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8. Optical techniques

Once the reader has reached this point of the thesis, you should have understood application-based features

determining the optical properties of biological media, and optical instrument/device design factors involving
combinations of source-detector geometries and specifications such as (1) optical components, (2) modeling, (3)
applications, (4) probe and detector specifications, and (5) requirements to achieve the probed depth. Chapter 8 describes
how to combine application-based features and previously discussed device-design factors to select the optimal optical-
measurement techniques and photophysical processes for a given application. To give such description, chapter 8 explains
the principles of (1) wavelength-resolved, (2) spatially-resolved, (3) time-resolved (or time-domain), and (4) frequency
domain, and other techniques, as well as advantages and disadvantages of optical methods such as diffuse reflectance
spectroscopy (DRS), Infrared (IR) spectroscopy, fluorescence spectroscopy (FS), and Raman spectroscopy (RS).

First, it is important to note that optical techniques can be categorized by using multiple types of classification
including:

Optical measurement techniques consisting of ways to perform optical measurements based on the available
instrumentation, including aspects of illumination and light collection/detection. Examples include wavelength-
resolved, spatially-resolved, time-resolved, spatial frequency-domain (SFD), frequency-domain (FD), polarization-
resolved, and angular-resolved techniques as well as optical coherence tomography, laser-Doppler flowmetry and
others.

Imaging techniques, which involve multiple ways of being acquired and processed, given the recent advances in
imaging instrumentation (which opened opportunities to multiple types of tomography, beam shaping,
structured light imaging and single fiber imaging) and computational imaging (which enables research towards
lens-free imaging, super-resolution imaging via machine learning methods without super-resolved microscopy
techniques, etc).

non-linear optical techniques such as second harmonic generation, multiphoton absorption, and stimulated
emission techniques.

Optical (photophysical) process techniques, which comprise of determining quantities associated with sample
properties and specific photophysical processes such as absorption, elastic scattering, fluorescence,
phosphorescence and Raman scattering.

Optical (photochemical) process techniques, which consist of collecting data based on chemical processes
induced by light such as absorption or luminescence lifetimes of metal-ligand complexes (e.g., ruthenium(ll)
complexes for oxygen sensing in, for example, photodynamic therapy studies), multiple optical processes arising
from organic probes, polymer probes, nanoparticle probes *.

Photophysical process enhancement techniques such as UV resonance Raman spectroscopy (RRS), surface
enhanced Raman scattering (SERS), coherent anti-Stokes Raman scattering (CARS) and stimulated Raman
scattering (SRS) 2.

Light penetration enhancement techniques such as optical clearing (deeper light penetration by refractive index
matching upon application of external agents), wavefront shaping (focusing deeper into scattering media by
optimization of incoming light beam based on transmission matrices), as well as techniques combining light and
sound including acousto-optical tomography/imaging (collection of deeper photons by tagging frequency-shifted
light due to the interaction between the laser beam and ultrasound at the ultrasound focus) and photoacoustics
(detection of sound waves generated by absorption of light)

Optical treatment techniques such as phototherapy, photothermal therapy, photodynamic therapy, sono-
photodynamic therapy and others,

and that chapter 8 covers only optical-measurement and photophysical-process techniques.
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8.1 Types of optical measurement techniques

In this section, we aim to show the types of optical measurement techniques available to date.
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Figure 8.1: Schematic drawing of characteristics of optical measurement techniques (columns), including wavelength-resolved, spatially-resolved,
spatial frequency-domain, time-resolved, and frequency-domain spectroscopy techniques. For each of these techniques, rows show
characteristics such as the (1) light intensity as a function of the parameter varied at each technique, (2) spatial light distribution based on the
source and detector positions, and the illumination profile, (3) the photon hitting density (PHD) based on the convolution of source and detector
responses, and (4) the detector intensity-based measurements as a function of the pertinent variable corresponding to each optical measurement
technique. Since spatial frequency-domain spectroscopy is based on spatially-modulated illumination at several positions (spatial periodically-
varying intensity) and typically on light collection with imaging detectors (e.g., camera), the PHD is shown for several combinations of illumination
and collection positions, assuming PHD is higher at positions of higher illumination intensity and detection to be uniform over the field of view of

the imaging detector.
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8.1.1 Wavelength-resolved techniques

The aim of wavelength-resolved techniques is determining tissue microstructural and biochemical information as
well as biofluid composition based on the shape of wavelength-dependent spectra collected in reflectance or
transmittance geometry (i.e., with source and detector fibers on the same surface or on opposite surfaces, respectively;
figure 8.1). Obtaining this information is only possible because light penetrates into tissue and accumulates information
on the tissue constitution due to the sequence of events it experiences while diffusing within it (chapter 4. Light-tissue
interactions and light propagation in biological media). Tissue microstructure is associated with the particle distribution
(which define how light travels/scatter into tissue; chapters 4 and 7, sections 4.5 and 7.1) in tissues and biofluids, whereas
tissue biochemistry and biofluid constitution is associated with biomolecules which either only absorb or absorb and emit
light differently as a function of wavelength (discussed in more detail in chapters 4 and 7, sections 4.2 and 7.3). Optical
data is typically collected in continuous wave mode (i.e., with light sources continuously sending light to the sample and
detectors continuously measuring the collected light) by sending light to tissue over a wide wavelength range and
collecting the reflected or transmitted light (figure 8.1) with spectrometers which can be portable and, in most cases
(currently), measuring the wavelength ranges within 200-3000 nm for tissues and within 300-25000 nm (50000—400 cm™2).
Wavelength-dependent quantities can also be expressed in terms of energy (typically in eV) and wavenumbers (typically
cm?in near-infrared and mid-infrared spectroscopy). Tissue and biofluid responses as a function of wavelength are highly
dependent on the illumination/collection geometry (chapter 6, section 6.2), and the tissue optical properties (chapter 4,
section 4.1, and chapter 7), which describe the optical processes occurring into tissue (e.g., light scattering, absorption,
fluorescence, phosphorescence, Raman scattering; chapter 4, figures 4.1 and 4.2). The types of biomolecules quantified
with wavelength-resolved techniques are determined by the type of optical processes being considered (chapter 7).
Analysis of wavelength-resolved signals is typically performed with machine learning methods or fitting the measured
quantities (reflectance, transmittance, intensity of fluorescence and Raman scattered light) based on optical properties
(anisotropy factor, scattering coefficients, absorption coefficients, fluorescence and/or Raman emission, chapter 4,
section 4.1) of tissue constituents (chapter 7). The accuracy of microstructural and biochemical parameters obtained in
the spectral fitting approach may be limited by the tissue heterogeneity due to the investigation of different probed
depths at each wavelength, as these depths are dependent on optical properties which vary as a function of wavelength.

8.1.2 Spatially-resolved techniques

Spatially-resolved optical techniques are focused on monitoring the quantity of diffusely (and typically
continuously) reflected or reemitted light as a function of the distance from the center of the incident beam (e.g.; r1 and
r2; figure 8.1), which can be either normal or oblique to the tissue surface. As for non-hybrid wavelength-resolved
techniques, spatially-resolved data is typically collected in continuous wave (CW) mode. The shape of the radial reflectance
spectra is determined by optical properties which allow the determination of tissue microstructure and biochemistry
(similarly to wavelength-resolved techniques). For instance, tissues with higher concentration of a certain absorbing
molecule (chromophore) would lead to larger light intensity attenuation (quicker decay) as a function of the distance
(radius) from the incident beam (chapter 5, section 5.2 Absorption processes). Reflectance data can be obtained even for
larger distances between source and detector fibers (Figure 8.1), which typically range between 0 cm (illumination and
collection with the same fiber) and 5 cm. Larger distances are typically found in brain tissue applications in the near-
infrared wavelength range and other applications requiring larger tissue probed depth (chapter 6, section 6.5 Photon
hitting density). The spatially-resolved data is usually analyzed by fitting the measured signal (reflectance, fluorescence
intensity, Raman intensity) for tissue/biofluid/biosolid optical properties. This analysis allows obtaining information on
sample biochemistry and microstructure. Spatially-resolved optical techniques may be limited by tissue heterogeneity due
to the strong dependence of signals in reflectance geometry (i.e., with source and detector fibers on the same tissue
surface) on the probed depth, which increases radially as a function of the distance from the incident beam.
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8.1.3 Spatial frequency-domain (SFD) techniques

Similar to spatially-resolved optical techniques, the SFD counterparts monitor the intensity of reflected or
reemitted light upon normal or oblique illumination of the tissue surface to extract tissue/biofluid/biosolid optical
properties (and determine sample biochemistry and microstructure). However, SFD techniques:

e use illumination is based on structured light patterns of fixed spatial frequencies and phases (e.g., a sinusoidal
pattern of light spatially projected on the sample surface).

