trials, can help financing the
often costly trials and help to reflect on the feasibility of
implementing an application in terms of cost-effectiveness
[23, 24]. Therefore, close collaboration and continuous com-
munication between researchers (basic and translational), cli-
nicians, and industry professionals is required, even if individ-
uals’ needs, motivations, and research attitudes may differ [21,
24–26]. Because the perspectives of co-operating partners
may be different and might even change during the develop-
ment of an application it is difficult to set up a network of co-
operating partners. However, this interactive multidisciplinary
approach is the only way to properly match technology and
clinical problem and give direction to clinically valuable
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research which can ultimately lead to an accepted clinical
application.

Translating technology into clinical applications is not con-
fined to taking into account the previously described non-
technical barriers and establishing an optimal environment
for translational research. Conducting translational optical re-
search in a medical environment brings some typical chal-
lenges and potential pitfalls that are likely to be universal
across the biomedical optical research field. To our knowl-
edge, few investigators have undertaken the task of describing
these key challenges. In the following sections we attempt to
provide an overview of the practical challenges that were
found in literature as well as those that the authors encoun-
tered during nearly a decade of clinical testing and evaluation.
The first four key challenges presented are related to the strug-
gles encountered during the acquisition of reliable optical data
and interpretation of it. The last key challenge discusses how
fiber-optic STS can impact clinical decision-making which is
the ultimate goal of translational research.

Key challenges

Proper study design

Obviously, the design of a study is important as it influences
the quality and relevance of study results. Preclinical studies
on animals or ex vivo measurements on human specimens
may serve as a surrogate for in vivomeasurements and usually
provide useful information in the first phase of development.
However, when it comes to human disease applicability, they
do not necessarily reflect the in vivo status of human tissue for
all applications. For example, given the differences between
in vivo and ex vivo tissues, validating a database from ex vivo
data and applying it to in vivo data may not work as various
tissue parameters (e.g., blood content, oxygenation) might
change once the tissue has been removed from the patient’s
body [27]. On the contrary, research also suggests that these
differences are limited to the blood-related wavelengths and
for example, the near-infrared wavelengths are not affected by
tissue status. Furthermore, in vivo studies gathering spectral
tissue data in a well-controlled setting can be limited because
this data might not be representative for real-world situation.
For instance, estimates for blood content and associated oxy-
genation levels might show promising differences when mea-
sured in vivo during surgery. However, once measured during
a percutaneous biopsy procedure, these parameters do not
necessarily reflect the true physiological composition of the
measured tissue due to pooling of blood around the needle tip
[28]. Similarly, blood present on top of the surface of a resec-
tion margin may be major obstacle for resection margin as-
sessment by STS [29]. All these circumstances should be tak-
en in consideration when interpreting measurements but also

in a later stage during the designing and constructing of a
clinical STS tool.

Much of the research reported to date has been based on
observational studies, and a large portion of the scientific
knowledge in this field comes from analyzing spectroscopic
data observational studies. Data from such studies may help to
prove clinical feasibility and develop new trials by determin-
ing sample size requirements and optimal design, but may be
confounded when data used for algorithm training is also used
for validation.

Once early-phase human studies have been conducted, re-
search efforts generally move to the larger clinical trials. Such
studies and subsequent clinical implementation require that
the equipment and analytical algorithms have been optimized
and fitted to be used in the clinical routine. Especially in this
stage of clinical validation it is important that the basic prin-
ciples and potential pitfalls of diagnostic test development are
well understood. For instance, as clearly elaborated by M.
Fitzmaurice [30], unintentional bias in selecting patients for
study groups may lead to the conclusion that a new optical
technique is a better or worse diagnostic tool than it really is.
Furthermore, measures of test performance, such as sensitivity
and specificity are not only influenced by the definition of the
threshold between positive and negative results but also dis-
ease prevalence. For instance, if a new diagnostic tool is tested
in a high prevalence setting, it is more likely that persons who
test positive, truly have disease than if the test is performed in
a population with low prevalence. In addition, selection of
patients based on visual clues may lead to serious optical bias
in a dataset. For instance in a study described by de Veld et al.
on oral cancer an apparently excellent sensitivity and specific-
ity for distinguishing a visually detected suspect lesion from
normal mucosa was reported, while the clinically relevant
question: can we distinguish malignant lesions from benign
lesions could not be answered [31].

