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Abstract
When light is incident to a biological tissue surface, combinations of optical processes occur, such
as reflection, absorption, elastic and non-elastic scattering, and fluorescence. Analysis of these light
interactions with the tissue provides insight into the metabolic and pathological state of the tissue.
Furthermore, in vivo diagnosis of diseases using optical spectroscopy enables in situ rapid clinical
decisions without invasive biopsies. For in vivo scenarios, incident light can be delivered in a highly
localized manner to tissue via optical fibers, which are placed within the working channels of
minimally invasive clinical tools, such as endoscopes. There has been extensive development in the
accuracy and specificity of these optical spectroscopy techniques since the earliest in vivo examples
were published in the academic literature in the early ‘90s, and there are now commercially
available systems that have undergone medical and clinical trials. In this review, several types of
optical spectroscopy techniques (elastic optical scattering spectroscopy, fluorescence spectroscopy,
Raman spectroscopy, and multimodal spectroscopy) for the diagnosis and monitoring of diseases
states of tissue in an in vivo setting are introduced and explored. Examples of the latest and most
impactful works for each technique are then critically reviewed. Finally, current challenges and
unmet clinical needs are discussed, followed by future opportunities, such as point-based
spectroscopies for robot-guided surgical interventions.

1. Introduction

Tissue-based diagnosis in medicine is the determination of the disease state of tissue/s within the body [1].
Its use during image-guided interventional procedures, such as endoscopy, bronchoscopy or laparoscopy can
be achieved with observation by a trained clinician, although confirmation of diseases states may necessitate
biopsy of the suspect tissue. However, the turnaround time of subsequent histopathological analysis of the
biopsy sample, especially if on the order of days to weeks, can cause delays and complications, contributing
to increased morbidity and mortality rates [2]. An alternative technique is point-based optical diagnosis.
These point-based optical diagnosis techniques are used to measure optical characteristics of tissues in vivo.
Because the optical properties of healthy and diseased tissues differ, this enables determination of the disease
state of the tissue. Therefore, faster analysis and diagnosis of the disease state of the tissue leads to a higher
rate of positive diagnosis and improved patient outcomes due to faster administering of the required
treatment. Furthermore, this approach significantly reduces the trauma to the surrounding tissues as no
invasive tissue biopsy is required. In addition, it is estimated that optical diagnosis will also increase
surveillance intervals and thus reduce associated costs [3].

Consequently, point-based optical diagnosis techniques have enjoyed considerable research and
commercial attention. There have been significant advances in the accuracy and specificity of these
techniques since the earliest in vivo examples were published in the academic literature in the early ‘90s, and
now there are commercially available systems that have undergone medical and clinical trials. However,
optical diagnosis techniques have not fully replaced traditional biopsy techniques due to high cost and the
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requirement for expert practitioners. Despite this, the future of point-based optical diagnosis systems is
bright as the combination of multiple different techniques could revolutionalize the current clinical
diagnosis paradigm. In addition, optical diagnosis techniques will allow for the advancement of
robot-guided interventions.

Herein this review, a physical background to optical diagnosis techniques will be given, the state of the art
will be critically assessed and future perspectives and opportunities will be highlighted to enable further
advancements in this continually growing field.

2. Scope of the review

This review will cover deep, in vivo and quasi-real-time point-based spectroscopy, otherwise referred to as
‘optical diagnosis’. In this review, the term ‘deep’ is defined as placement of the optical probe assembly inside
the body either via a natural lumen or a surgical incision/opening. The term ‘in vivo’ in this review refers to
optical measurements of biological tissue (excluding blood) performed on either animal (developmental
work) or human subjects that were not performed ‘ex vivo’ or ‘in vitro’. In addition, we have only included
animal studies where the animal was alive during the measurements. The term quasi-real-time is defined as
optical measurements on a timeframe (ca. microseconds to minutes) that allows for a clinician or surgeon to
make a medical decision during a medical operation or procedure. Finally, point-based spectroscopy is
defined as a spectroscopic optical measurement performed at an individual site on/in biological tissue during
the acquisition of the spectrum or spectra, and is not a wide-area imaging or raster-scanning based
measurement. A ‘site’ is defined by the dimensions of the probe (if the probe is in direct contact with the
tissue) or illumination spot, which is typically a few tens or hundreds of micrometers in diameter. This
approach is in contrast to imaging techniques, which typically illuminate and collect light from much larger
areas, ca. millimeters to centimeters. Therefore, this review does not cover endoscopic imaging measurements
of tissues, but for the interested readers, there are many excellent reviews [4–8]. To achieve medical diagnosis
using optical spectroscopic data, data processing techniques and diagnostic algorithms are crucial.
Substantial research on the development of algorithms is ongoing. The focus of this review is mostly centered
on the hardware of the optical diagnosis systems, since the aim of this review is to introduce the fundamentals
of light-tissue interactions and the latest clinical examples of in vivo optical diagnosis technologies. Further
brief discussion about diagnostic algorithms based on machine learning techniques is given in section 6.
Current status and future perspectives, but for a more complete overview we point interested readers to the
literature [9–13]. Finally, this review focuses on the most recent examples of in vivo use optical diagnosis
techniques, or on the techniques with the highest technical readiness levels. However, it should be noted that
in each section there is a thorough list of references describing previous works for each technique.

3. Theoretical and technical background of real-time in vivo optical diagnosis

When light is incident to a tissue surface, it can result in a combination of various optical processes, such as
reflection, absorption, scattering, and fluorescence (figure 1(A)). Spectroscopic analysis of each of these
optical processes provides various information of the optical properties of tissues that can be diagnostically
meaningful. Among the wide range of available techniques, elastic scattering spectroscopy, fluorescence
spectroscopy, and Raman spectroscopy are the techniques that have been most intensively developed and
implemented for point-based, real-time in vivo optical diagnosis deep inside the body, and therefore, these
three spectroscopic techniques are discussed in this review. Generally, each spectroscopic technique is
applicable to different diagnostic factors of interest. Elastic optical scattering spectroscopies (EOSS) are used
to measure cellular/subcellular morphology of the epithelial layer. Diseased tissues (e.g. inflamed tissues and
tumor tissues) exhibit abnormal cellular/subcellular morphologies, such as loosening of epithelial barrier,
enlarged nucleus, cell crowding and disorganization, etc [14], which induce differences in the EOSS spectra
between normal and diseased tissues (figure 1(B) Elastic optical scattering). Fluorescence spectroscopies
(FS) provide the state of cell metabolism. Metabolic pathways are disrupted in diseased cells, and thus the
redox balance and the concentration of metabolites change as disease progresses. For example, the metabolic
activity of cancerous cells is enhanced as tumors develop, resulting in increased production of NADPH (the
reduced form of nicotinamide adenine dinucleotide phosphate) and metabolites (e.g. lactate) [15]. Changes
in concentration of these cofactors (NADPH) and metabolites upon disease progression can be characterized
with FS using either intrinsically fluorescent endogeneous fluorophores or tagged with exogenous
fluorophores (figure 1(B) Fluorescence). Finally, Raman spectroscopies (RS) are used to interrogate the
molecular signature of the tissue. All the aforementioned pathological features of diseased tissues and cells
also play a role in diagnosis using RS. More specifically, RS provides information on chemical composition
and structure of target analytes. Since fundamentally most biomolecules are Raman active, changes in the
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Figure 1. Target locations of point-based in vivo optical diagnosis, types of light-tissue interactions and spectroscopic diagnosis
mechanisms of elastic optical scattering, fluorescence, and Raman scattering. (A) Point-based in vivo diagnosis can be utilized
where current minimally invasive surgery/intervention, flexible endoscopy, and natural orifice transluminal endoscopic surgery
can access, e.g. upper/lower gastrointestinal tract, artery, heart, bladder, cervix, etc (left). Several optical processes occur at the
uppermost layers of tissues (from epithelial layer to stromal layer) as a result of light-tissue interaction; surface specular reflection,
absorption, elastic optical scattering, fluorescence, and Raman scattering (right). λi, λs, λf, and λR are wavelengths of incident
light, elastically scattered light, fluorescence, and Raman scattering, respectively. (B) Representative illustrations of Jablonski
diagrams for each spectroscopic technique, where S0, S1, h, and ν represent the ground energy level, the excited energy level,
Planck’s constant, and frequency of light (left), respectively. The dotted lines in the Jablonski diagrams for elastic scattering and
Raman scattering represent virtual energy levels. Spectroscopic techniques based on elastic optical scattering, fluorescence, and
Raman scattering are capable of disease diagnosis by characterizing cellular/subcellular structures, cell metabolism states, and
molecular signatures of normal and diseased tissues, respectively (middle). Illustrative examples of the differences in
spectroscopic features between normal and diseased tissues (right).

concentration, deformation and mutation, and production of new compounds due to disease can exhibit
distinctive RS signals (figure 1(B) Raman scattering). Indeed, in cancer progression, quantities and/or
conformation of nucleic acids, proteins, lipids, and carbohydrates change [16]. In this section, the
introductory overview of these three main spectroscopic techniques used for optical diagnosis is addressed.