e the data analysis requiring the signal amplitude modulation for determination of sample optical properties and
other variables are based on demodulation techniques including:

o single-pixel demodulation, where data is acquired from a single point/pixel over several times/frames
with different phase shifts. Acquiring several frames increases the acquisition time and is suitable for
applications where samples are stable over time and measurement time is not a limitation. Single-pixel
demodulation is suitable for spatially inhomogeneous samples whose signal variation over time is much
smaller than the measurement acquisition time.

o multipixel demodulation (only applied to SFD imaging, also known as SFDI), which is based on the Fourier
transform of a line of pixels or of the entire image. This demodulation is suitable for samples which are
spatially homogeneous and can be used for accurate temporal measurements when the measurement
acquisition time is smaller than the signal variation over time (more easily achievable upon acquisition of
1 point measurement or image frame).

e are typically combined with surface profilometry in the same instrumentation, as both are based on the projection
of patterns of light on the sample surface. Surface profilometry is used to correct for signal acquisition at different
angles and distances from the sample, which are necessary when the sample surface is inhomogeneous or when
imaging at wide field of view (FoV). Combination with profilometry can enable 3-D surface measurements with
corrected sample optical properties 3. Currently, 3-D correction of sample optical properties can be made up to
up to 75 degrees surface angle #®.

e are usually used for imaging and non-contact measurements (chapter 6, sections 6.1.1 and 6.2) while
instrumentation can still be compact for integration of spatial frequency-domain imaging into endoscopes for
extraction of tissue optical properties.

e demodulation requires additional calibration, as knowledge about the contribution of the optical system to the
measured diffuse reflectance (and amplitude modulation) is necessary for data analysis.

e may be incorporated in more expensive instruments compared to those using spatially-resolved techniques, since
such instruments usually require more sophisticated optical equipment and analysis.

The probed depth of SFD techniques depends on the spatial frequency used. Lower spatial frequencies lead to larger
probed depth (similar to larger SDDs for spatially-resolved techniques; section 8.1.2 Spatially-resolved techniques and
section 6.5 Photon hitting density). When using lower spatial frequencies intrinsic limitations of lower signal-to-noise ratio
(SNR) are applicable in a similar way that SNR is decreased when using larger SDDs (sections 6.1.4 and 6.4.4 Larger or
smaller spatial separation between light source and detector (i.e., larger or smaller source-to-detector distances; SDD)).
Since most SFD measurements are non-contact and imaging, SNR can decrease even further due to the limitation of
illumination power compared to point measurements (to keep compliance with laser safety requirements and prevent
tissue heating). With this in mind, accuracy of determination of sample optical properties may decrease for lower spatial
frequencies and non-contact imaging measurements.

It is worth noting that SFD techniques can be used for point spectroscopy when point detectors are used instead of
cameras or scanning systems. Also, contact measurements are possible considering a subcase of spatially-resolved
techniques for discrete structured light patterns by using sequences of optical fibers to illuminate sample surface at
periodically-repeated space coordinates (e.g., figure 8.1 with r2 = 2 * r1 or with patterns of fibers placed at equal distances
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from their adjacent illumination counterparts). More details about demodulation and analysis of SFD imaging signals can
be found in the review by Gioux et al. ’

In general, the analysis of spatially-resolved signals and point spectroscopy could be made via Fourier transform of
the input light into a broad spectrum of sinusoidal components. Information of light propagation of spatially modulated
signals over a broad frequency range could be performed by analyzing the distribution of one or more light sources of
finite size in a similar way light propagation can be derived from time-resolved signals after predicting the light distribution
of one temporal pulse of light via frequency modulated signals obtained from the Fourier transform of such pulse ®
(sections 8.1.4 Time-resolved (or time-domain) techniques and 8.1.5 Frequency domain techniques of this chapter).

8.1.4 Time-resolved (or time-domain) techniques

The concept of time-resolved techniques is registering the number of photons arriving at a certain tissue position
in either reflectance or transmittance geometry (figure 8.1). In order to evaluate tissue absorption and scattering
properties, or fluorescence/phosphorescence decay signals, instruments conventionally use a picosecond pulsed light
source and a fast detector (e.g., digitizers/oscilloscopes, streak cameras, and others). These properties are determined
based on their expected effect on the time-resolved signal. For instance, higher sample absorption results in a quicker
decay of the detected signal over time, as the attenuation is higher as light travels within the sample for larger times
(chapter 5, section 5.2 Absorption processes). Time-resolved measurements are the most suitable for accurate
measurements of tissue absorption and scattering properties due to the independence between effects of light
propagation of signals related to absorption (temporal pulse narrowing; section 5.2 Absorption processes) and scattering
(temporal pulse broadening and shift towards longer times section 5.1 Elastic and inelastic scattering processes). Still, it
is important to note that time-resolved measurements typically require detection of sufficient numbers of photons
without increasing illumination intensity above the threshold which can bias photon counting. This requirement makes
the development of fast electronics and fast/ultrafast lasers one of the bottlenecks to advance the study of biological
media, especially if portable and transportable systems stable at flexible surrounding environment conditions (vibrations,
temperature, humidity, electric stability, local electromagnetic fields, etc) have to be developed.

The accuracy on the determination of sample absorption and scattering properties as well as
fluorescence/phosphorescence lifetimes is dependent on:

e lllumination pulse width: the pulse width together with the broadening caused by other system components
(instrument response function) determines the minimum signal width that can be obtained in response to light
propagation in the sample. The pulse width of the light source should be chosen so that the broadening or
expected fluorescence/phosphorescence decays fall within the measurement time window, while the minimum
width should still be within the time resolution of the detector. Time-resolved techniques commonly use laser
sources to generate pulses of tens-to-hundred of picoseconds.

e Instrument response function (IRF): once the light pulse travels through all the system components and reaches
the detector, this pulse is broadened by diverging optical paths within the system due to optical aberrations, and
differences in position of light rays, angles it reaches optical components with varying refractive indexes, reflection
properties etc. The actual pulse width is typically detected with a delay due to the system electronics, which may
contribute to the pulse broadening. Optical and electronic broadening of the illumination pulse makes every signal
to be detected with after its convolution with an instrument response function (chapter 5 section 5.5 Implications
on modeling light behavior in reflectance and transmittance geometries). For instance, the detected signal from
a laser pulse is the convolution between this pulse and the IRF. The same is valid for light which traveled through
the sample. Even though pulses are expected to be narrower upon propagation throughout absorbing media, they
are not expected to be narrower than the IRF. If signals are expected to be collected from highly scattering media
or long fluorescence/phosphorescence lifetimes, the IRF should be narrow enough so that most part of the
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detected signals (convolution between sample signal and IRF, e.g., broadened IRF due to scattering, or a
fluorescence decay) are still within the measurement time window.

Measurement time window (also known as signal period): measurement/acquisition time is the duration of time
in which data is collected and recorded. Although data can be detected in multiple ways, the detector is not
necessarily always collecting photons, and capturing sample signals higher than noise typically require recording
for sufficiently long periods of time (long integration times of a few seconds), as source power is usually low (UW
to mW) due to laser safety requirements for tissue measurements or not to heat biofluid/biosolid samples. Also,
detected light intensities (photon count rates) cannot be high to not saturate detector or not to cause the pile-up
effect (discussed below in Temporal stability of collected signal). Therefore, signals need to be collected in
response to a period sequence of light pulses, which will limit the time window available for photon
collection/recording after every pulse. The period of pulses and detector recovery time (i.e., the time required for
the detector to be available for the next measurement — also known as detector deadtime) determine the
measurement time window and the effective photon counting time of the optical system.

Stability of signal amplitude (light source intensity fluctuations, electronic noise, and detector after-pulsing):
error on time-resolved signals can arise from unpredictable (not possible to correct for) amplitude fluctuations
resulting from light intensity variations, changes on detector sensitivity, electronic noise, and the after-pulsing
effect. Instrumental errors can have many sources including factors of the surrounding environment such as local
vibrations, temperature or electrical stability of local facilities (which can change electronic responses of the
optical systems and even cause small displacement of optical components if these components are miniaturized
and the system requires high alignment accuracy). Still, after-pulsing may remain unpredictable, as it comprises
of the generation of a pseudo-signal (afterpulse) after each real signal pulse due to the release of trapped charge
carriers at random times in detectors based on the avalanche process of detection (i.e., electron multiplication
for generation of detectable current, in very simple words). Avalanche processes can be initiated in the absence
of intrinsic dark carriers or photo-generated carriers.