Thus, researchers have to concede the restrictive nature of
testing in a preclinical and in well-controlled clinical settings
when it comes to real-world applicability. Eventually,
performing well-designed large-scale clinical trials will help
to gain trust in the actual performance of new optical
technologies.

Co-registration between spectral measurements
and histology

Histology remains the gold-standard for diagnosis and staging
in oncology, making it in essence a ground truth for new
technologies attempting to measure and quantify these pathol-
ogies. Once registered, histopathology provides valuable in-
formation regarding the structure and composition of tissues
and is often used to understand the physiological mechanisms
behind spectral contrasts.
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Consequently, registration of histology serves as an impor-
tant and necessary validation step for novel optical spectros-
copy based diagnostic techniques. However, the use of histo-
pathology as benchmark does suffer from a number of critical
limitations. Co-registration of separate optical and physical
biopsies is subject to imperfect spatial correlation of the opti-
cal reading and the tissue sample removed for histopatholog-
ical analysis [30, 32]. Several methods have been employed to
achieve sufficient accurate co-registration. To facilitate regis-
tration, usually a tissue sample is removed from the measure-
ment spot after spectral measurements are completed or a
marker is left behind, such as a dye or suture. These methods
are susceptible to location mismatch that can be particularly
challenging in the case of micro-environmental heterogeneity.
Even more difficulties in co-registration arise when the tissue
site being investigated is not directly accessible to the opera-
tor. For example, in cases that in vivo measurements are ob-
tained through the working channel of an endoscope or
through a hollow needle at deep located tissue. In these cases
the tissue sample for histopathological evaluation is generally
obtained by a second needle after retracting the fiber-optic
probe used for spectral measurements. Linking spectral data
with such a Bbest estimate^ of the spectral measurement spot
leads to inherent registration inaccuracies.

An approach to address discrepancies between spectral da-
ta and histology is to integrate fiber-optics into standard
tissue-sampling tools, such as a core biopsy needle or endo-
scopic biopsy forceps [32–34], thereby linking spectral tissue
sensing and biopsy functionality in a single instrument. A few
examples are shown in Fig 1. These integrated fiber-optic
instruments represent a major step forward for clinical evalu-
ation of new spectral tissue sensing techniques by greatly in-
creasing the spatial correlation of physical biopsies with spec-
tral measurement spots and simplifying study procedures.
Beyond validation studies, the developed integrated fiber-
optic tools could be clinically useful for increasing the pre-
biopsy probability of obtaining representative tissue samples

in diagnostic biopsy procedures (Fig. 2). Despite (almost) per-
fect co-registration between the optical and physical biopsy
with integrated fiber-optic tools, histopathological analysis
still is fundamentally limited in accuracy. With the use of
fiber-optic probes tissue volumes of approximately 1 mm3

can be interrogated, whereas usually the conventional biopsy
samples are larger than this. Another complicating factor is the
fact that histopathological evaluation of specimens is per-
formed on two-dimensional histological section where as op-
tical measurements yield information of three-dimensional tis-
sue volumes. Finding and orienting a representative two-
dimensional histological section in a three-dimensional
ex vivo tissue volume can therefore be challenging.
Especially when taken in consideration that during the pro-
cessing of the tissue deformation and cutting artifacts are also
common [35].

To make the problem even more complex, histopathologi-
cal tissue diagnosis by pathologists is subject to significant
inter- and intra-observer variability [30]. This is a particularly
difficult problem in the diagnosis and grading of dysplasia, a
premalignant lesion seen in patients at high risk for develop-
ment of carcinoma.

Furthermore, in case of STS the acquired information from
tissue is from a different nature compared to the information
provided by histopathologic assessment. In example, STS can
provide quantified measures of substances present in tissue
whereas the pathologist regards tissue in terms of normal or
tumorous. Classifying STS measurements based on these his-
torically developed pathologic definitions can lead to errone-
ous classification. This mismatch between information types
requires translational scientist to fully comprehend the limita-
tions and biases of the gold standard as it will seriously ham-
per clinical acceptance of a novel method.