3.1. Elastic optical scattering spectroscopy (EOSS)
3.1.1. Physical background
Light scatters when encountering any spatial inhomogeneity in refractive index. Micro and nanoscale
particles in gas or liquid media are the simplest scattering models and, in most cases, the process does not
entail changes in photon energy (hνs = hν i, so called ‘elastic’ as shown in figure 1(B) Elastic optical
scattering, cf Raman scattering as an ‘inelastic’ scattering process that entails energy loss or gain. Details in
section 3.2). Scattering in tissue is significantly more complex due to the high sub-microscopic complexity of
tissues, which is interlinked with local refractive index variation. Indeed, the refractive index of tissue (n) can
be defined as n= n0 + αρ, where n0 is the refractive index of the liquid medium (i.e. water), α is the
proportionality coefficient, and ρ is the portion of tissue solids (e.g. proteins, lipids, DNA, etc) by volume, all
of which significantly vary in different tissue types and are difficult to quantify precisely. Overall, size, shape,
refractive index, size distribution, and number density of cellular/subcellular structures determine spectral
features of the scattered light. Measurement of light scattering in tissue can therefore be particularly useful
for diagnosis of disease states that accompany changes in cellular/subcellular morphology and spatial
distribution—i.e. neoplastic development of epithelia from dysplasia to invasive cancer (despite a
dependence on types of epithelia and types of cancer).

In tissue optics, key parameters that characterize the light scattering are the scattering cross sections, σs

(describing the total scattering power of a scattering object), the scattering coefficient, µs (the probability of a
photon to be scattered), the anisotropy coefficient, g (the tendency to be scattered forwardly, i.e. forward
scattering g = 1, isotropic scattering g = 0, backscattering g =−1), and the reduced scattering coefficient,
µ’s = µs(1− g). These parameters can be derived from the scattering matrix, S, which formally should be
obtained by solving Maxwell’s equations. However, solving Maxwell’s equations for scattering in tissue is very
difficult due to the sub-microscopic complexity as mentioned above. Therefore, use of approximations or
numerical methods to calculate the scattering matrix is unavoidable. Although there are several
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approximations available to calculate the scattering matrix, such as the Rayleigh scattering model, the
Rayleigh-Gans-Debye (RGD) approximation, the Van de Hulst approximation, etc, none of these approaches
alone can precisely describe scattering events by cellular/subcellular structures in tissue because each
approach is only valid for limited ranges of scatterer size and the relative refractive index. For example, the
Rayleigh scattering model is valid when the scatterer is very small, ka≪ 1 where k= 2π λ−1 is the
wavenumber of the light, λ is wavelength of the light, a is the scatterer’s radius, which cannot apply to
subcellular organelles greater than 50 nm in visible range (i.e. nucleus—5–10 µm, mitochondria—1–2 µm in
the long axis and 0.2–0.8 µm in the short axis, lysosomes—250–800 nm, peroxisomes—200–1000 nm). RGD
approximation, on the other hand, is valid when ka |n ′ − 1|> 1 where n’= norganelle/ncytoplasm is the relative
refractive index. Considering that the refractive index of most subcellular organelles ranges from 1.38 to 1.42
and that of the cytoplasm is within 1.34 to 1.36 (thus n’− 1≈ 0.01–0.05), the RGD approximation works
well for describing scattering events by the majority of subcellular organelles except the nucleus [17].
However, it is not sufficient to describe forward scattering that is dominant in scattering events by larger
scatterers (i.e. nuclei). The Van de Hulst approximation can describe forward scattering by larger scatterers
when two conditions are met: ka |n ′ − 1|> 1 and |n ′ − 1| ≪ 1. Nevertheless, backscattering can be easily
neglected by this approach. Approximation of the nucleus as a spherical scatterer, however, enables the exact
solution by the Mie theory. Although the Mie theory is valid for isolated homogeneous spheres, which does
not represent tissue sub-microscopic structures, it has been widely accepted for describing scattering in
tissue. This is partly due to a lack of better alternatives, but, more importantly, because it is still able to
provide an important physical picture of scattering from subcellular organelles of any size. Since the Mie
theory is an exact solution of Maxwell’s equations, numerical methods, such as finite-difference
time-domain (FDTD) calculations, T-matrix, discrete dipole approximation (DDA), etc, are required. Lists
of scattering properties (e.g. µs, g, µ’s, n) of different tissues reported, and details of the approximation
approaches are available in ref [18] and ref [19], respectively.

3.1.2. Technical background
In vivo spectroscopy in general needs three fundamental elements—a light source, a detector, and a
fiber-optic probe that guides source light to analytes and collects and guides back the signal light to the
detector. Selection of appropriate light source, detector, and probe design is essential to facilitate reliable
measurement. Additional optics, such as lenses, filters, polarizers, and beam splitters may also be required for
further treatment of the source/signal light. For EOSS, broadband light sources are used since the scattering
parameters listed in the previous section are functions of wavelength. Xenon lamps, nearly uniformly
emitting from ultraviolet (UV) to near infrared (NIR) range (320 to 900 nm), are generally preferred for
EOSS as shown in figure 2. Other white light sources (e.g. white light LED), of which wavelengths are within
visible range from 500 nm to 700 nm, also perform well for EOSS. This point, along with the fact that EOSS
does not typically require extra optics for light source and detector, permits the measurement system to be
inexpensive and simple. However, absorption by chromophores (e.g. hemoglobin, water, fat, melanin, etc)
interferes the EOSS measurement by adding extra complexity to the resulting spectra in this wavelength
range. Soret band (400 to 440 nm) and Q band (540 to 580 nm) are the most prevalent and intense
absorption features by hemoglobin and its oxygen saturation levels. Although absorption by water molecules
is negligible within the working wavelength range below 900 nm, absorption coefficient of fatty tissues and
melanin may induce unwanted spectral features to the EOSS spectra. Since elimination of the absorption
effect by these existing chromophores, especially in an in vivo environment, is often impossible, an
empirically modeled absorption coefficient of tissue should be taken into account in order to extract a useful
EOSS signal containing information about cellular/subcellular structures of tissues. Monte Carlo simulation
has often been performed prior to practical trials to estimate contributions of both absorption and scattering.

Specular reflection at the probe-tissue contact and diffuse reflection resulting from multiple scattering
are another concurrent event to be dealt with when measuring backscattered light from a tissue. These events
also add extra background spectral features to the EOSS spectra, leading to difficulties in extraction of
meaningful signal associated with cellular/subcellular structures of tissues. Fortunately, these effects can be
minimized by effective probe designs with appropriate geometries. Bevelled tip-probes [20–22] have been
useful for minimizing reception of specular reflection at the probe-tissue contact through collection fibers.

Diffuse reflection spectra (DRS) resulting from multiple scattering can be excluded by reducing
separation distance between illumination fiber and collection fiber. Through multiple scattering, the
scattering trajectory is randomized and gets longer (thus reaching laterally far from the illumination fiber)
until when the result scattering signal is collected. Despite varying in different tissue types, this multiple
scattering trajectory can be ranging from a few-hundred-microns to a few millimeters laterally. Therefore,
designing the correct illumination-to-collection fiber separation (Sic) is important to avoid collecting the
multiple scattering signal. In the working wavelength range from visible to NIR, a rough boundary above

4



Prog. Biomed. Eng. 2 (2020) 042001 J A Kim et al

Figure 2. A comprehensive schematic of implementation settings of the point-based in vivo optical diagnostic techniques; elastic
optical scattering spectroscopy (EOSS), fluorescence spectroscopy (FS), and Raman spectroscopy (RS). In vivo spectroscopy in
general needs three fundamental elements—a light source, a detector, and an optical fiber probe that guides source light to the
tissue and collects and guides back the signal light to the detector. Xenon lamp can be replaced by other broad-band (white) light
sources. Spectrometers are not always preferred, e.g. simple photo detectors can be used for cost-effective and faster FS. Extra
optics for effective light coupling and filtering are sometimes required in front of light sources and detectors (see boxes ‘Light
sources’ and ‘Processing optics’). Typical diagnostic probes contain at least one illumination fiber and one collection fiber,
allowing diverse fiber arrangements (see EOSS/FS section in box ‘Diagnostic probes’). Multiple number of illumination fibers and
collection fibers are used in order to improve signal collection efficiency (1 illumination fiber/6 collection fiber and 6 illumination
fibers/1 collection fiber, the latter is adapted with permission from [23] © The Optical Society). These fibers can be arranged
linearly (1 illumination fiber/3 collection fibers), adapted with permission from [21] © The Optical Society, or off-centered (1
illumination fiber/6 collection fibers), Copyright © 2017, Springer Nature. For RS probes, additional filters and lenses at the distal
end are also favorable to maximize the performance (see RS section in box ‘Diagnostic probes’). The probe schematic with a rod
lens is from [254]. Reprinted with permission from AAAS. The probe schematic with a ball lens is adapted with permission from
[261] © The Optical Society.

which multiple scattering events occur can be designated as Sic ≈ 350 µm (i.e. multiple scattering signal is
collected by a probe with Sic ≥ 350 µm).