Temporal stability of generated and detected signals (timing jitter and phase noise): accurate determination of
optical properties from measured signals relies on their high temporal stability, which is associated with the
narrowest IRF that could be measured with an optical system. For instance, the IRF width determines the highest
absorption coefficient which can be estimated by a time-of-flight system, or the shortest fluorescence lifetime
which can be measured by a time-resolved fluorescence spectroscopy system. The temporal stability of a time-
resolved detector is primarily dependent on the detector, source and electronics. In general, light pulses can be
generated by the light source in slightly different times at every period. The measurement reproducibility (e.g.,
measurements over one day of experiment) and repeatability (e.g., measurements over one month of
experiments) can provide the time fluctuation of light pulse generation. This time fluctuation is called timing jitter,
and can be quantified by the deviation from expected periodicity of periodic signals such as light pulses. Most of
the timing jitter comes from the detector due to the time electrons take to exit the detector depending on whether
an electron-hole pair has been generated. Timing jitter is also affected by the light source, which has a delay
between sending the (electronic) triggering pulse and obtaining the light pulse out. In lasers, this delay is a result
of the arbitrary position in the volume where light is generated (e.g., gain medium positions within the laser cavity)
and its exiting angle. The third source of timing jitter is the system electronics, which can have multiple sources of
timing fluctuations including period jitter, edge or phase jitter (i.e., the time interval error), and cycle-to-cycle
jitter (i.e., the difference between the periods of adjacent cycles). Timing jitter can be corrected when the source
signal is recorded together with sample signals and/or when the intensity rise of sample signal is recorded with
high temporal stability. However, timing jitter causes significant errors for signals recorded with time-gating
(sections 6.2 Time-gating and 6.4 Photon Hitting Density (PHD)), as photon detection occurs only at specific times.
In time-gating, the signal cannot be corrected unless temporal corrections based on source signals are available.
Finally, the temporal stability of a system can be affected by the phase noise, which is the variation in signal phase
or frequency typically measured in frequency domain by evaluating the width of the signal power adjacent to the
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clock fundamental. Phase noise is mainly caused by electronics and can be observed directly in highly reproducible
signals as a random phase shift.

Signal-to-noise ratio (SNR; photon count rate, detector sensitivity and dynamic range): information on medium
absorption, scattering, fluorescence and/or phosphorescence properties highly depends on fitting time-resolved
signals for functions based on involved optical processes (e.g., exponential fluorescence/phosphorescence
decays) or light propagation models using diffusion theory, Monte Carlo look-up tables and other approaches. The
accuracy of such fitting is determined by the SNR. For instance, the probability of estimating long
fluorescence/phosphorescence lifetimes or high scattering values can be compromised by the system noise, as
late photons are much less likely to be detected compared to early photons (chapters 5 and 6). Noise which
degrades the SNR can be categorized into photon noise, photoelectron noise, gain noise and receiver circuit noise,
which following different statistics and are dependent on the type of detector (e.g., avalanche photodiodes
(APDs), photomultiplier tubes, and others) and scheme of detection used (e.g., analog, or digital detection).
Photon noise (also known as shot noise and Poisson noise) determines the fundamental noise limit caused by
statistics of incident photon count, which follows a Poisson distribution in which the variance is equal to its
expectation. Therefore, the ratio of signal to photon noise increases with the square root of the number of
photons N captured (i.e., SNR = +/N). Next, the photoelectron noise occurs due to the random photocarrier
generation process, in which SNR is dependent on the detector quantum efficiency 1 (i.e., a photon produces a
photoelectron-hole pair with probability n and fails to produce it with probability 1 — 7). Gain noise comes from
the stochastic amplification process which provides internal gain in photodetectors such as APDs. In this case, SNR
is dependent on the statistics of number of photoelectrons detected, the gain imparted to a photocarrier at each
time slot, and, for APDs, on the carrier ionization ratio. Last, detectors can have receiver circuit noise from several
components in electrical circuitry of optical receivers (e.g., transistors, resistors, etc), which include the thermal
noise (also known as Nyquist noise or Johnson noise) arising from the random motion of mobile carriers in resistive
electrical materials. Receiver circuit noise is dependent on the type of circuit and can be estimated for resistance-
limited and amplifier-limited receivers °. To improve the system SNR, increasing photon count rates and using
sensitive and high-dynamic-range detectors can help. However, photon count rates should not be increased to
more than (typically) 1% of repetition rate of laser pulses ° to avoid pile-up and counting loss effects.

Intensity and temporal bias of collected signal (pile-up effect and counting loss): the use of detection techniques
such as time correlated single photon counting (TCSPC) requires avoiding signal intensity and temporal bias due
to high photon count rates. By using TCSPC, (1) single photon events are recorded at the time of arrival of the first
photon, (2) one photon is counted per excitation (light source) pulse for time correlation, and (3) all photons are
summed for every time interval relative to the excitation pulse to build the time-resolved signal. Since
measurements are dependent on counting the arrival time of the first photon for each signal period, reliable
measurements are recorded only when the probability of not detecting a second photon arising from excitation
by the same laser pulse is very low. If such second photon is generated by the sample and not measured, it causes
an intensity and temporal bias in collected signal. This bias is highly dependent on the relationship between the
sample photon emission time (SPET) and the detector dead time (DDT) % If DDT > SPET, late emission photons
will be less likely to be detected and, thus, the intensity decay of the detected signal becomes biased towards
faster decays. This bias is called pile-up effect. If DDT < SPET, the detector is not being effectively used to count
photons, as the sample is excited by incoming light pulses and emission occurs while the detector is not active.
The non-effectiveness of photon counting is called counting loss, which leads to a general decreased intensity and
SNR of detected signals with no temporal bias of photon arrival times.

Detector temporal resolution: the higher the detector temporal resolution, the more accurately narrow time-
resolved signals are measured, as shorter time intervals to record photon arrival times enable more precise
measurement of the slope of fast time-resolved intensity decays and complex decays (i.e., measurement with
small values of residues after fitting a time-of-flight curve or a time-resolved fluorescence spectroscopy curve).
Since fast decays are usually associated to high absorption (or long pathlengths of light propagation in absorbing
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and/or scattering media) and short fluorescence/phosphorescence lifetimes, high temporal resolution may
improve accuracy of determination of their associated quantities. Also, high temporal resolution may help
resolving changes in slope at complex multiexponential decays in fluorescence or phosphorescence
measurements, as accuracy in the determination of decay rates and lifetimes is associated with the number of
points at sufficient short time intervals to detect changes in the slope of such decays.

o Type of analysis: as discussed in previous chapters, analysis based on the diffusion approximation will not be as
accurate compared to those of Monte Carlo simulations out of the ranges of optical properties in which diffusion
theory is valid. Diffusion theory models are capable of retrieving tissue optical properties with ~10% accuracy
when compared to those of tissue-mimicking phantoms 2714, Errors of <10% over a wide range of optical
properties can be obtained by using fittings based on Monte Carlo simulations . With currently sophisticated
equipment, time-resolved spectroscopy can retrieve scattering and absorption properties with errors <1% 16718,

8.1.5 Frequency-domain (FD) techniques

A number of analogies can be made between the data analysis considerations of SFD techniques in relation to
those of spatially-resolved techniques, and the data analysis of FD techniques in relation to those of time-resolved
techniques. In a similar way SFD uses structured illumination of fixed spatial frequencies and phases, FD uses temporal
amplitude-modulated illumination of specific frequencies and phases (e.g., illumination using sinusoidally amplitude-
modulated beam).

Analogies go further due to the intrinsic relationship between the pathlength (space) and time of light propagation
throughout the sample (chapters 5 and 6). For instance, late photons can be collected by lower spatial or temporal
frequencies, and detection of late photons enables probing deeper into the sample in reflectance/re-emittance
measurements (chapter 6, sections 6.1.4 Larger or smaller spatial separation between light source and detector (i.e., larger
or smaller source-to-detector distances; SDD), 6.4 Probed depth, 6.5.2 Diffuse reflectance, re-emittance or transmittance
geometries). Other analogies include:

e Single-time demodulation or time-dependent (multi-time) demodulation are equivalent to single-pixel and multi-
pixel demodulation of SFD signals, respectively. Then, single-time demodulation can be applied by analyzing
sample responses to signals at the same frequency and different phases, whereas time-dependent demodulation
is applied on signals recorded over a longer period of time. Opportunities and limitations of each type of
demodulation and associated signal acquisition are similar (e.g., requirement of time stability: single-time
measurements at different phases can lead to higher accuracy on the determination of optical properties at a
specific time, but such accuracy cannot be obtained if the signal varies quicker than measurements are taken).

e Demodulation allows the extraction of signal amplitude and phase modulation, which are necessary to calculate
sample optical properties associated with light absorption, scattering, fluorescence and phosphorescence (figure
8.1 frequency-domain spectroscopy). Absorption and scattering properties can be obtained phase shift and

amplitude modulation versus the modulation frequency, including determination of u; and u, absolute values
19-22

727 and phosphorescence lifetime 2%,

e relative changes %, fluorescence anisotropy %, fluorescence lifetime
e Time-resolved measurements can be analyzed via Fourier transform of the short pulse of light which propagated
through the sample. In this case, analysis can be performed based on the broad spectrum of sinusoidal

components with multiple frequencies 8.