Thus, the apparent diagnostic performance of a new tech-
nology will therefore depend not only on its ability to detect
abnormalities, but also on the (in)accuracy of the gold stan-
dard. Even if a novel technology is 100% sensitive and 100%

Fig. 1 Integrated fiber-optics in clinical biopsy tools allow 1:1
correlation between spectral data and biopsy sample. a The WavSTAT
biopsy forceps for optical diagnosis based on laser-induced
autofluorescence spectroscopy. Image courtesy of SpectraScience Inc.,
San Diego, CA, USA. b Elastic scattering spectroscopy through an

integrated endoscopic tool for use in a range of applications suitable to
the upper gastrointestinal (GI) tract and the colon. Image courtesy of I.J.
Bigio, Boston University. c Added quantitative spectral functionality
during routine percutaneous biopsy procedures using a fiber-optic core
biopsy needle (Philips Research, Eindhoven, the Netherlands)
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specific, it may appear inaccurate when either the golden stan-
dard is imperfect or incorrectly applied. Therefore, careful
attention should be paid to adequacy of tissue samples, corre-
lation with measured tissue sites, and consistency of patholo-
gy reporting terminology. Although comparison between STS
and histopathology is challenged in many ways, this should
not be interpreted or used as an argument to stop the efforts of
translating STS to the clinic.

Inter-patient and intra-patient variation

Characterizing and differentiating between various tissues by
an optical spectroscopy system relies on measurement of the
absolute or relative differences in intensity or spectral con-
trasts between the tissue types of interest. However, sources
of variation such as inter- and intra-patient variability may
outweigh the difference between the tissue types of interest
leading to hampered diagnostic performance. Tumor tissue is
well known for its heterogeneity,[36] but also in healthy tis-
sues non-uniformity is a common phenomenon [37, 38]. In
particular, breast tissue is a well-known example of inter and
intra-patient variation [39, 40]. The optical contrast between
healthy and tumorous tissue can be manipulated by other
sources of contrast which are related to biological processes
such as menopausal status and the phase of the menstrual
cycle [41]. This does not necessarily have to be the case, but
researchers should be aware of these potential disturbing fac-
tors. Including patient demographics to the databases with
reference measurements can circumvent the unwanted blur-
ring of optical contrast by sources not related to the difference
between normal and tumor tissue [39]. However, this might
also require further extending the database with a comprehen-
sive amount of reference measurements to comprise the influ-
ence of all patient characteristics. Another approach is to mea-
sure optical characteristics at a distant location from the tissue
site under evaluation and use these measurements as an inter-
nal reference. In this case, instead of the absolute values,

relative changes between tissue sites are used. Taroni et al.
[42], Laughney et al. [43], and Spliethoff et al. [44] found that
such methods could be applied to account for the tissue- and
patient heterogeneity in breast and lung tissue. This indicates
that using the patient’ measurement as its own reference is
effective in reducing the influence of inter-patient variation.
Such a method might be very useful in a clinical setting since
heterogeneity is also reported in studies of other tissues such
as prostate and nasopharyngeal tissue [45, 46].

For biopsy procedures, STS measurements can also be per-
formed in a continuous mode. Opposed to points measure-
ments of the different tissue types a continuous series of mea-
surements has the advantage of providing a full overview of
the tissue characterization along the needle path and allows an
evaluation of the local changes, rather than a comparison to a
cohort based reference value. Recently, Nachabe et al. dem-
onstrated the potential of real-time tissue characterization by
diffuse optical spectroscopy measurements at the tip of a nee-
dle during percutaneous interventions [47]. Such continuous
measurements may be of great relevance during percutaneous
procedures, because they enable detection of the transition
from healthy tissue to tumor based on the clinical parameters
derived from STS measurements.

Thus, several investigators have shown the benefit of de-
riving relative diagnostic criteria by calculating differential
spectral tissue parameters between the tumor and a reference
tissue. The use of relative tissue parameters may help to define
more effective detection criteria that are less sensitive to inter-
patient variations and tissue heterogeneities.

Spectral analysis and classification methods

There is no substitute for a good study design and proper data
collection, but after proper data collection, pre-processing of
raw spectral data is often an important subsequent step. The
goal of pre-processing of raw spectral data is to apply the
calibrations to remove device specific features of the data.