An EOSS probe includes at least an illumination optical fiber and a collection optical fiber. Numbers,
diameters, and arrangement of illumination/collection optical fibers may vary depending on applications.
Probe designs with several illumination fibers surrounding a single collection fiber that allow improved
signal collection efficiency have been reported (6 illumination fibers/1 collection fiber [23], 7 illumination
fibers/1 collection fiber [24]). There has been a greater variety of probe designs having a single illumination
fiber but multiple collection fibers (e.g. 1 illumination fiber/2 collection fibers to 10 collection fibers). These
fibers are not always arranged to be axially asymmetric but often linear [21, 25–29] or having an off-centered
illumination fiber [30–32] in order to incorporate various Sic values (thus the scattering angle) within a probe
(see EOSS/FS section in box ‘Diagnostic probes’ in figure 2). These probe configurations allow collecting
both EOSS signal from the uppermost epithelial layer and multiple scattering signal from the deeper tissue as
a background to ultimately enable reliable extraction of EOSS signal from the diffuse reflection signal.

3.2. Fluorescence spectroscopy (FS)
3.2.1. Physical background
Fluorescence is defined as ‘spontaneous emission of radiation (luminescence) from an excited molecular
entity with retention of spin multiplicity’ [33]. A brief overview of the physics of fluorescence will be
discussed here. A detailed explanation of fluorescence is out of the scope of this review, but for the interested
reader a more in depth overview is available here [34–36].

Upon absorption of a photon of the appropriate wavelength in the UV-visible region, an electron within
the ground state (S0) of a molecule can be elevated to a higher vibrational state of an excited molecular
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singlet state (S1), with the electron retaining the same spin as in the ground state. This process occurs in ca.
10–15 s. Then the excited electron most commonly undergoes internal conversion, wherein the electron
relaxes to the lowest vibrational level of S1 and this process occurs in ca. 10–12 s. After internal conversion, the
electron can return to the S0 either radiatively or non-radiatively, depending on the available de-excitation
pathways. The possible non-radiative pathways include quenching, fluorescence resonance energy transfer
(FRET) and other non-radiative decay mechanisms. The radiative pathway is fluorescence. During the
radiative pathway decay to the ground state, the electron releases the excess energy as an emitted photon (ca.
10–8 s, figure 1(B) Fluorescence). In the ideal case, there is a single S1 and a single S0, thus the mean time
between absorption of a photon and emission of the fluorescence photon is designated as the fluorescence
lifetime, τ. Measurements of absorption and fluorescence (both intensity and lifetimes) of biological tissues
allows for monitoring of changes in electronic energy states of the molecules that comprise the tissue and
thus provides biochemical information for diagnostics.

All biological tissue exhibits endogenous fluorescence, known as autofluorescence, when irradiated with
light of the appropriate wavelength. This is because biological tissues contain many endogenous fluorophores
such as; NADH (the reduced form of nicotinamide adenine dinucleotide), NADPH, flavins, collagen, elastin,
tryptophan, retinol and porphyrins, amongst others [37]. Furthermore, each fluorophore has specific and
characteristic excitation and emission spectra.

The concentration of endogenous fluorophores within biological tissue can change due to metabolic
changes caused by a range of pathological processes, such as inflammation and dysplasia [37]. Therefore, in
an ideal case, a quantitative measurement of the fluorescent intensity of the autofluorescence spectrum of
tissue, or a particular fluorophore, can reveal the pathological state of the biological tissue. However, in
reality, the situation is more complex, as different fluorophores fluoresce at different intensities, different
wavelengths of excitation light penetrate to different depths into the tissue before complete absorption, and
also wavelength dependent scattering or reabsorption occurs as biological tissues are turbid media [38, 39].
Furthermore, the excitation and emission spectra of multiple fluorophores can overlap and thus an
undesirable ‘background fluorescence’ signal can further complicate the deconvolution of tissue fluorescence
spectra for determination of the concentration of the desired tissue components.

Therefore, several correction strategies have been proposed including the use of the ratio of fluorescence
intensity to reflectance intensity [40], a ratio of fluorescence intensities at two different emission wavelengths
[41] and also more complex correction models based on Kubelka-Munk theory [38]. However, each of these
correction strategies has intrinsic advantages and disadvantages and indeed, work continues to develop faster
and/or more precise correction strategies [42]. To overcome the problems of ‘background fluorescence’ there
are two main solutions. The first is the use of exogenous fluorophores. An exogenous fluorophore is an
externally administered fluorophore that can be chosen to have a particularly intense fluorescence emission
and thus this fluorescence emission can be clearly measured above the background. An additional benefit of
exogenous fluorophores is that they can pre-concentrate in neoplastic tissues and thus further improve the
discrimination of ‘abnormal’ tissue from ‘normal’ tissue. The second solution is the use of wavelength and
band-pass filters to remove the rest of the background fluorescence and this is further discussed in the
technical background sub-section below.

3.2.2. Technical background
Here a brief overview of the technical aspects of point-based fluorescence spectroscopy for tissue
measurements will be discussed. For the interested reader a more in depth overview is available here [43].

Typically a light-induced fluorescence spectroscopy (LIFS) system is used to perform point fluorescence
spectroscopy (as opposed to fluorescence endoscopy imaging [5]). A LIFS system (figure 2, see FS sections)
consists of either a broadband white light source or a monochromatic light source (e.g. continuous-wave or
pulsed lasers, LEDs) coupled into a small-diameter probe, which may consist of either one or a bundle of
optical fibers. In the case of a bundle of optical fibers, some of the fibers deliver the excitation light whilst the
surrounding fibers collect the fluorescence emitted light (figure 2, EOSS/FS section in box ‘Diagnostic
probes’). The probe can be placed within the instrument channel of an endoscope or used independently.
During a measurement, the probe is placed in intimate contact with the tissue for a specific and sufficient
amount of time for the particular measurement, allowing for the emitted fluorescence light to be transmitted
back to the detector via optical filters that filter out the background fluorescence. Commonly, LIFS systems
are used without administering exogenous fluorophores, but the use of exogenous fluorophores combined
with use of a point-based LIFS system has also been reported [44–48]. More recently, LIFS systems have
evolved with time and wavelength resolved systems demonstrated. A driving force for the evolution of the
technique is the difficulty to conduct absolute emission intensity measurements in vivo because
measurements are affected by multiple factors. These factors include physical factors such as tissue
movement and surface profile, which may cause a change in light excitation-collection geometry and
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non-uniform illumination, respectively. The confounding photochemical factors are photobleaching and the
presence of, and variation in concentration of, endogenous absorbers.

One way to overcome these challenges is by using the alternative method of time-resolved fluorescence
spectroscopy, in which fluorescence excited state decay lifetimes are also measured as an orthogonal variable.
Time-resolved fluorescence spectroscopy affords several advantages. Firstly, fluorescence lifetimes are
independent of fluorescence intensities, which can be affected by non-uniform illumination and tissue
movement. Additionally, biomolecules and tissues will have unique fluorescence decay lifetimes and thus this
allows for spectral resolution of biomolecules that may have overlapping fluorescence emission spectra.
Fluorescence decay lifetimes are also affected by local changes in the local physiochemical and metabolic
environments of the tissue, due to the effect that the local tissue microenvironment has on quenching rates of
biomolecules. Therefore, further biochemical information from the tissue of interest can be gathered. An
excellent in-depth review on time-resolved fluorescence spectroscopy is provided by Marcu [49].

3.3. Raman spectroscopy (RS)
3.3.1. Physical background
Raman scattering is an inelastic scattering process of a photon that either loses or gains a certain amount of
energy as a result of light–matter interaction. The amount of energy difference expressed by the emitted
photon during the Raman scattering process corresponds to specific vibrational modes of chemical bonds in
a molecule (an example of energy loss process, i.e. Stokes Raman scattering, figure 1(B) Raman scattering).
The energy difference appears as a shift in the spectrum (so called ‘Raman shift’) and the technique that
analyses molecular information of substances (i.e. molecular structure, chemical bonding, functional groups,
interaction between molecules and the surrounding environment, and physical state) by measuring the
Raman shift is Raman spectroscopy (RS). It was first experimentally observed by Chandrasekhara Venkata
Raman in 1928 [50]. Since then, Raman spectroscopy has become an essential analytical tool that is vital in
various applications, such as pharmaceutics [51], forensic science [52–54], mineralogy [55], carbon
materials [56–58], semiconductors [59], and life science [12, 60–62]. This is due to its advantages of high
molecular specificity, high resolution, non-destructive and non-contacting measurement, and flexibility in
sample forms and volumes. In particular, RS facilitates detection of aqueous samples without any
interference of water signals due to insensitivity to molecules with large dipoles, and consequently RS is used
in biomedical applications [62].