It is worth noting that FD techniques is frequently used for imaging and tomographic applications, as signals can be
captured with higher intensities and reasonable accuracy for temporally averaged optical properties compared to time-
resolved signals. According to Enejder % measurements in intralipid phantoms performed by Madsen et. al. % showed
average deviations of ~15% and ~5% for absorption coefficient and reduced scattering coefficient, respectively (phantoms
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with absorption coefficient of ~0.1 cm™). Yet, it is worth noting that FD techniques are less accurate than time-resolved
techniques and cannot currently be used for measurements of highly dynamic samples in which optical properties vary
quicker than milliseconds (which can be achieved by time-resolved techniques). Finally, FD techniques cannot be used to
measure short and fast fluorescence/phosphorescence lifetimes since their effects cannot be decoupled by demodulation
calculations. This means only average lifetimes are calculated and probing signals from multiple luminophores is not
possible with FD measurements.

8.1.6 Other techniques

In principle, optical measurement techniques can use detection of non-optical signals such as temperature (pulsed
photothermal radiometry) and sound (photoacoustics), as well as use the variation of many light-based factors including
polarization, light Doppler shifts, interference/diffraction (in time-domain or spectral-domain/Fourier-domain), and all
geometrical factors discussed in chapter 6 (i.e., angular-resolved, numerical-aperture-resolved, depth-resolved, height-
resolved techniques (the latter referring to taking measurements at various distances away from the sample surface),
etc). Most of these techniques are not well researched to date, except optical coherence tomography (OCT), polarization-
resolved/cross-polarization and Laser-Doppler flowmetry. Therefore, in the rest of this section, we briefly discuss the
techniques most well-established among optical measurement techniques:

e Optical coherence tomography (OCT): one of the most commercially successful optical techniques used for retinal
exams of many ophthalmologic clinics and a wide range of research applications, especially when combined with
other optical techniques. OCT is an interferometric imaging technique which enables 3D optical scanning of
biological media by measuring the intensity of backscattered light at each depth (in the same way ultrasonic pulse-
echo imaging is obtained with sound waves). OCT is an extension of previous techniques called low (time)
coherence reflectometry (also currently referred as time-domain OCT or TD-OCT) %, or optical diffraction
tomography (ODT), which uses single-scattered light and Fourier diffraction projection theorem 3132 or standard
diffraction tomographic methods 3233 to reconstruct tomographic images slide-by-slice (upon acquisition of 2D
images of every sample slice/cross-section). Low (time) coherence reflectometry or TD-OCT performs sample
scanning by moving a reference mirror of a Michelson interferometer (sample located at the end of the arm in
front of the source arm and perpendicular to the reference and detector arms) to probe interference originated
from each backscattering site and reflective boundary within/on the sample. The coherence property of
reflected/backscattered light provides information of the time-of-flight delay, which is associated to the probed
depth (longitudinal location where the measurement was taken from). Due to the requirement of mechanically
moving the reference mirror, TD-OCT has been restricted to ~400 A-scans per second with resolution limited to
10-15 um and scans restricted to 6 radial-line scans which intersected at the fovea 3*. OCT speed has increased
by ~500-1000 times (20,000—-40,000 A-scans per second) and experienced decreased image resolution (~3-5 pum)
and motion artifacts, as well as significantly improved the field-of-view after the introduction of wavelength
tuning interferometry (WTI) 31353 also known as spectral domain technology (SD-OCT) 3. Higher spatial
resolution and tissue probed depth upon incorporation of long-wavelength and narrow-bandwidth sources in
swept-source OCT (SS-OCT), which currently remains as an expensive technology with limited clinical adoption.
Other improvements have been made by spectroscopic OCT ¥, polarization-sensitive OCT 38, and phase-sensitive
OCT 3%, These improvements led to a broad range of medical applications to be explored with OCT Angiography
(OCTA) 3442,

e Laser-Doppler flowmetry: a technique which uses the power spectra of Doppler shifts (intensity as a function of
frequency shift) to obtain information of particle movement within samples and calculate associated quantities
such as microvascular blood perfusion of biological tissues. Power spectra of Doppler shifts contain information
on the light-medium (e.g., light-tissue) interaction coefficient and its g-factor. Since Doppler shifts are
proportional to sine of half the scattering angle (small for large g-factors), a large g-factor results in decreased
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intensity at large frequency shifts. The two optical scattering parameters can be quantified by fitting Monte Carlo
simulated laser Doppler spectra to that obtained experimentally. 2°%3

Polarimetry (polarization-based techniques): uses the (diffuse) backscattered or transmitted linearly polarized
light to extract patterns with characteristic azimuthal and radial variations depending on the scattering coefficient,
the g-factor, optical rotation due to the presence of optically active (chiral) components, and other features of
the medium. 294

A review on polarized light interaction with tissues is provided by Tuchin % elsewhere, and another on the selected
applications and device design aspects regarding the optimal choice of the detection geometry (i.e., transmission
or reflection), incident polarization states (i.e., linear or circular polarization), polarization detection schemes (i.e.,
Stokes or Mueller polarimetry) is given by Ghosh and Vitkin * also elsewhere.
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8.2 Optical processes and related techniques

As previously mentioned, optical techniques can be used to extract quantities associated with sample properties
based on photophysical processes such as absorption, elastic scattering, fluorescence, phosphorescence, and Raman
scattering. Light signals of each photophysical process can be collected as a function of wavelength, time and at different
locations of the sample by using the optical measurement techniques of section 8.1. At every illumination and collection
geometry discussed in Chapter 6 (section 6.1 and 6.2), signals are generated upon exciting / illuminating the sample and
collecting light reaching the detector position.

In a homogeneous semi-infinite medium, its cylindrical symmetry of light propagation allows us to define the
excitation region through the depth where the depth-resolved fluence rate @, (z) has decayed to a fraction (e.g., 1/e) of
the fluence rate at the illuminated surface, as well as the radial distance @4 (1) = P (1, 0),0 € [0, 21] in which the
radial fluence rate has decayed to a fraction (e.g., 1/e) of the fluence rate. Similarly, following the reciprocity principle of
light propagation, the collection region can be defined by the depth the radial distance in which the fluence rate has
decayed to the same fraction of the fluence rate at the position of the detector or collection fiber:

max( P, (2)
dexcitation = depth <q)ex(z) = ¥>
max( P (7, 0
Texcitation = radial distance <®ex(r,9) = ( ZX( ))>
max( P (Z)
dcottection = depth <q)em(Z) — (%))
max(Pep, (1,0
Teotlection = Tadial distance <cl>em(r, 0) = ( e;n( )))

where ®,, and &, are the fluence rates of excitation and emission, respectively. ®,,(z) and ®,,,(z) can be calculated
by:
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To the best of my knowledge, currently there is no consensus on the value of such a fraction. If we take this
fraction to be 1/e, one can define the interrogated volume based on the photon hitting density (PHD) discussed in section
6.5 of Chapter 6. It is worth noting that that the excitation and collection depend on the medium optical properties as well
as the illumination and collection geometry. For instance, the excitation fluence rate would not decay as fast as a function
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of distance if the illuminated area is large (compared to the decay of a small illuminated area). Similarly, for the same
value of reduced scattering coefficient ug, fluence rates may not decay as quickly for absorption coefficients u, =
10 cm™! compared to u, = 100 cm™! (chapter 4).

The interrogated volume (IV) can be defined by the depth d;; in which the PHD(z), i.e., the PHD as a function of
depth z (calculated by integrating PHD for each sample 78 or xy plane), decayed to 1/e? of its maximum value. This depth
should be higher than the depth of maximum PHD(z). The interrogated volume also requires calculating the radial
distance 73y in which PHD(r) = PHD(r, ), € [0, 2m] decay to 1/e? of its maximum value, where 7 . The interrogated
volume is the volume of the cylinder defined by the depth and lateral distance values:

Interrogated volume = djy * 1y

where
max(PHD(z))
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Figure 8.2 illustrates the excitation and collection regions, as well as a sample interrogated volume for point measurement
using a fiber optic probe. Based on signals collected by such a probe, information from several optical processes can be explored. In
particular, the excitation and collection regions are shown for a diffuse reflectance measurement influence primarily by absorption
and scattering processes. It is important to note that the representation of weaker optical processes such as fluorescence
and Raman scattering would have a photon distribution following isotropic scattering for the collection / detection, as
opposed to predominantly forward scattering observed for most biological tissues (Chapter 5). Hence, the calculation of
collection region and interrogated volumes should take the isotropic scattering into account (especially if such calculations
are based on fluence rate and PHD maps generated by Monte Carlo simulations, for example).
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Figure 8.2: Current optical technology is based on biochemical and morphological information of biological tissues. Different
information can be extracted by using optical processes such as scattering, absorption, and luminescence.

