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5. Effect of optical properties in light distribution

Once the mathematical description of light propagation models is clear to the reader, chapter 5 builds up the
intuition on concepts related to the temporal and spatial light distribution based on optical properties of biological media
such as tissues, biofluids and biosolids. However, the relationship between the mathematical formulation of these
concepts and the graphical representation of experimentally-related quantities is missing and is required to understand
the modeling of light propagation in biological media. In this chapter, a comprehensive guide on such concepts is shown
by associating (1) optical processes, (2) semi-quantitative medium light distribution profiles, and (3) quantitative temporal
and spatial profiles of light intensity. Explanations and schematic drawings illustrate the light behavior upon shining
infinitesimally narrow light beams (“pencil” beams) on the medium, or upon shining light beams with finite spatial and
temporal widths on it. Light distribution concepts of chapter 5 can be directly used for optical treatments in aesthetics,
tattoo/port-whine stain removal, laser surgeries, and any other application which requires treatment planning based on
effects of light in the targeted medium (e.g., heating for photothermal therapy, spatially- and time-resolved efficiency of
generation of singlet oxygen and reactive oxygen species for photodynamic therapy, and others) 11213512 Applications
requiring a detector need to take into account light propagation from the source and detectors, which will be mainly
covered in chapter 6.

5.1 Elastic and inelastic scattering processes

As per previous chapters, the effects of light propagation in complex media can be associated with the
fundamental optical processes depending on the medium optical properties (e.g., refractive index, light absorption,
luminescence and (elastic or inelastic) scattering, Table 4.1). Hence, predicting measured quantities at different
illumination configurations as well as light collection over a certain area (or probing a specific volume in the medium)
requires understanding of the impact of optical properties in the light distribution. The easiest way to understand this
impact is visually relating the spatial and temporal light distribution with the fundamental optical processes upon variation
of medium optical properties.

Figure 5.1 shows a schematic drawing of the spatial distribution of the light along with detectable reflected light
at each distance from the light source positioned at the end of the arrow pointing downwards. This distribution is shown
for semi-infinite homogeneous medium geometry as the most common geometry for optical tomography, imaging and
point spectroscopy. More light represented by darker colors. If we assume radial geometry in this case, one can observe
the cross-section of a cylinder and represent the light distribution in cylindrical coordinates. Hence, fluence rates and the
intensity of (subdiffuse or diffuse) reflected light can be described as a function of radius r. For simplicity, we can consider
monitoring the behavior of diffuse light which can be modeled by equations of Chapter 4. In this case, steady state fluence
rates can be calculated by using the equation derived in section 4.10.2 and the intensity can be calculated by integrating
the exiting light at the surface area of the detector at a given position r. Then, the intensity of excitation light decays
radially as it propagates through the medium. Since this intensity depends on the integration of the fluence rate at the
detector area, it is important to note that this intensity is zero at the source position (detector area = 0). This intensity is
also dependent on the area of light source and, therefore, a convolution must be performed by considering this area, as
explained in more detail in subsequent figures of this chapter.

When modeling the diffuse reflected light as a function of time (figure 5.2), the light propagation occurs similarly
to what is represented in figure 4.8 (following the absorption, dilution and spatial diffusion wave factors), but with
boundary conditions of a semi-infinite medium. In this case, the reflected light is only detected after the time of scattering
events (at least two) experienced by light before it exits the medium.
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Figure 5.1: Spatial light distribution and diffuse reflected light intensity in a scattering medium upon illumination by a finite-sized light beam.
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Figure 5.2: Temporal evolution of light distribution and the diffuse reflected light (detected at a fixed position) in a scattering medium upon
illumination by a short pulse of light with finite width.

It is worth noting that the behaviors of spatial and temporal light distributions are inter-related (figures 5.1 and
5.2), as light traveling over larger distances takes more time to propagate and vice-versa. With this in mind, we cover the
principles of the spatial distribution which are easier to be visualized in static figures (and tend to be more intuitive and
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well-received by most audiences) and which can be translated to the temporal distribution in the medium (whose
visualization would require videos or sequence of frames).