RS of biological samples (e.g. tissues and biofluids), therefore, enables detection of characteristic spectral
features indicating the pathological state of the samples. Various vibrating modes of chemical bonds in the
backbones and side-chains of lipids, proteins (complicated combination of motions from different parts of
amino acid backbone and secondary structure), and nucleic acids (from O–P–O backbone and individual
nucleotide bases) participate in the Raman spectra of biological samples [62]. These features are generally
observed in the ‘fingerprint region’ which is from 600 to 1800 cm−1 in a very complex superimposed manner
with multiple sharp peaks. Most of the spectral analysis is done within this range for biological samples.
Some features may also be found in much higher energy range above 2500 cm−1 up to 3400 cm−1 (so called
the ‘high wavenumber region’) mostly indicating independently vibrating hydrogen atoms. RS of biological
samples is sensitive to changes in the chemical compositions of these molecules (lipids, proteins, and nucleic
acids), which can be ascribed to disease states, and thus allows for accurate molecular diagnosis of diseases.

Detailed vibrational modes and corresponding wavenumbers of chemical bonds and structures found in
biological molecules are presented elsewhere [60, 62, 63].

3.3.2. Technical background
Despite the exclusive advantages of RS, it is often referred as an insensitive technique because it is an
inherently weak process occurring approximately once in hundred million compared to elastic (Rayleigh)
scattering [61]. Advancement in high power laser sources and precision optics in the past decades has
allowed reliable performance of RS. Essentially, a band-pass filter (or a laser line filter) is used for refining the
excitation laser quality to be sharp and monochrome and a long-pass/notch filter is required to reject the
Rayleigh scattering (figure 2, see RS sections in boxes ‘Light sources’ and ‘Processing optics’). Nevertheless,
better sensitivity and signal-to-noise level are still required especially for practical applications than
laboratory-based situations. To this end, diverse enhancement techniques have been proposed and
developed, for instance, coherent anti-Stokes Raman scattering (CARS), stimulated Raman scattering (SRS),
surface-enhanced Raman scattering (SERS), tip-enhanced Raman spectroscopy (TERS) and more [64, 65].

Moreover, in vivo RS particularly requires additional attention to the control of background signal.
Auto-fluorescence of tissue may also interfere with the Raman spectrum and degrade the signal-to-noise
ratio. Contribution of autofluorescence can be rejected by selecting the appropriate light-source with the
appropriate excitation wavelength. Because autofluorescence of most common biological tissues appears
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under visible range excitation shorter than 700 nm, NIR light allows for minimized fluorescence in biological
tissues. Typically, 785 nm, 830 nm, and 1064 nm NIR lasers are used for RS, although 1064 nm is not suitable
for in vivo application because intensity of the radiation drastically drops with the fourth power of incident
wavelength, which results in a poor signal collection efficiency [62]. Other than control of materials and
components, further technical approaches to reject extra fluorescence have also been achieved in diverse
ways, e.g. modulated Raman spectroscopy (MRS) [66], time-gated RS [67], and Fourier transform RS [68].
In addition to the autofluorescence of tissues, silica—a typical material for optical fibers—exhibits a very
strong photoluminescence background appearing as broad humps in Raman spectra. It easily overwhelms
narrow and relatively weak Raman peaks, unless rejected, resulting in deterioration of the signal quality. To
minimize this, various approaches have been proposed. For instance, integration of filtering and beam
steering optics at the distal end of the probes [69–76] (figure 2, see RS section in box ‘Diagnostic probes’)
and using other types of fibers such as hollow-core fiber [77], photonic crystal fiber (PCF), and double-clad
fiber (DCF) [78] have been reported so far. Despite the huge effort, the fluorescence background cannot be
completely removed and generally remains in the collected spectra. Post-processing of the collected signals is,
therefore, always required to minimize both fluorescent artefacts in the final spectra. Polynomial fitting and
subtraction of background are carried out regardless of configuration, with and without additional optics or
different materials as mentioned above [79–82].

3.4. Multimodal spectroscopy
All of the techniques mentioned above have inherent advantages and disadvantages. Therefore, in an attempt
to overcome the drawbacks of each individual technique, and to combine the advantages, there have been
many examples of combining multiple spectroscopic techniques into one device. For example, FS generally
has a high signal strength, but lacks specificity, whereas RS has a high degree of specificity and sensitivity to
chemical/molecular changes in tissue, but has low signal strength. Therefore, a combination of the two
orthogonal modalities allows for the mitigation of the drawbacks of both techniques and allows for more
metabolic and pathological information to be gathered during the optical diagnosis [83].

Combined spectroscopy systems are referred to as multimodal spectroscopy devices and invariably the
light is delivered to the tissue and collected from the tissue through the same probe assembly. Typically, FS is
combined with one or more other techniques, such as FS combined with DRS (FS+ DRS) or FS combined
with both RS and DRS (FS+ Raman+ DRS).

4. Technology readiness levels (TRLs)

A technology readiness level (TRL) is a formal metric-based measurement of the maturity of hardware
and/or software to be used in a system [84]. Therefore, in terms of clinical systems, such as optical diagnosis
systems, TRLs can provide an overview metric on the progress of the system, from an initial concept or idea
(TRL= 1) up to commercially validated and available (TRL= 9). Thus, in table 1, the highest TRLs for each
optical diagnosis system defined in the sections above are given to provide an overview of the maturity of
each technique, when applied to diagnosis within each organ system. We have determined the TRL levels of
the spectroscopic techniques based on the definitions given by the US Department of Defense and Puppels
et al [84, 85].

Typically, TRLs 1 & 2 are assigned to technologies that are at initial conceptual stages and these are not
considered in this review. Here we have reviewed/meta-analyzed technologies that are at a level of maturity
indicated by a TRL of≥3. Therefore, we have grouped TRLs 3–9 into the following groups; Group A: TRLs
3–4, Group B: 5–7 and Group C: 8–9. Our particular sorting of the TRLs into these groups was guided by the
TRL milestone groups as suggested by the US Department of Defense [86]. Thus, classification Group A
contains technologies/systems that have been demonstrated in preliminary laboratory and/or animal model
experiments, with some degree of analysis development, such as algorithms. Classification Group B contains
technologies/systems that have been demonstrated and tested in clinical environments and trials, preferably
in multiple-center trials. Finally, Group C contains technologies/systems that have been released to end-users
commercially, with TRL= 9 representing a fully distributed and marketed product.

As can be seen in table 1, each technology has a different TRL when taking into account the different
target organ systems that the technology has been used on. One of the main reasons for this is the challenge
of accessibility of each probe design to each particular target organ system, when considering minimally
invasive surgery (MIS) and intervention. For example, the optical diagnosis systems used for diagnostic
measurements in the alimentary tract are generally the most mature. This is due to the easily accessible
lumen (esophagus) and the plethora of available endoscopic devices designed for the alimentary tract, which
can be easily adapted to contain optical diagnosis probes within the endoscope working channel.
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Table 1. Spectroscopic techniques categorized by TRL classification groups (Group A: TRLs 3–4, Group B: 5–7 and Group C: 8–9)—a
measure of the maturity of each technology.

Techniques Target organ TRL group

EOSS Alimentary tract B
Brain A
Cervix A
Liver B
Lung B
Pancreas B

FS Alimentary tract C
Arteries & heart C
Bladder B
Brain B
Breast B
Cervix C
Endocrine B
Head & neck B
Liver B
Lungs B
Prostate B

RS Alimentary tract B
Artery B
Bladder A
Brain B
Breast A
Cervix B
Head & neck B
Lung A

FS+ Doppler Flowmetry Brain B
FS+ DRS Alimentary tract B

Arteries & heart A

Bladder A
Brain B
Cervix C
Head & neck B
Liver B

FS+ DRS+ EOSS Alimentary tract B
Cervix B
Head & neck B

FS+ RS+ DRS Alimentary tract A
Arteries & heart A
Brain B
Breast A
Head & neck B
Lung A

FS+ RS Breast A
Head & neck B

5. Clinical examples of spectroscopic sensing techniques

For brevity, only the most recent examples in the literature of the different optical diagnosis systems will be
described. In addition, for each technique, the current state-of-the-art in terms of higher TRL groups will be
discussed. However, it should be noted that for each technique there will be a comprehensive list of references
of published deep and in vivo optical diagnosis measurements grouped by organ/disease types for the
reader’s interest, except for the multimodal spectroscopy section, wherein the references are grouped by
spectroscopic technique.