8.2.1 Diffuse reflectance spectroscopy

Diffuse reflectance spectroscopy (DRS) uses multi-chromatic light to illuminate the targeted sample/specimen/medium
and is based on the analysis of its diffuse reflected light collected at micrometers to centimeters away from the illuminated
spot. The diffuse reflected light consists of light which traveled inside the sample and contained information on its
absorption and scattering properties. Absorption is associated with light attenuation as it propagates throughout the
sample (chapter 4 and 5, sections 4.1.2 Absorption and scattering properties and 5.2 Absorption processes), whereas
scattering defines how randomly light changes direction within the sample and where light exits with respect to the
illuminated area (closer to such area the higher scattering the sample is; chapter 5, section 5.1 Elastic and inelastic
scattering processes). Since absorption and scattering properties are related to the sample biomolecular content and
microstructure, respectively, these properties are often used to differentiate samples using parameters of metabolic,
functional, physiological and biological significance. In addition, information on biomolecular content and microstructure
can be collected from the shallower or deeper regions within the sample by changing the probe geometry (chapter 6,
sections 6.4 Probed depth and 6.5 Photon Hitting Density (PHD)) #’. Biomolecule concentrations and scattering properties
can be extracted by using inverse spectral fitting based on probabilistic or analytical models of light propagation in
complex/diffuse media. This extraction enables obtaining information on parameters such as concentrations of
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blood/hemoglobin, water, lipids, bile, collagen, met-hemoglobin, B-carotene, melanin, oxygen saturation (chapter 7,
section 7.3 Sources of absorption in biological media), and average vessel diameter R, scattering amplitude, Mie scattering
power, fraction of Rayleigh/Mie scattering and others. In biological tissues, biomolecule concentrations are determined
by the electronic, vibrational and rotational energy levels of such biomolecules typically present at micromolar to
nanomolar concentrations (concentrations of metabolic and immunologic markers in many types of tissue including
normal and cancer tissues *). These concentrations can determine tissue hydration, oxygenation, and pigmentation, for
instance. Scattering properties are associated with intra- and extracellular inhomogeneity of particle sizes, refractive index
mismatches of several molecules and related structures (such as collagen fibrils and fibers), organelles, and cell
membranes (chapter 7, section 7.1 Sources of scattering in biological media).

DRS has been used for numerous medical applications involving identification/differentiation of biological tissues and
understanding molecular mechanisms behind the origin of disease. Previous DRS studies distinguished tumors from
healthy surrounding tissues in breast*>®, lung®?, and liver°>>3 and the oral cavity (head and neck cancer)®*. Recent studies
have investigated the detection of colorectal cancer during surgery with up to 100% sensitivity and specificity >>7°2,
Continuous-wave (CW) DRS is suitable for diverse medical applications due to the simplicity and low cost of its
instrumentation, which also enables CW-DRS instruments to be miniaturized and integrated into medical devices, portable
instruments, field sensors, smartphones, smartwatches, smart-glasses, smart-socks.

DRS is a very versatile optical method with use in almost every optical measurement technique and imaging
modalities. Wavelength-resolved DRS (WR-DRS) is typically used with contact point measurements for non-invasive and
rapid evaluation of biochemistry and microstructure at desired tissue depths. Imaging WR-DRS is possible by combining it
with spatial frequency-domain techniques. It is worth pointing out that such combination increases instrument cost and
may lead to lower signal-to-noise ratios (SNR), as well as other limitations described in section 8.1.3 of this chapter, while
advantages of spatial biochemical, microstructural and topographical information can be collected reasonably fast. If
background is significant in targeted applications, combinations with frequency-domain techniques can help supressing
background by sending and collecting signals at specific frequencies, which will be different compared to the non-
modulated background signal. Finally, time-domain (TD) DRS (also known as time-of-flight (optical) spectroscopy — TOF
spectroscopy - and time-domain diffuse optical spectroscopy) techniques are used for accurate measurement and
decoupling of tissue absorption and scattering properties and associated determination of biomolecule concentrations
and scattering-related quantities. Still, TD-DRS instrumentation is currently expensive due to the high-speed optics and
electronics required, and signals are still collected with relatively low SNR compared to other techniques, which hinders
the implementation of imaging TD-DRS.

Advantages of DRS from UV to near-infrared up to 2500 nm include:

e (Can be used to probe non-fluorescent and non-Raman-active biomolecules, as long as they absorb light in
sufficient magnitude (sufficiently high u,) and are present at sufficiently high concentrations to be detected.
e Strong signal in the visible and part of near-infrared wavelength ranges (currently from 400-1100 nm). Reasons:
o Compared to other photophysical processes such as fluorescence or Raman scattering, elastically
scattered light is orders of magnitude stronger.
o most of current detectors are sensitive in the 400-1100 nm, with some of them sensitive in the UV range
(typically including wavelengths from 200-900 nm) and others in the near-infrared wavelength ranges
(usually from 900-1700 nm, 1100-1900 nm, 1400-2500 nm, 1000-3000 nm for commercially available
spectrometers). Relatively high sensitivity can be achieved by portable spectrometers (9 cm x 6 cm x 3
cm) in ranges between 200-850 nm.
e Lower-cost optical components (simple experimental setup required).
e Miniaturization and integration into medical devices, portable instruments, field sensors, smartphones,
smartwatches, smart-glasses, smart-socks (e.g., Netflix socks), and others are facilitated by:
o strong signal and high dynamic range of available detectors.
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o photonics integration circuits alternatives enabling reasonably powerful light sources available at diverse
wavelength ranges, and moderately sensitive microdetectors.

e Wireless sensors can be enabled by lower battery requirements and longer-lasting smart sensors due to the strong
signal and low signal-to-noise ratio for most systems, which decreases power requirements of light sources and
detectors.

e DRS can be used for multiple micro- and macroscopic applications requiring investigation or decision-making
based on the structure and biochemistry of cells, tissues, biosolids and biofluids. Reason: sensitivity to medium
structure and biochemistry can be achieved by quantifying chromophore concentrations and scattering properties
based on spectral fitting algorithms and multivariate analysis techniques.

e Biophotonics commercial applications range from those in environmental, food industry, pharmaceutical and
cosmetic industry, agriculture, livestock, biosecurity, forensics, medical/biomedical domains, to name a few.
Popular applications include (1) reflectance pulse oximetry, (2) monitoring hydration, sports performance and
sleep quality (smartwatches), (3) automated identification of plant diseases via robots, (4) assessment of the
quality of foods and beverages (portable and/or smartphone devices, e.g., SCIO pocket-sized NIR spectrometer
and its smartphone integrated version developed in partnership with Changhong and Analog Devices .

e Biophotonics research applications would range from similar domains as those of commercial applications, but
are extended to an even broader range of applications including (1) monitoring the treatment effectiveness of
many diseases, (2) providing guidance for many types of surgical procedures, (3) identifying/diagnosing diseases,
materials remaining in crime scenes, (4) performing the quality control of raw and processed materials in the
manufacturing process of food, beverages, medicines, cosmetics, and others.

e Inlaw’s perspective, current commercially available DRS-based medical devices such as pulse oximeters allow a
stronger motivation and quicker clinical translation of other DRS-based technologies if commercialization
justifications can be made by based on the similarity of previous non-invasive devices used in clinic.

Limitations of DRS from UV to near-infrared up to 2500 nm include:

e Imaging methods may require sophisticated instrumentation.
e TD-DRS is still expensive and currently cannot be used for real-time imaging.

8.2.2 Elastic scattering spectroscopy

A subcase of DRS is elastic scattering spectroscopy (ESS), in which source and detector are close to each other (less
than a few hundreds of micrometers). Similar to DRS, ESS is performed in reflectance (or re-emittance) geometry and used
to extract information from scattering media, as virtually no signal would be collected for transparent media at small
source-detector distances. However, typical DRS is used to collect both diffuse and subdiffuse light propagating
throughout samples, whereas ESS is based on the collection of reflected subdiffuse light for applications requiring locally
precise measurements of optical properties and associated parameters. Since ESS works in the subdiffuse regime (Chapter
4, sections 4.4 and 4.5), ESS signals are sensitive to sample scattering properties, and geometrical factors (such as fiber
diameter and numerical aperture). Collecting primarily subdiffuse light means probing volumes close to the illuminated
location such as superficial tissue or tissue close to the fiber tip. Also, subdiffuse light cannot be modeled by diffusion
theory, and thus empirical models and Monte Carlo models have been developed to estimate photon path length,
sampling depth, and medium optical properties 4%,

One of the main ESS geometries is single point spectroscopy (SPS). SPS measurements can be performed by using a
non-contact geometry (i.e., by illuminating and collecting light from the same pixels if using an imaging setup, or by using
miniaturized light sources and detectors; Chapter 6, section 6.1.1 and 6.5.1) or a contact geometry (i.e., by using
illuminating and collecting light from the same fiber, thus performing a single fiber spectroscopy). Assuming that the
illuminated area is small, the main difference between non-contact and contact geometries is the collection of the light
exiting at angles closer to the angle between the sample and the detector in non-contact geometry. Collecting light exiting
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the sample at more specific angles is possible by increasing the distance between the detector and the sample. In non-
contact and contact geometries, one can increase the specificity of collection angle by making the illuminated and
detection area smaller (e.g., reducing the fiber diameter), and decreasing the numerical aperture of light sources and/or
detectors. Narrowing angles can be useful in obligue measurements (Chapter 6, section 6.1.5 and 6.5.5).