Fig. 2 Example of spectral tissue
sensing functionality integrated in
a Bsmart^ clinical instrument.
Real-time tissue characterization
of the tissue at the needle tip is
performed during lung biopsy,
thereby providing guidance to the
physician. This could help to
increase successful biopsy yield.
Image courtesy of Clinical Cancer
Research [28]
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After preprocessing, the data can be interpreted by performing
further analysis on the spectral data which ultimately enables
classification of the measured tissue sites.

One method for tissue classification is to use pattern recog-
nition by supervised machine learning methods. This method
correlates spectral features directly to tissue type labels, there-
by enabling identification of unknown tissue based on the
measured spectra without the need for extensive data process-
ing. Various approaches of spectral analysis have been devel-
oped, including multivariate statistical data analysis [3], par-
tial least squares discriminant analysis [48], support vector
machines and statistical learning [48], k-nearest neighbor clas-
sification [49], as well as neural network methods [50, 51].
Due to the nature of the supervised machine-learning ap-
proaches, the diagnostic performance is usually compromised
when the number of classes increases. Theoretically, discrim-
inating tumor from surrounding healthy tissue is a two-class
problem (healthy versus malignant). However, in practice tu-
mor tissue is surrounded by many tissue types, both healthy
and diseased, and this demands identification of a wider vari-
ety of tissue pathologies, including histological tumor sub-
types, inflammation, and fibrosis. Having to deal with this
tissue heterogeneity poses a true challenge in the development
of machine learning approaches [52, 53]. To overcome this
difficulty a comprehensive high-quality spectral database is
required containing any healthy or diseased tissue type that
is likely to be encountered during a clinical procedure [54].

Several investigators have analyzed the spectral informa-
tion in a different manner by applying mathematical models
based on knowledge of light propagation in tissue to deter-
mine the scattering and absorption properties within the tissue
[55–57]. Each measured spectra is in fact a combination of the
spectral signatures of various tissue chromophores present in
the probed volume. Meaningful estimation of these compo-
nents can be extracted by using the known absorption spectra
of these biologically relevant chromophores. The main benefit
of this approach is that it uses a priori knowledge of light-
tissue interaction that can help to understand the underlying
biological composition and physiological processes that deter-
mine spectral shape. Over the years, the differences in com-
position between malignant and normal tissues have been ex-
tensively researched by this approach. Understanding which
biological substances could potentially play a role in identifi-
cation of abnormal tissue may be very useful. In our own
group we found that, the biological chromophore bile is sig-
nificantly higher in healthy liver as opposed to colorectal liver
metastases [5, 58]. In the sameway, breast tumor has shown to
contain far less fat and more water compared to surrounding
healthy tissue [59]. The often-used diffusion theory has prov-
en to be sufficiently realistic to describe light transport in
many different human tissues. But is should be noticed that
these diffusion theory based fit models require that the optical
properties of the tissue are either homogeneous or close to

homogeneous as well as sufficient source-detector distance.
Care should be taken when basic assumptions of the theory
are violated. Highly inhomogeneous tissue (for example lay-
ered tissue) or tissue with high absorption and low scattering
(for example when a substantial amount of blood is present)
may result in unrealistic estimations of the tissue composition.
And, even when the criteria are met, a realistic estimation of
the true composition of the tissue can only be obtained when
all the absorption spectra of tissue chromophores actually
present in the measurement are included in this process.
However, adding absent or too many chromophores in this
method may lead to erroneous estimations of the tissue
characteristics.

Over the years, a variety of advanced computational
methods has been developed to improve the quantitative and
qualitative diagnostic capability of spectral tissue sensing. The
occurrence and co-occurrence of specific spectral signatures
depend on the underlying physical, morphological, and bio-
chemical tissue composition. Whatever method is used for
interpretation of the spectral data, expert knowledge should
be employed throughout the various stages of clinical research
such that robust tissue discrimination algorithms can be
developed.