5.1. Examples of EOSS
Examples of EOSS as a tool for diagnosis of disease by measuring different scattering coefficients of normal
and abnormal tissues have been demonstrated for brain [87, 88], cervix [23, 30], gastrointestinal tracts
[11, 28, 89–93], esophagus [94–96], head and neck (larynx, pharynx, oral cavity) [97], and pancreas [29, 32].
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There are three representative EOSS probes that are considered as the most mature and have been
demonstrated on patients (figure 3). One was initially developed by, and its diagnostic algorithm for in vivo
colorectal cancer screening was demonstrated by, Bigio and colleagues, in 2011 (elastic scattering
spectroscopy, ESS) [11, 91]. A dual fiber probe (outer diameter of 0.47 mm) comprised of an illumination
fiber and a collection fiber, both having 200 µm core diameter, was integrated within a central lumen of
conventional biopsy forceps. The center-to-center separation, or Sic, between the fibers was 250 µm, which
allows for ESS interrogation of 350 µm in depth which corresponds to a volume smaller than 0.2 mm3. The
jaws of the forceps were opened and the central optical probe was gently placed in contact with the tissue
surface to take rapid ESS measurements when a polyp or suspicious growth was observed during the
colonoscopy. Cooperative physical biopsy collection was also carried out by closing the jaws of the forceps
once the optical readings were obtained. A compact table-top ESS system was also developed alongside with
the probe. A clinical feasibility of this system was demonstrated for differentiation of neoplastic polyps from
non-plastic polyps from 83 patients [32] (figure 3. I.). From the ESS measurement of 218 polyps (133
non-neoplastic and 85 neoplastic as histopathologically classified) a sensitivity of 91.5%, specificity of 92.2%,
and accuracy of 91.9% with a high-confidence rate of 90.4% was achieved. Importantly, the group
demonstrated that diminutive polyps that are smaller than 5 mm (n= 157) were successfully identified by
ESS with a slightly lower sensitivity, specificity, and accuracy. These results were particularly promising
because screening of neoplasia in polyps smaller than 5 mm directly relates to the American Society for
Gastrointestinal Endoscopy (ASGE) Preservation and Incorporation of Valuable Endoscopic Innovations
(PIVI) guidelines for the real-time endoscopic assessment for the histology of diminutive colorectal polyps.

The other probe was developed by Backman et al in 2012 [21]. The working principle of the
low-coherence enhanced backscattering spectroscopy (LEBS) technique that they developed fundamentally
shares the same physical background with EOSS, but includes extra features of the enhanced backscattering
spectroscopy (EBS) technique. In particular, they took into account enhancement of the backscattered light
around the exact backscattering direction, that is caused by the constructive interference of light waves
propagating along a pair of time-reversal trajectories. This approach allowed EBS to be wavelength-sensitive
and depth-selective so that it was effective for tissue diagnosis. The probe comprised of linear arrangement of
four optical fibers—an illumination fiber and three collection fibers (core/cladding diameter of
50/60 µm)—that allowed for an angle-resolved backscattering measurement facilitating diffuse background
correction (figure 3.II.(A)). Furthermore, a bevelled glass rod with 9.5◦ was placed at the tip of the probe
(outer diameter of 3.4 mm) in order to minimize specular reflection. The researchers demonstrated the LEBS
probe for pancreatic cancer screening by examination of duodenal mucosa during upper endoscopy on 41
patients [29]. By using the probe, test performance with sensitivity of 78%, specificity of 85%, and accuracy
of 81% was achieved for in vivo identification of pancreatic adenocarcinoma. Backman’s group also
demonstrated the LEBS probe for colorectal cancer diagnosis from 619 patients that showed sensitivity of
88% and specificity of 72% for rectal adenoma identification [17].

Finally, Perelman et al developed a spatial gating light scattering spectroscopy (LSS) probe that can
distinguish precancerous pancreas tissue from benign cysts during endoscopic ultrasound-guided
fine-needle aspiration (EUS-FNA) procedures (figure 3.III.) [32]. The 0.45 mm outer diameter spatial gating
probe (figure 3.III. left) consisted of seven 100 µm core diameter fibers. A fiber in the outer ring of the probe
for illumination and three groups of collection fibers provided illumination-collection separations, Sic, of
120, 220 and 240 µm. A probe-latching mechanism enabling precise extension and retraction of the probe
through EUS-FNA needle with position-locking was also developed for improved clinical effectiveness and
practicality. While the collection fiber at Sic = 120 µm collected signal resulting in both single-scattering and
multiple scattering, the other collection fiber at Sic = 240 µm collected multiple scattering signal alone
(figure 3.III. right panel c). This facilitated correction of multiple scattering (diffuse reflection) signal and
allowed effective extraction of single-scattering signal containing meaningful diagnostic information (figure
3.III. right panel d). Perelman and colleagues demonstrated the LSS probe for prediction of the potential
malignancy of pancreatic cystic lesions (e.g. benign, low-grade dysplasia, high-grade dysplasia) during
EUS-FNA procedures on 25 patients. In total, 14 cysts were measured in vivo and 13 postoperatively, and
overall, an accuracy of 95%, a sensitivity of 90%, and a specificity of 100% was achieved.

5.2. Examples of FS
FS can be used to discriminate healthy from diseased biological tissue, with healthy and diseased tissues
possessing different endogenous fluorescent properties, or when fluorescent contrast agents, which are
designed to stain diseased tissues, are used. There have been many examples of the use of fluorescent
spectroscopy to discriminate between healthy and diseased tissues ex vivo published since the earliest report
in the 1940s [98]. There have also been many examples of fluorescent point-based spectroscopy for
diagnostic discrimination of healthy and diseased tissues in many parts of the anatomy, both in
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Figure 3. Examples of EOSS probes. I. ESS probe. (A) A photograph of standard biopsy forceps and forceps with an integrated
dual-fiber probe for ESS. (B) Use of ESS integrated forceps for polyp assessment. (C) Representative ESS spectra for neoplastic
polyps (solid line) and non-neoplastic polyps (dashed line). Reprinted from [93], Copyright (2014), with permission from
Elsevier. II. LEBS probe. (A) A schematic of 3.4 mm diameter fiber-optic LEBS probe. (B) A photograph of the LEBS probe
inserted into the accessory channel of an upper endoscope. (C) Portable cart used to house the data acquisition instrumentation
and software for the LEBS probe. (D) Optical properties between control (C) and pancreatic adenocarcinomas (PC) extracted
from the measurement results. Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved. III. Photographs of the spatial
gating LSS probe inserted in the FNA needle and details of probe end, assembly, and probe latching mechanism (left). In vivo
measurement during the endoscopic ultrasound-guided fine-needle aspiration (EUS-FNA) procedure and typical spectra
collected in the cyst at 120 µm (blue) and 240 µm (green), and the backscattering component extracted from the spectra (red)
(right). Copyright © 2017, Springer Nature.

developmental animal models and in human medical trials, including the alimentary tract [44, 99–130],
heart or major arteries [131–141], bladder [142–149], brain [45–48, 143, 150–175], breast [176], cervix
[177–194], endocrine system [195–201], head and neck [9, 202–213], kidneys [214–216], liver [217–224],
lungs [143, 225–228], mesothelium [229], and the prostate [230].

One example of a fluorescence spectroscopy system in TRL Group C, which was used in a human medical
trial, was the work of Neumann et al in which they assessed whether a commercial laser-induced fluorescence
spectroscopic biopsy system could meet the performance thresholds, set by the ASGE, for accurate real-time
assessment of histology of colorectal polyps [120, 124]. Real-time assessment of the histology of diminutive
colorectal polyps would enable a reduction in the risks to patients, medical time and costs associated with
polyp resection [231]. The commercial system used by Neumann et al was the WavSTAT4 system. The
excitation wavelength was 337 nm. A total of 27 patients underwent screening colonoscopy and the histology

11



Prog. Biomed. Eng. 2 (2020) 042001 J A Kim et al

Figure 4. The PG sensor probe developed and tested by Kim et al used for discrimination of the parathyroid glands from the
thyroid during thyroidectomy procedures. The function generator operating at 500 Hz and connected to the light source and
detector enabled the phase-sensitive process. [201] John Wiley & Sons © 2019 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

of diminutive colorectal polyps (137 total) were determined in vivo and in real time using the light-induced
fluorescence spectroscopy system. Diminutive polyps were determined to be ‘not suspect’ (benign) or
‘suspect’ (cancerous) using the proprietary algorithm in the software and these findings were compared to
the results of the histopathological examination of the biopsied samples. Due to the small sample size in the
study, with only 22 of the 137 polyps being adenomatous, the negative predictive value (NPV) may be
deceptively high and further studies would be needed. In addition, the positive predictive value (PPV) was
only 33% so this technique would not necessarily proclude histology. However, it was determined that the
accuracy for predicting the length of time before another surveillance was needed (known as a surveillance
interval) was nearly met, or even exceeded in some cases, the ASGE recommended thresholds.