It is worth noting that most scanning imaging instruments are based on SPS 7°. Also, snapshot imaging 7°72 (i.e., when
detection happens while all (or most) pixels of the field of view are illuminated) is primarily based on SPS in highly
scattering media, as higher scattering means more light is collected from each imaged pixel and less light will be detected
from neighboring illuminated pixels, essentially increasing the resolution of determination of optical properties. In contact
measurements, one of the most used SPS geometries is that of single fiber spectroscopy. In general, since non-invasive
SPS imaging of superficial tissues can be offered by non-contact imaging methods, single fiber spectroscopy is used in
applications requiring local detection within inhomogeneous scattering media and allowing for minimally invasive
procedures for interstitial measurements. In biological tissues, single fiber spectroscopy is typically performed by using
needles which are either have an optical fiber within them or consist of the optical fiber itself. Measuring within tissues
means obtaining their depth-resolved optical properties, which can be used to determine the thickness of tissue layers
and the distance between certain instruments (e.g., endoscope, laparoscope, cranial perforator, drill bit, etc) and the
tissue relevant in a procedure (e.g., cancer tissue, brain tissue during skull bone drilling, spine within vertebrae during
pedicle screw placement).

Advantages and disadvantages of ESS are similar to those of DRS, differing by only a few aspects. First, ESS imaging
methods usually do not require sophisticated instrumentation. Second, in case single fiber spectroscopy is used, the
procedure would not be considered non-invasive but would provide depth-resolved information at high spatial resolution.
Third, ESS has stronger signal than DRS and hence light can be detected even with smaller fibers and miniaturized
detectors, as well as less sensitive and cheaper detectors. Forth, since ESS works in the subdiffuse regime (Chapter 4,
sections 4.4 and 4.5), detected light traveled through a much smaller pathlength within tissue and has a lower absorption
and scattering probability compared with DRS. Thus, contrast to discriminate signals of samples with different optical
properties is more challenging, which makes ESS suitable for sample or tissue layer differentiation based on high values
of absorption coefficient (u,) and reduced scattering coefficient (us). This means ESS may be limited to a shorter range of
wavelengths in the ultraviolet, visible, longer near-infrared or infrared wavelengths, unless the dynamic range of detectors
is increased (in high scattering conditions causing the detection of primarily early photons) or the detector sensitivity
increases (in high absorption and low scattering conditions limited by how much light can be detected). Fifth, ESS is only
capable of superficial and local measurements within scattering media. Sixth, modeling ESS requires Monte Carlo
simulations or empirical equations to correct the diffusion equation, as diffusion theory cannot be applied in subdiffusive
regime conditions.

8.2.3 Infrared (IR) spectroscopy

Apart from blood and urine tests, most transmission measurements and some reflectance measurements of biological
media performed with commercial instruments use infrared spectroscopy. Infrared (IR) spectroscopy is one type of
vibrational spectroscopy based on the absorption of molecular vibrational modes in which vibration changes the molecular
dipole moment. It is capable of identifying molecular bonds (chapter 7, section 7.3.2 Sources of mid- and far-infrared
absorption in biological media) of a wide range of compounds with minimum sample volume required, reagent-free,
chemical waste-free, non-invasive, non-destructive analysis. The cost-effectiveness of IR spectroscopy makes it a very
attractive tool for high-throughput analysis. Efforts have been made to automate IR spectroscopy for qualitative and
quantitative analysis. Yet, challenges still remain due to the strong absorption of water signal, which makes drying samples
almost necessary prior to analysis and can compromise measurement reproducibility and repeatability.

IR spectroscopy can be performed in transmission, reflectance (Attenuated Total Reflection (ATR) Fourier Transform
Infrared spectroscopy or ATR-FTIR spectroscopy), microscopy/imaging modes. Its reflectance mode overlaps with DRS,
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and it can retrieve absorption data at wavelengths as short as those in near-infrared (NIR). However, it is worth noting
that the instrumentation is fundamental limits of each technique are different, as DRS instruments are only similar to first-
generation IR instruments using dispersive monochromators instead of scanned interferometry (current technology).

IR is a very mature technique, as it was created in the 19'" century and first-generation IR spectrometers exist since
the 1950s 73, Still, IR spectroscopy has been dramatically improved upon implementation of fast Fourier-transform
interferometry instruments in a similar way Fourier transform improved nuclear magnetic resonance (NMR) spectroscopy
and mass spectrometry (MS). Improvements in IR, NMR and MS include 10* times more speed and 100 times higher SNR
(with additional 10* times higher resolution and 30 times higher upper mass limits for MS) 74 which revolutionized
analytical chemistry techniques available in the 1980s. Briefly, Fourier-transform infrared (FTIR) spectroscopy is performed
by using Michelson interferometry to obtain the “optical path difference” spectrum (interferogram) and convert it to a
wavenumber spectrum via Fourier transform. In comparison to traditional IR based on dispersive monochromators, FTIR:

e Can be made using a slit-free optical design: much higher SNR and optical throughput (Jacquinot’s advantage).

e Do not require scanning using a moving grating or prism to obtain multiple wavelengths (Fellgett’s advantage)

e Have higher wavenumber resolution due to typically accurate digital signal sampling coupled with a laser source.
Even higher resolution can be achieved by increasing the distance/extension of mirror movement.

e Can have measurement wavenumber ranges extended (in general, towards far-IR or near-IR) by choosing
appropriate light sources, beam splitters and detectors.

The short wavelength limit of FTIR is set by the wavelength of the laser used for the reference beam (typically He—Ne
lasers) and the Nyquist Theorem. Considering a reference beam at 633 nm the Fourier transform does not allow accurate
retrieval of periodic signals below 1400 nm without oversampling the laser. If the laser is oversampled, the wavelength of
the reference beam is halved (315.5 nm) and measurements can be performed up to 700 nm.

In general, IR spectroscopy applications are based on multivariate analysis techniques for automated sample
identification/differentiation, quantification of biomolecule concentration in analyzed samples. IR spectroscopy
applications are separated by wavenumber ranges in a similar way the sources of IR absorption in biological media
(chapter 7, section 7.3.2 Sources of mid- and far-infrared absorption in biological media). Commercially, NIR spectroscopy
(12,500 - 4000 cm™) is most often used for quality control of raw/processed materials ”>. Mid-IR spectroscopy (4000-400
cm™) is typically used for biomedical applications based on the identification of carbohydrate, lipid, phospholipid, protein,
amide I/11, and nucleic acid 7. Solid-drug-molecule and excipient applications of NIR and Mid-IR spectroscopy are described
more in detail by Reich ’®. Finally, far-IR spectroscopy (400-20 cm™) is typically used to study chemical and biological
processes involving highly ordered structures such as protein dynamics and fibrillar formation 7 due to higher sensitivity
to hydrogen bonds and peptide skeletons compared to Mid-IR 7>78, Finally, it is worth noting that most studies of biological
samples are performed primarily in the fingerprint (ranges within 1800-400 cm™) and high wavenumber (3600-2800 cm™)
ranges.

Advantages of IR spectroscopy include:

e Highly-detailed IR spectra due to sharp features originated from specific IR active modes (molecular bonds whose
vibration changes the molecular dipole moment).

e Highly-specific IR absorption peaks facilitate identification of associated vibrational modes and molecular bonds.

e Studies of chemical, biochemical and biological processes associated with changes in specific molecular bonds can
help unveiling the molecular origin of diseases. However, one should still consider that one type of molecular
bond can be found in multiple molecules and other spectroscopy techniques may be necessary to identify which
specific molecules involved.

e Good SNR can be achieved by IR spectroscopy instruments since IR absorption bands are strong (large cross
sections of IR transitions; chapter 4, section 4.2 Absorption).

e Fluorescence does not contaminate mid-IR and far-IR spectroscopy signals, as no fluorescence emission is
generated in these wavenumber/wavelength ranges.
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Still, a few disadvantages are worth point out:

e Water has a broad and strong IR absorption in terms of wavenumber/wavelength ranges, which hinders the
analysis of hydrated samples.

e Building optical fiber-based instruments can be challenging due to currently toxic, fragile and/or expensive
materials capable of transmitting mid-IR light 7°.

e Measurement acquisition times are still long compared with other types of optical spectroscopy, which may
hinder integration of IR spectroscopy into multimodal optical instruments.