Impacting clinical decision-making

The objective of each new technology is to support clinicians
in reaching a decision regarding diagnosis or treatment of a
disease, and ultimately fundamentally improve patient care. In
order to help in the process of decision-making, it is important
to consider at which point in the workflow the technology can
play a central role, based on its strengths and weaknesses. The
main advantage of STS methods that use endogenous contrast
is the possibility to perform real-time tissue characterization in
a non-destructive manner at multiple points in time. This en-
ables to obtain optical measurements without obstructing
pathological examination protocols and allows optical tissue
sensing to be employed as a pre-pathology modality by sur-
geons and radiologist while performing a procedure.
Furthermore, since the technology can be integrated in needles
or probes, STS can be combined with other complementary
modalities. In combination with the versatility of configura-
tions that STS can have this permits a wide range of different
applications. These strong qualities provide STS with the
power to make a difference in cancer treatment.

As mentioned previously, spectral tissue sensing technolo-
gies have been researched for several oncological applica-
tions. The question is which applications at which point in
oncological care (e.g., prevention, screening, diagnosis, treat-
ment, management, surveillance) have the greatest potential to
contribute substantially to clinical decision-making.
Application of STS in different stages of this process also
demands different requirements in order to provide useful
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input for clinical decision-making. For example, a screening
application is likely to affect the entire care path of a patient.
This can improve prognosis for the patient tremendously since
successful early detection of cancer enables curative treatment
and hence, result in considerable gain for the patient [60].
Unfortunately, implementation of early detection methods is
also challenging since the information provided by the new
technology can alter the entire workflow of patient care as a
consequence. Introducing an end-of-line application on the
other hand, will likely change the procedure of cancer man-
agement less radically and by leaving the current workflow
intact the much needed clinical acceptance can be acquired
faster.

Another important consideration when preparing a tool for
clinical use is the trade-off between sensitivity and specificity.
Depending on the intended application, a higher sensitivity or
specificity is desired. Furthermore, in order to optimize the
diagnostic performance, it may be necessary to adjust the de-
cision threshold, based on the specific type of patient studied.
The same diagnostic tool may need different decision thresh-
olds when used in high-risk patients (high disease prevalence)
than when used as a screening test in the general population
(low disease prevalence) [30].

Ultimately, cost effectiveness and the impact on procedure
outcome are major important considerations for successful
clinical application. It is crucial to view the expected added
clinical value of a new clinical method in the context of the
evolving landscape of medical practice (need for increased
productivity and improved patient outcomes) and the macro-
economic health care environment (cost constraints). From a
clinical application perspective, it makes sense to start with the
development of applications that can be used as adjunct tools
to other established imaging modalities in oncology. Because
STS can be integrated into familiar clinical instruments, it
could be easily adopted as an Badd-on^ to the existing proto-
cols with minimal impact on procedure flow. For instance, in
case of biopsy guidance, STS can be used in conjunction with
conventional imaging modalities thereby exploiting the com-
plementary strengths of each method. We anticipate that STS
will also find its way to clinical settings where no good tools
exist today, especially in situations where under-treatment has
a significant negative impact. For example, in case of guided
surgery, STS has the potential to influence Bon-table^
decision-making during treatment.

Outlook

Spectral tissue sensing research holds tremendous promise for
the development of novel diagnostic and therapeutic tools for
many oncological applications. After a quarter century of rap-
id advances, spectroscopic research has generated a rich body
of ideas, insights, and discoveries as well as the necessary

technical improvements. As in all areas of medicine, the mat-
uration of an experimental, early-phase technological concept
into useful clinical tool is a long and complex process usually
involving many years of rigorous preclinical and clinical test-
ing and many setbacks and failures. The goal of this article is
to raise awareness among the optical community about some
key challenges that should be acknowledged in the process of
translating STS technology towards the clinic, and thus con-
tribute to the clinical implementation of STS. In order to real-
ize the potential of spectral tissue sensing, there are still hur-
dles to overcome to bridge the gap between technological
advances and clinical practice. These issues are clearly sur-
mountable although this does require effort from the entire
scientific, medical, and industrial community. Without any
claim of completeness, we highlighted various challenges
faced by translational researchers as they move from the
proof-of-concept stage through the translational stage and into
the clinical setting. We believe that a broad-based, multidisci-
plinary effort and in-depth collaboration between biomedical
researchers and clinicians as well as involvement of industrial
partners with a clear focus on a well-defined clinical problem
can help to address these key challenges.
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