Kim et al published a preliminary report on the use of a phase-sensitive NIR autofluorescence detector,
dubbed the ‘PG sensor’ (TRL Group B), during thyroidectomy surgery [201]. The PG sensor probe set-up is
shown in figure 4. The in vivo preliminary trial was operated in a non-contact manner, due to ethical
permission constraints, but nonetheless enabled the surgeon to identify the parathyroid glands from the
thyroid. The probe system managed to detect the weak autofluorescence from the parathyroid glands
(λem = 822 nm) when exposed to the excitation light (λex = 785 nm) and in the presence of bright
fluorescent room lights, the surgeon’s headlight and other surgical lights. This was achieved through use of a
function generator, which modulated the excitation light power frequency output at 500 Hz, and which was
also connected to the lock-in amplifier that was attached to the photomultiplier detector. This ensured that
only light with the power frequency of 500 Hz was detected and other light with different power frequencies
was removed. Subsequently, the lock-in amplifier produced a DC voltage output which was proportional to
the intensity of autofluorescence light received, and this was coupled to a speaker. When a higher
autofluorescence signal was detected, a fast tempo sound was generated, compared to a slow regular interval
sound when no autofluorescence signal was detected. Therefore, based on the output sound, the surgeon
could discriminate the parathyroid gland/s from the thyroid when sweeping the probe over the surgical field.
This probe thus enabled the surgeon to be able to immediately determine the position of the parathyroid
glands without having to pause the operation to use conventional fluorescence imaging techniques to
visualize the parathyroid glands whilst in the dark. Furthermore, the authors of the study proposed in future
work that a co-axial version of this probe with the same optical axis of illumination and detection used in
contact mode could be suitable for MIS using telescopic or robotic endoscopy. It should be noted that a
similar and competing technology for parathyroid gland detection by autofluorescence point spectroscopy,
the PTeye, has also been designed and tested in larger scale initial clinical trials by the group of
Mahadevan-Jansen [195, 197, 199].

Since the earliest human in vivo examples, the fluorescence spectroscopy technique has continued to be
developed and one of the latest iterations of the technique is simultaneous time- and wavelength-resolved
fluorescence spectroscopy (STWRFS). The STWRFS system was reported by Marcu et al and it allows for the
recording of several fluorescence response pulses at selected wavelengths over a period of less than 200 ns
using just a single detector and excitation source [232]. The STWRFS system enables dynamic acquisition of
fluorescence lifetime data over several spectral bands, whilst moving the probe across biological tissue [140].

12



Prog. Biomed. Eng. 2 (2020) 042001 J A Kim et al

Marcu et al validated the use of STWRFS for characterization of arterial vessel tissue in vivo on pigs
[140]. The STWRFS system was comprised of a pulsed nitrogen laser (repetition rate= 50 Hz, λ= 337 nm,
pulse width= 700 ps) coupled into an optical fiber (Ø= 400 µm, NA= 0.22), which was also used to collect
the fluorescence emitted light. In turn, the autofluorescence emitted light was delivered to a series of 45◦

dichroic filters and band-pass filters so that the light was split into three appropriate sub-bands
corresponding to the autofluorescence of common components of arterial tissue, which Marcu and
co-workers had established in their previous work [138, 233, 234]. The STWRFS in vivo scanning
experiments were conducted, using the catheter pullback sequence method, intravascularly in either ‘still’ or
‘scanning’ test modes. It was shown that the STWRFS system was able to reliably record autofluorescence
signals. More crucially, the independence of autofluorescence lifetime to factors that negatively affect
fluorescent emission intensity based measurements was also demonstrated.

5.3. Examples of RS
In biomedical applications, RS has been actively demonstrated as a sensitive and non-destructive in vivo
diagnostic technique for discrimination of abnormal tissues in the last few decades. Due to the easy
accessibility, extensive trials have been carried out for upper and lower gastrointestinal tracts, such as mouth,
esophagus, stomach [70, 74, 235–241], and small and large intestines [77, 80, 81, 242–244]. Other organs
that have been reported include coronary arteries [72, 79, 245], cervix [75, 246–249], breast [250],
respiratory system (lung, larynx, etc) [82, 251, 252], bladder [253], and brain [76, 254, 255].

EmVision, LLC is a successfully established manufacturer providing advanced optical systems for Raman
spectroscopy, particularly for clinical applications. A lensed Raman probe, a miniature endoscopic Raman
probe, and a multispectral probe are available as a result of over the last 10 years of investigation. The probes
are bundles of coaxially arranged fibers with the filter elements at the tips. These filters are cut into desired
shapes, a small disk of band pass filter for the central excitation fiber and a donut-like shape long pass filter
for the surrounding collection fibers [256, 257]. Additionally, a two-component front lens is integrated at the
distal ends of the probes to enhance overlapping the analytical volume (outer diameter < 2 mm). Diagnosis
of abnormalities in coronary artery [258], brain [76, 254, 255], bowel [244], and cervix [75] has been
demonstrated by several groups using these probes so far. Further advancement has been made by
integrating the probe within robot-assisted surgery by Pinto et al in 2019 [259]. A Raman probe (2.5 mm in
outer diameter) comprised of a single central excitation fiber (105 µm core diameter) surrounded by 12
fibers for detection was integrated within a da Vinci robot system (da Vinci Xi, Intuitive Surgical) (figure
5.I.). Prostate tissue discrimination among anatomical regions (i.e. anterior, extraprostatic, etc) was
demonstrated for use in robot-assisted prostatectomy procedures. An accuracy, a sensitivity, and a specificity
of 91%, 90.5%, and 96%, respectively, was achieved bv ex vivo (599 spectra from 20 patients) and in vivo (20
spectra from 4 patients) demonstrations.

The other probe that has achieved higher TRL level was initially developed by Huang et al [260] and
constantly has been modified and demonstrated for different applications. The latest version of the probe
was comprised of a flat central illumination fiber surrounded by 18 beveled collection fibers (all fibers were
200 µm in diameter) and a 1 mm sapphire ball lens (NA= 1.78) at the tip of the probe (1.8 mm in outer
diameter) [261]. The combination of the beveled collection fibers and the ball lens facilitated an optimal
light steering performance to achieve a confocal measurement capability. Furthermore, the researchers put
extra efforts to reject unwanted wavelength by filtering at both the distal and proximal ends of the probe.
They deposited dielectric filter coatings on to the end-facets of the optical fibers (band pass filter coating on
the central illumination fiber and long pass filter coating on the surrounding collection fibers) as well as
connected external filter modules at the proximal ends (a 785 nm band pass filter at the laser and a long pass
filter at the detector). In vivo clinical trials using this probe on esophagus [239, 240], stomach [243, 262],
colon [242] (figure 5.II.), and larynx [252] were demonstrated. For discrimination of tissue types (i.e.
normal, benign and malignant tumor), preceding assessment of various classification algorithms, such as
classification and regression tree (CART) [235], partial least squares discriminant analysis (PLS-DA) [73],
non-negativity-constrained least squares minimization (NNCLSM) [236], and ant colony optimization
integrated with linear discriminant analysis (ACO-LDA) [237], was carried out on human stomach with the
earlier version of the probe (flat 1-to-32 excitation-to-collection fibers) [260]. Furthermore, a prototype of
the clinical Raman endoscopy system (all-in-a mobile cart) in which diagnosis software based on the
discrimination algorithms mentioned above is on board was successfully developed and demonstrated in the
operating room in a real-time in situmanner [74, 238].

5.4. Multimodal spectroscopy
There are many examples of deep, in vivo and quasi-real-time multimodal optical diagnosis systems reported
in the literature. The most common multimodal optical diagnosis type is FS combined with DRS
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Figure 5. Examples of RS probes. I. The EmVision probe. Representation of the Raman spectroscopy probe integrated with the da
Vinci robot-assisted surgical system composed of four independently controllable robotic arms (top). Closeup views of Raman
spectroscopy probe during spectral acquisition on prostate base in vivo (middle). Mean spectra of specific tissue classes acquired
in vivo (bottom). Reproduced from [259]. CC BY 4.0. II. The probe developed by Huang’s group. The rapid simultaneous
fingerprint (FP) and high-wavenumber (HW) fiber-optic Raman spectroscopy system for in vivo tissue diagnosis and
characterization at colonoscopy (top). The mean FP/HW in vivo Raman spectra of normal, hyperplastic polyps, adenoma, and
adenocarcinoma during colorectal endoscopy. Each spectrum was acquired within 0.1 to 0.5 s (bottom). [242] JohnWiley & Sons.
© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

(FS+DRS) [153, 175, 191, 263–291]. The other types are; FS plus RS plus DRS (FS+ RS+DRS) [292–294],
FS plus RS (FS+ RS) [295, 296], FS plus DRS plus EOSS (FS+ DRS+ EOSS) [297–300] and FS combined
with Doppler flowmetry (FS+ Doppler flowmetry) [301–303]. These multimodal spectroscopy systems have
been used on many different parts of the anatomy, including the alimentary tract, brain, cervix, endocrine
system, head & neck (including oral and nasopharynx), heart and the liver.