8.2.4 Raman spectroscopy

Raman spectroscopy (RS) also uses a monochromatic light source to excite molecules and probe vibrational modes
whose vibration alters the molecular polarizability. These vibrational modes are identified after recording the light
intensity at each wavelength relatively close to the excitation wavelength, and calculating differences between the energy
of the excitation light and the sample emitted light, which contain elastically scattered photons and Raman photons
generated via inelastic scattering. These differences are called Raman shift. Raman spectra can be represented as a
function of wavelength (nm) or Raman shifts / wavenumber (cm™) according to:

1
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Raman spectra can be used to identify vibrational modes associated to molecular bonds, and potentially quantify
tissue/biofluid/biosolid molecules such as carbohydrates, lipids, phospholipids, proteins, amides I/11/11, nucleic acids, and
many other substances. Such identification and quantification can be made by assigning vibrational modes to Raman
intensity peaks / bands (chapter 7, section 7.2 Sources of Raman scattering in biological media), which may be associated
with corresponding Raman emission spectra of the pure form of particular substances. Such analysis is performed in a
similar way as that of IR spectroscopy, as Raman spectra also contain specific and sharp features related to molecular
vibrational modes. With this in mind, Raman is another type of vibrational spectroscopy which is complementary to IR
spectroscopy. The similarity in terms of vibrational mode signals and sharp spectral features makes the analysis of RS
signals very similar to that of IR spectroscopy (i.e., analysis performed by supervised and unsupervised machine
learning/multivariate analysis methods, spectral fitting, peak assignments and other methods). However, applications
differ, as RS systems are more expensive and RS signals are not contaminated by water absorption, which makes RS a
convenient tool to analyze hydrated samples such biological cells/tissues (unlike IR spectroscopy). Since investigating
biological cells/tissues is one of the primary biological applications of RS, excitation wavelengths of light sources are usually
chosen between 700 and 1100 nm to ensure deeper light penetration (chapter 4, section 4.1.2 Absorption and scattering
properties) and less autofluorescence (chapter 7, section 7.4 Sources of fluorescence in biological media).

The Raman spectrum is obtained by using a instrumentation focused on highly efficient wavelength selectivity to avoid
signal contamination by excitation light and other sources of light within the optical system, as the objective is to collect
Raman photons very unlikely to be generated (~1 Raman photon for every 10® excitation photons is spontaneously

generated via Raman scattering #8!

, chapter 4, section 4.1.3 Inelastic scattering and luminescence). Therefore,
illumination often requires lasers, which emission strongly at specific wavelengths and exhibit narrow linewidths. Once

the light is shone on the sample, the emitted is collected by using lenses or optical fibers, and delivered to a detector (e.g.,
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spectrometer) similarly to a fluorescence spectroscopy setup. However, in RS systems, wavelength selection is made
extremely specific by using notch (i.e., narrow bandpass) filters in the illumination arm to block light of any other
wavelength apart from the expected / main laser emission line (e.g., laser spontaneous emission lines and optical “noise”
within the laser), as well as a dichroic beamsplitter to send red-shifted emitted light to the detector along with a long-pass
filter to block backscattered light at the entrance of the detector. When using optical fibers for illumination and collection
of light from samples, Raman fiber probes shoud have at least two fibers to allow illumination fiber(s) not to be used for
light collection, as optical fiber materials generate substantial amounts of fluorescence and Raman photons when excited
with the full laser intensity. This generation is negligible in the collection fiber, as collected photons are much fewer than
excitation photons (and Raman scattering probability is low). Optimization of light collection to avoid fluorescence
(isotropically emitted at all angles) can be made by surrounding a central illumination fiber with collection fibers, as Raman
scattering solid angles follow those of Rayleigh scattering (strongest scattering probability forward and backwards to the
direction of excitation). In this case, collection fibers should be positioned in a line at the detector end of the fiber probe
to match the direction of its slit 8. Finally, it is important to consider that RS techniques have grown to more than 25
different types to date 8 and, in this chapter, we discuss only spontaneous RS.

Advantages of RS include:

e Is not affected by water absorption, unlike IR spectroscopy.

e Easyidentification and separation of sources generating Raman signals, given the sharp features of Raman spectra.

e Highly detailed and containing information of specific information of molecular bonds and related biomolecules,
which may be possible to be quantified depending on the Raman emission pattern of the sample.

e Can be used to detect non-fluorescent and non-light-absorbing compounds.

e Flexible choice of excitation wavelengths, as Raman scattering can be generated at any wavelength, and of
detection wavelength ranges. Preference would be given to wavelengths in which there is more Raman photons
can be collected in relation to background photons (e.g., fluorescence and elastically scattered photons).

Disadvantages of RS involve:

e Weak signals due to low Raman scattering efficiencies. Weak signals compromise RS system SNR.

e Other types of light contribute to a significantly strong background, which can easily saturate RS detectors.
Background is commonly generated by autofluorescence emission.

e Requires relatively intense excitation, as well as long periods of excitation and detection.

e Expensive equipment.

e RS enhanced signals may require even more expensive instrumentation, strong ultraviolet illumination (for UV
resonance enhancement RS, which is not suitable for in vivo applications), use of potentially cytotoxic substances
(e.g., nanoparticles for SERS applications) and/or increasing illumination power.

8.2.5 Fluorescence spectroscopy (FS)

Fluorescence spectroscopy (FS) uses one or combinations monochromatic light to excite specific sample molecules
(fluorophores; chapter 7, section 7.4 Sources of fluorescence in biological media). When fluorophores are excited,
radiative decay of fluorophores leads to fluorescence emission, whose intensity and/or decay lifetime can be recorded as
fluorescence photons reach the detector (figure 1). Wavelength-dependent FS, also referred as steady-state FS (SSFS) or
simply FS by most works in the current scientific literature, records the fluorescence intensity, whereas time-resolved FS
(TRFS, also known as fluorescence lifetime spectroscopy; FLS) measures the temporal fluorescence decay for extraction
of biomolecule-related quantities based on the fluorescence lifetime of such decay. This fluorescence lifetime corresponds
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to the average amount of time a fluorophore spends in its excited state before returning to the original (ground) state.
This lifetime is mostly associated to fluorophores microenvironment.

The instrumentation of FS is simple compared to other optical techniques. A monochromatic light source is chosen to
excite fluorophores at their highest excitation/absorption wavelength range. If the sample consists of a mixture of
fluorophores (which is usually the case for biological media), The wavelength of the light source should be at the

“zez,)%argeted fluorophore

wavelength of the highest ratio ( — ) between the excitation/absorption of the targeted fluorophore

”a,other fluorophores

(e targeted fluorophore) @nd that of others in such mixture (UG ther fruorophores)- Once the light source is chosen, the

main challenge is to filter out backscattered excitation light which can reach the detector (e.g., spectrometer), as
dispersive elements in FS systems are usually not sufficient to avoid saturating the detector array with stray light (in
spectrometers, generally consisting of light reflected of surfaces of optical components, but still sufficient to saturate the
detector in many wavelengths because light arrives in diverse positions of the detector array and is usually more intense
than fluorescence emission, given that excitation light is typically >100 times more intense than tissue fluorescence
emission 7°). This challenge is solved via wavelength selection by using optical filters used to supress
scattered/backscattered excitation light while enabling fluorescence light to be detected. These filters are usually
wavelength long-pass filters or band-pass filters (also known as notch filters) in FS systems where wavelength-dependent
fluorescence intensities or decays are collected.

In case fluorescence decays need to be determined for specific fluorophores, we use TRFS systems with band-pass
filters at wavelength ranges of specific fluorophore emission. Even though spectrometers could be used for TRFS, currently
TRFS systems are not sensitive enough to collect fluorescence emission with sufficient signal-to-noise ratio (SNR) due to
detectable intensities/photon count rates limited by the speed of electronics of time-resolved detectors (section 8.1.4
Time-resolved (or time-domain) techniques). Therefore, excitation or detection can be performed by measuring
fluorescence at each wavelength range at a time. This process is called wavelength multiplexing or wavelength-division
multiplexing. Wavelength selection components and multiplexing excitation/emission wavelengths should maximize the
collection of fluorescence emission photons of the targeted fluorophores for specific applications.

In SSFS, collecting only fluorescence emission photons means blocking excitation light while avoiding background
generated by ambient light (e.g., from the sun, endoscope standard illumination, lights of surgical suites, etc) at the same
wavelengths of fluorescence emission and which may be stronger than such emission. This collection is usually performed
by sending/detecting illumination and collection light based on different modulated frequencies, or by time-gating
illumination and collection.