In the work of Georgakoudi et al, it was demonstrated the use of a FS+ DRS+ EOSS multimodal
spectroscopy system for evaluation of dysplasia in patients with Barrett’s esophagus [299]. The system was
based on the fast excitation-emission matrix (EEM) instrument that the authors had developed previously
for a FS+ DRS multimodal spectroscopy system for potential deep and in vivo diagnosis of colon tissues
[276]. The fluorescence excitation light source of the EEM consisted of a 337 nm nitrogen laser which was
used to pump 10 dye cuvettes that were mounted on a rapidly rotating wheel. Therefore, 11 different
excitation wavelengths, between 337 and 620 nm, were obtained and coupled into the light delivery fiber of
an optical fiber probe (Ø= 1 mm). For the DRS and EOSS reflectance measurements, white light
(350–700 nm) from a xenon flash lamp was coupled into the same optical fiber probe. Six collection optical
fibers surrounded the central light delivery optical fiber, and these fibers were used to collect the fluorescence
emission and the reflected light from the tissue. The overall probe was covered with a transparent optical
shield, which was used for protection. Overall, it was determined that the combination of the three
modalities was superior to any of the techniques separately, in terms of the sensitivity and specificity of
classification of the degree of dysplasia in Barrett’s esophagus.

The LuViva™ system (vide supra) is a commercially available FS+ DRS system, which is used for deep,
in vivo and quasi-real-time investigation of the cervix [304]. The system consists of a hollow tube, which is
inserted through a speculum into the vagina. The hollow tube is connected to a hand held device, which is
used for spectral analysis and readout, and contains optics that transmit light from the broadband xenon arc
lamp illumination source and collects the fluorescence emission and diffuse reflected light from the tissue.
Werner et al used the LuViva™ system to compare the use of the point-based spectroscopy system (combined
with additional cytology analysis) to human papilloma virus (HPV) testing for detection of high-grade
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Figure 6. The two-arm study protocol used in the multicenter trial using the LUMA system. Reprinted from [263], Copyright
(2007), with permission from Elsevier.

cervical neoplasia [280]. Light in the wavelength range 300 to 500 nm was used for fluorescence excitation
and broadband light from 350 nm to 900 nm was used for DRS measurements. Wavelengths below 295 nm
were filtered and blocked. The distal end of hollow tube was placed in intimate contact with the cervix for
four minutes and fluorescent emission and diffuse reflected light from a plurality of equally spaced points
over a 1 inch diameter area are analyzed by the system. Spectroscopic data was unavailable to the clinician
and instead the LuViva™ system calculated spectroscopic indices which gave an indication to the clinician of
the disease state of the cervix. A spectroscopy index (SI) of 1.5≤ SI < 2.0 indicated mild, moderate or severe
dysplasia, 2.0≤ SI < 2.5 indicated the presence of atypical squamous cells of undetermined significance
(ASC-US) and a SI≥ 2.5 indicated benign or normal cervical tissue. It was determined that point-based
spectroscopy interrogation with the FS+ DRS LuViva™ system plus cervical cytology was equally sensitive
and doubly more specific than HPV testing plus cervical cytology (‘co-testing’) [280].

A competing commercially available system for deep, in vivo and quasi-real-time investigation of the
cervix is the LUMA (vide supra) [266]. The system is used in a noncontact manner and consists of a scanning
head, which is protected with disposable covers. Within the scanning head there are two xenon flash lamps
for broadband white light for reflectance measurements, a 337 nm UV nitrogen laser for fluorescence
spectroscopy and an endoscopic camera for visual imaging and to aid placement of the device. The FS+DRS
light sources are coupled into a fiber-optic probe and the scanning head is held 10 cm from the cervix for a
12 s noncontact scan of the cervix. The scan area of the cervix is a 25 mm diameter circular area that is
comprised of 499 scan points, which are spaced apart center-to-center ~1 mm and are also ~1 mm in
diameter. Spectroscopic data is available to the clinician as spectra shown on the device console screen or as
color overlays on images recorded with the camera. In one multicenter two-arm randomized trial, which
compared colposcopy alone with colposcopy plus the LUMA system and consisted of 2299 women (see figure
6), there was a 26.5% gain in true-positives with the use of the LUMA system plus colposcopy. Thus it was
determined that there was a clinically meaningful increase in the detection of cervical intraepithelial
neoplasia grades 2, 3 through use of colposcopy with the LUMA system [263]. It should be noted that the
LUMA device was not intended to replace colposcopy and is complimentary [266].

However, in terms of the use of multimodal spectroscopy systems for monitoring the cervix a
comparison between the merits of optical spectroscopy systems versus standard of practise, must be assessed.
For example, despite the use of the LuViva™ system plus cervical cytology being doubly more specific than
‘co-testing’ (HPV testing plus cervical cytology), the ‘co-testing’ Pap smear approach, when performed
annually, is still highly successful as the progression of cervical cancer is very slow and thus neoplasia is
regularly diagnosed at early and treatable stages [305].

6. Current status and future perspectives

6.1. Relative merits and challenges
As highlighted above, optical diagnosis systems allow for highly localized delivery and collection of light to
and from tissues of clinical interest, which allows for optical diagnosis and facilitates an understanding of the
specific biochemical processes that are occurring in the tissue. In addition to highly localized delivery of
light, probe-based systems can be placed, and used, in areas of the body that are difficult to access, such as the
thoracic wall [306]. However, spectroscopic measurements are typically performed at one or a few locations
on the tissue and thus provide biochemical and/or structural information about the tissue with limited
spatial resolution. Point-based optical diagnosis spectroscopic technologies allow for a wide spectral range to
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be measured with a high spectral resolution, whereas if more spatial information is required then imaging
modalities are more suited [307].

Generally, optical fibers are used in optical diagnosis systems and the typical diameters of optical fibers
used are in the order of a couple of hundred microns and thus, even as a bundle, optical fibers are ideally
suited to fit down the working channel of conventional endoscopes (Ø ~ 2.0 mm) [308]. Furthermore,
optical fibers are generally made from silica and are relatively inexpensive, which allows for the optical fiber
probes to be used in a disposable one-use manner. However, if required, optical fibers can be sterilized for
reuse by the common medical sterilization methods [309].

In comparison to imaging techniques, optical diagnosis systems generally use technologies that are easier
to implement, simpler to use and can be more portable than imaging systems [310]. Furthermore, to achieve
performance that is cost-effective and in a timeframe that is clinically acceptable, spectral imaging techniques
usually only focus on a few wavelengths or wavelength bands [307]. The accuracy and specificity of optical
diagnosis has improved, and is continuing to improve for a wide range of pathological diseases and thus, an
argument can be made that there is a clinical advantage of optical diagnosis.

However, the improved accuracy of optical diagnosis systems does not necessarily justify the use of
systems in addition to, or in place of, standards of practise. For some diseases, such as cervical cancer (vide
supra), despite the improvements in diagnosis accuracy afforded by an optical diagnosis system, the cost in
terms of requiring expert users/practitioners of the system and extra clinical operation time burden may
outweigh the benefits, compared to simpler histopathology diagnoses. In addition, there are concerns that,
variations in measurement technique (e.g. the amount of pressure applied to the tissue when using a contact
probe, etc) between different trained users could lead to operator-dependent errors and disparities in data
collection and calibration. Indeed, it is for these reasons, and others, that there are currently only a limited
number of optical spectroscopy technologies that have achieved routine use in clinical practise and most of
these are pulse oximetry devices (which are excluded from the scope of this review) [307].

Finally, the monetary cost of these optical diagnosis systems may also be prohibitive to widespread use,
with the systems costing more than simpler histopathological tests such as swab- or smear-based tests, such
as the Pap smear. In comparison, extra additional monetary costs can be incurred through use of these
systems, due to the possible burden of extra operating room time, which would result in increased anesthetic
use and an increased anesthetist’s clinical time. Economics is also a factor, as these technologies may be
prohibitively expensive for roll-out in healthcare systems in developing economies, but on the whole, optical
spectroscopy probe systems generally are cheaper than medical imaging systems [199].

It is clear that there are many advantages of optical diagnosis probe systems over histopathology biopsies
and tests alone, but there are outstanding challenges to overcome the associated disadvantages of these
techniques. For example, there is a need for more standardization of the many aspects of data collection
using optical diagnosis systems, including calibration, positioning or posture of the patient, and also probe
handling, including applied pressure when a probe is used in contact mode.

There is also a challenge to reduce the cost of these systems to make them more financially available. One
way to potentially achieve this is to develop the probes, or parts of the probes, cheap enough so that parts of
the probe assembly can be disposable or easily sterilizable. However, this subsequently raises the challenge of
designing optical diagnosis systems so that some of the system parts can be used in a disposable/one-use
manner, whilst at the same time allow for a clinical practitioner to be able to quickly and reproducibly
reassemble the probe system with a new or sterilized part, with no impact on the operation and accuracy of
the device.

Overall, optical diagnosis can be less invasive, less risky, and faster compared to conventional biopsy with
histopathological diagnosis. There are challenges and unmet needs, but these provide opportunities to the
biomedical engineering and biophotonics researcher communities.

6.2. Technical unmet needs and opportunities
Although the validity and usefulness of in vivo optical diagnosis technologies has been established in many
clinical trials so far, further technical unmet needs still remain, such as miniaturization of the probes,
performance, and implementation of in vivo diagnosis using the probes. First of all, there is a continuous
demand for the further miniaturization of the diagnostic probes for more advanced and multi-functional
MIS, flexible endoscopy, and natural orifice transluminal endoscopic surgery (NOTES). While
submillimeter-scale outer diameters have been acquired with EOSS probes (0.45 mm outer diameter for the
spatial gating LSS probe by Perelman et al [32] and 0.47 mm outer diameter for the ESS probe by Bigio et al
[93]), FS/RS probes reported so far tend to be millimeter-scale because these probes usually require more
collection fibers due to their inherently weaker signal intensity compared to EOSS. With further
miniaturization of the probes, a reduction in the number of fibers will inevitably follow, and thus, this may
deteriorate the detection performance. Moreover, integration of various optics at the tip of a probe that
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improves the signal collection efficiency by focusing and conditioning the illumination/collection light (e.g.
lenses, filters, polarizers, etc) becomes particularly harder when the probe gets smaller. Accordingly,
development of novel technologies for probe fabrication and signal enhancement is required.
Micro-to-mesoscale manufacturing technologies, e.g. laser machining, focused ion beam sputtering, etc,
hold promise for development of next-generation optical diagnostic probes. Particularly, two-photon
polymerization (2PP) technology, a microscale 3D printing technology, has demonstrated its value in
fabrication of various microoptics and microtools at tips of optical fibers [311–315]. 2PP technology has also
shown its capability of generating submicron-scale structures that can facilitate plasmonic surface-enhanced
spectroscopies, such as SERS [316–318] and potentially metal-enhanced fluorescence (MEF). Furthermore,
an optical fiber-based SERS probe was successfully developed by using 2PP technology for in vitro bacteria
detection, which confirms that 2PP technology holds great potential for fabrication of novel diagnostic
spectroscopy probes [319].

In addition to the demands of innovative fabrication technologies for probe development, further
advancement in diagnostic algorithm models is required. Various machine learning techniques, e.g. support
vector machine (SVM), artificial neural network (ANN), genetic algorithms (GA), etc, have been adopted as
diagnostic algorithms for in vivo optical diagnosis and promising performance of these diagnostic algorithms
has been demonstrated. Nevertheless, intrinsic technical shortcomings of machine learning techniques that
influence the performance including limited applicability outside of the training dataset; tendency to be
easily fooled due to biases; overfitting; and challenge of generalization to different populations, still remain as
challenges [320]. Prospective cohort studies and randomized controlled trials (RCTs) will allow for
elimination of some biases, will facilitate optimization of diagnostic algorithms based on the temporal
observation of disease progression, and multiple different clinical outcomes in a large cohort of patients will
improve comprehensive applicability [321]. These approaches will consequently allow for more reliable
diagnostic algorithms and will eventually be able to open new opportunities for early diagnosis. The variable
quality and transparency in reporting of published prediction models in medical research has raised
difficulties for the scientific and healthcare communities in objective assessment and comparison of the
models. To tackle this, transparent reporting of a multivariable prediction model for individual prognosis or
diagnosis (TRIPOD) was developed. The TRIPOD statement was designed to support authors in writing
reports describing the development, validation or updating of prediction models, aid editors and peer
reviewers in reviewing manuscripts submitted for publication, and help readers in critically assessing
published reports [322]. Moreover, a machine learning-specific TRIPOD statement (TRIPOD-ML) is
currently in development to provide a tailored guideline, establishing methodological and reporting
standards for studies of prediction algorithms based on machine learning in healthcare [323].

Great opportunities lie ahead in the field of vision-/robot-assisted surgeries and interventions combined
with optical diagnosis technologies. Towards applications in MIS, flexible endoscopy, and NOTES, surgical
tasks become particularly difficult and complex. Potential disadvantages of MIS include challenges in
accurate guidance and navigation; limited operating space and field of vision; the lack of haptic feedback; the
loss of stereo vision and depth perception; diminished hand-eye coordination; prolonged learning curves
and training periods; extended operation times and increased costs [324]. Together with the latest
high-resolution miniaturized cameras and recent progress in augmented reality and multimodal image
registration technologies, such drawbacks are gradually being overcome. In addition, robotics can provide
articulation, filtering of tremors, tactile sensing and haptic feedback, enhanced dexterity, and eye-hand
coordination, which will improve surgical/diagnostic performances. There have been only very few early
examples integrating optical diagnosis technologies with a robot-assisted surgical system (da Vinci Surgical
System) [259, 325], and we expect that the attention and attempts to this approach will rapidly grow in the
near future.

Finally, it is predicted that spectroscopy devices will incorporate optical sensors, which have been
designed to be highly specific to certain disease biomarkers. As of yet, there are no optical fiber-based
medical diagnostic biosensors that have been validated in vivo [326], but there is a clear opportunity for
highly specific detection of biomarkers in vivo during optical diagnosis to be developed.

6.3. Clinical unmet needs and opportunities
Apart from the promising technical progress in optical diagnosis technologies, clinical unmet needs must be
carefully analyzed when it comes to successful translation to clinics. Any new medical device must be
approved by regulatory bodies, such as the FDA, in order to be introduced to clinics. Compact size,
robustness, transportability of the device, and compatibility with existing systems are the key aspects that
raise the likelihood of successful clinical translation [327]. Furthermore, user-friendliness is another crucial
factor that determines the adoption in healthcare. Since the level of knowledge and expertise of the potential
operators and interpreters of these emerging technologies (e.g. clinicians, nurses, technicians) may
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significantly vary, developers are required to put themselves in the potential users’ shoes throughout the
development process. Participation of clinicians and the potential users in the development process from the
early stage can direct the device development to the success in clinical translation by considering their advice
and the user experience on prototypes.

Further clinical opportunities may lie in a wider range of target organs and diseases. Due to accessibility
and different optical properties of different tissue types, there have been less investigations on specific target
organs such as lung, brain, and breast in human in vivo (see section 4. Technology readiness levels (TRLs)
and table 1). Optical diagnosis of diseases of these organs will, thus, bring huge impact and benefit more
patients. Finally, liquid biopsies in oncology are emerging and their significance is gaining increasing
attention. In vivo, real-time diagnosis of diseases from liquid biopsies—blood, biofluids, cerebrospinal fluid,
pleural effusion, etc—will unlock the huge potential for early diagnosis of a broader range of diseases.

7. Conclusions

The interaction between incident light and biological tissue can provide much information about the nature
and disease state of the tissue. The use of optical fiber-based probes allows for the highly localized application
and collection of light to and from tissues of clinical interest (optical diagnosis) through utilization of
conventional endoscopes. Optical diagnosis can be a less invasive, less risky, less costly and faster method
compared to conventional tissue biopsy with histopathological diagnosis. The accuracy and specificity of
optical diagnosis has improved and is continuing to improve for a wide range of pathological diseases and
thus, the clinical advantage of optical diagnosis is evident, contributing to an increasingly important role in
the future of healthcare provision. In addition, the further miniaturization of optical probes will allow for
access to even smaller lumen within the body such as the terminal alveoli within the lungs, which are
currently inaccessible to current standard bronchoscopes [328]. Furthermore, optical diagnosis is
complementary to the advances in medical robotics and thus will have a growing role in the field of medical
robotic diagnosis and surgery [329]. Finally, from a commercial point of view, the market of biophotonics is
rapidly growing and the global biophotonics market is predicted to reach $63.1 billion by 2022 [330].

Overall, there is great scope for the future of the field of optical diagnosis to be bright.
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