Since SSFS signals are typically related to biomolecular quantities (higher fluorescence emission for larger fluorophore
concentrations) and TRFS signals are most sensitive to the molecular microenvironment of fluorophores, SSFS and TRFS
can be used as complementary techniques to obtain more detailed information on the sample of interest. Detailed
information is generally important given the complexity of biological media. In biological tissues/cells, metabolic
information can be obtained by simultaneous assessment of tissue composition and microenvironment of endogenous
molecules. SSFS and TRFS can also be used with administration of exogenous contrast agents (such as indocyanine green
and methylene blue) to enhance measurement sensitivity. Especially for applications involving surgical and endoscopic
procedures, SSFS has been investigated as a tool to detect, diagnose and delineate margins of breast, lung, cervical, skin,
oral cancers and neoplastic lesions with higher accuracy compared to white light examinations 82, Similarly, TRFS has
been used to differentiate tissues and study their underlying biological processes via information on biochemical
composition and molecular microenvironments %371, The use of TRFS has been explored to discriminate pre- and
malignant lesions from normal tissues with high sensitivity and specificity 994103-106,116,127,138,148-150,95,151,96-102 3nd has been
successfully used in clinical trials 93:°4116:127,138,148-151,95-101,105

Microscopy applications of SSFS are also widespread, especially given the control of laboratory conditions to:

e enhance background removal and increase signal-to-noise ratio

308



e enhance contrast through labelling/contrast agents,

e prepare samples with cells sufficiently separated from each other or organized in sufficiently few layers (up
to a few hundred microns if using conventional illumination or up to a few millimetres if using nonlinear optics
setups) to be imaged through microscopy systems

e monitor biochemical changes over long periods of time to study multiple biological processes,

as well as given the simplicity of SSFS optical-system implementation compared to those of other optical techniques.
Eventually, research groups owning SSFS microscopy systems implemented more expensive techniques together with SSFS
to study biological processes in more detail, and to explore other applications. These techniques typically include TRFS
and Raman spectroscopy (RS), which can enhance molecular specificity and increase the range of molecules which can be
studied using microscopy. For instance, a wide range of biomolecules and biochemical processes can be monitored using

TRFS systems, including

152.

ionic strength

hydrophobicity (e.g., in biopolymers)

fluorescence quenching by oxygen (e.g., in organic complexes of ruthenium, europium, platinum, and palladium)
calcium or chloride concentration (e.g., in neuronal systems),

pH (e.g., in molecules’ protonated and deprotonated states)

aggregation (e.g., during internalization of dyes into cells)

local viscosity (e.g., of liquids surroundings molecular rotors)

local refractive index (e.g., for structure information about biological cells and tissues)

configuration and binding to macromolecules (e.g., in dyes bonded to proteins, DNA, or lipids and monitoring of
protein activities by their conformational changes)

NAD/FAD dynamics

drug delivery or diffusion of nanoparticles

Forster resonance energy transfer (FRET; to investigate protein interactions and configuration),

equilibrium between several conformational states of the fluorophore

other factors that can deplete the excited state by resonance energy transfer.

Other effects exploited with SSFS and TRFS include '°%;

internal quenching: internal rotation of the parts of the molecule may lead to photoisomerization, and restriction
of the rotation by placement of the fluorophores into a rigid environment or lowering the temperature tends to
marginalize the role of the non-radiative pathway and to increase the fluorescence and fluorescence lifetime. 1°*
154

external quenching: FRET at organic dyes, fluorescent proteins, lanthanides, quantum dots, fullerenes, carbon
nanotubes and their combinations, dexter electron transfer and dynamic quenching when molecules decrease
their fluorescence lifetime as a result of multiple processes at the moment of collision such as the formation of
metastable complexes, resonance energy transfer, electron transfer), photon reabsorption, and excimer
generation (excited dimer formation when an excited molecule associates with the same molecule in the ground

state). 127154

Advantages of FS techniques comprise of:

Enables investigation of multiple biological processes associated with sample biochemical composition and
fluorophores (molecular) microenvironment

Complementary molecular information can be obtained by targeting the same photophysical process with SSFS
and TRFS, which enables collecting detailed information of the same molecules (fluorophores) in both techniques.
This complementarity is different from that found between Raman and infrared spectroscopies, in which detailed
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molecular-bond-specific information may come from different molecules (e.g., different types of protein) even
when the type of molecule is the same (protein)

Sample chemical/biochemical information can be based on multiple fluorescence-related photophysical
phenomena (e.g., fluorescence decay, wavelength-dependent emission, changes induced by local viscosity,
aggregation, etc) and photochemical (e.g., quenching induced by photoisomerization, proximity between
functional groups, etc)

Relatively simple optical instrumentation

Cost-effective optical systems (multiple examples of commercial clinical systems not restricted to research
purposes)

Large SNR for imaging applications in dark-background environments

Relatively strong signal when using exogenous fluorophores (fluorescence contrast agents) allows imaging of
sample surfaces with large field-of-view

Diverse choices of exogenous fluorophores to enhance measurement sensitivity (chapter 7, section 7.4 Sources
of fluorescence in biological media)

Exogenous fluorophores with high quantum yield (or quantum efficiency; chapter 4, section 4.1.3 Inelastic
scattering and luminescence) and large excitation cross-sections 7°.

Fluorescence emission can be detected even in the presence of strong absorbers. For instance, tissue
autofluorescence can be detected even at wavelength ranges where hemoglobin absorbs most light, which can
be useful in clinical applications in which the signal is highly contaminated by blood absorption (as long as the
fluorescence signal can be corrected by, for instance, the DRS signal in multimodal optical techniques).

Limitations of FS techniques consist of:

Fluorescence emission of endogenous fluorophores is weak

Multiple photophysical and photochemical processes can affect fluorescence intensity and temporal decays and
add multiple confounding factors for changes in FS signals. If confounding factors are not clear, it may be difficult
to identify whether biochemical alterations are associated with the target of the application in question (e.g.,
assessing patient disease status or identifying cancer margins), given that changes may come from sources such
as specific patients instead of a disease (change in the patient status).

Take home messages

Given the knowledge of factors affecting light propagation and distribution from previous chapters, Chapter 8
introduces ways of measuring optical signals (optical techniques) for extraction of structural and biochemical
information of biological media and/or to build machine learning models by using data analysis methods of
Chapters 9 and 10. The choice of optical techniques depends on their advantages and disadvantages to meet
application-specific requirements 1°>1%5-244 ‘which is explained in subsequent Chapters of this thesis.

Papers 1-4 156189224 gre hased on wavelength-resolved and spatially-resolved DRS. Wavelength-resolved DRS is a
mature and cost-effective technique which has been evaluated for applications in colorectal cancer
detection/delineation and monitoring organ function to evaluate the possibility of clinical translation of DRS as a
technique with the highest potential to be miniaturized and integrated into medical devices, given its relatively
simple (and lower-cost compared to other techniques) optical setup, strong signal acquired and high dynamic
range of available detectors. Drawbacks may include costs associated with instrument-based background removal
(e.g., ambient light removal via modulated signals at fixed frequencies), and data exchange depending on the
volume of data, type of data analysis and application requirements (e.g., rate of wireless data exchange). Spatially-
resolved DRS was explored to evaluate which probe design could be more effective for colorectal cancer
applications (Papers 1-3 18922%) based on tissue depths probed with different. source-detector distances (SDD).
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Still, it is worth noting that the data of Papers 1-3 8922* was collected and analyzed separately for 630-um and
2500-um SDD probes.

Chapter 17 is based on wavelength-resolved SSFS at 340 nm excitation, which has been chosen as an excitation
wavelength which could excite most of tissue endogenous fluorophores and potentially look for biochemical
differences due to changes in concentration of all of the excited fluorophores despite the low quantum yield
and/or low concentration (in tissue) of some of the excited fluorophores. Fiber-optic based wavelength-resolved
SSFS with epi-collection (same fiber for excitation and collection) has been explored due to its potential for clinical
translation, miniaturization and integration with medical devices with similar advantages compared with
wavelength-resolved DRS. Similar to wavelength-resolved DRS, drawbacks may include costs associated with
instrument-based background removal, biological safety (short tissue exposure to UV light) and data exchange.
Chapter 18 is based on wavelength-resolved RS data at 785 nm excitation, which was used collect more Raman
photons in comparison with fluorescence and Mie scattered photons, as well as to generate as little fluorescence
background as possible. Also, wavelength-resolved RS has been used in preliminary studies to validate the RS
system for probing biological tissues for similar applications as previously discussed in this thesis (including cancer
detection/delineation, cancer screening, assessment of organ function and status, treatment monitoring and
understanding the molecular origin of diseases). Wavelength-resolved RS systems include both RS point
spectroscopy system and the Raman microspectroscopy system, which can be used with the same laser source
and spectrometer while switching between a customized fiber-optic probe and a microscopy system described in
Chapter 11.

Chapter 19 also discusses the multispectral time-resolved fluorescence spectroscopy (ms-TRFS) and imaging
system to be used for future wavelength-resolved and time-resolved measurements of biological tissues in
primarily surgical and endoscopic applications, but also applied to other applications. This is a very sophisticated
and currently expensive system which tends to be more affordable as fast electronics capable of picosecond-
resolved measurements becomes cheaper over time. However, the ms-TRFS system has been built for fast clinical
translation upon technology validation by clinicians, as it already meets most clinicians’ requirements for surgical
systems for application validation by clinical studies. These requirements include displaying measurement results
in real-time, but not machine learning outputs (such as tissue types), as these outputs require databases to be
built by clinical studies (discussed in Chapter 10). Still, the possibility of measurement co-registration with
histopathology, and scanning only suspect locations by clinicians (operators) decrease the measurement
collection time (typically 5 minutes for each area of the body or each specimen to be scanned) while enabling the
construction of a reliable database with about 100x more measurements (hundreds of thousands) compared to
contact point spectroscopy (about thousands). Clinical systems will require improved miniaturization and cost-
effectiveness, which will only be possible once fast detectors capable of picosecond-resolved measurements
become cheaper and ms-TRFS systems become more commonly integrated into medical (possibly surgical and
endoscopic) devices.
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