The spatial distribution of light intensity (or fluence rate) is strongly associated with the probability of photon
absorption and scattering. Increased scattering coefficient while maintaining a constant anisotropy factor (equivalent to
increase in reduced scattering coefficient, figure 5.3) leads to less light propagation in the direction of incidence
(perpendicularly to the medium surface) and to photons exiting through the medium surface at shorter distances from
the light source. The change in light propagation and exitance can be visualized by the behavior of photons traveling over
longer distances within the medium, as illustrated in figure 5.3 by equivalent photon paths in lower or higher scattering
media. Figure 5.3 shows that the larger the medium g , the shorter distances diffuse reflected photons exit at in the
medium surface where light enters the medium and the longer distances diffuse transmitted photons exit through the
opposite surface.

The behavior of light propagation can be fundamentally associated to the higher probability of changing the
direction of propagation at larger g values, which results in:

e Higher light attenuation in the radial direction.

e Higher fluence rates spatially close to the light source.

e The thicker the medium, the lower the transmitted intensity (incidence direction - dashed line).
e The shorter the distance from the light source, the higher the detected reflected intensity.
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Figure 5.3: Schematic of the relationship between spatial light distribution and light propagation in scattering media with increasing p; values
upon illumination by an infinitesimally narrow light beam (point source).

The aforementioned results can be translated to the temporal behavior of light distribution (figure 5.4) and
propagation (detection at a fixed distance from the light source), in which larger u; leads to (refer to figure 5.4):
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e Higher light attenuation (fewer surviving photons) for longer propagation times.

e Photon distribution over longer periods of time (light pulse broadening).

o The larger the propagation time, the lower the detected light intensity (less probability of late photons to be found
within the medium without exiting its surface).

e Less photons detected at shorter times after the light pulse (less early photons).

The effects described above occur due to the light dilution as photons scatter throughout the medium (dilution
factor) and as light exits the medium at a distance r from the light source position g, similarly to what has been described
by the components of the time-resolved diffusion equation obtained in section 4.10.1 for infinite homogeneous medium
geometry, but for a semi-infinite medium geometry. These effects result in the spatial and temporal light distribution
illustrated in figures 5.4 (elastic scattering) and 5.5 (inelastic scattering). Figure 5.4 schematically shows the spatial-
resolved (i.e., radial-resolved at the medium surface) and temporal-resolved intensities in reflectance geometry upon
excitation by a narrow light beam or short pulse of light, respectively. By visualizing the propagation of a late-photon at
scattering media, once can see the radial distance (r axis) where most photons already exited the medium through its
surface (i.e., where most photons were diffuse reflected). This distance is indicated by the dashed line of figure 5.4.

In semi-infinite (purely) scattering media, no photon is transmitted through the medium. Since no light is
transmitted, the number of incident photons equals to the total number of diffuse reflected photons. This number can be
calculated by the integration of light intensity over the entire tissue surface. Figure 5.4 shows the spatial (radial) intensity
profile for the same input light intensity. As it be seen from the figure, the conservation of the number of photons leads
to the aforementioned behavior of larger number of photons exiting the surface at shorter distances from the source,
which means more light would be detected at settings with source-to-detector distances (SDD) for larger pg values.

Even though figure 5.4 represents the behavior of spatially-resolved reflected intensity as ug; varies and either
decreased u or increased anisotropy factors g cause photons to take larger distances (travel through larger pathlengths)
to come back to the surface, it is worth remembering that this intensity the shape of the light distribution is changed
differently upon variation of u, or g factor (chapter 4, section 4.1.2 Absorption and scattering properties, figure 4.4).
Hence, the curvature of the exponential decay of the reflected intensity will depend on both p and g.

174



Incident light Incident light Incident light &Incident light
(source) spatial -
and temporal ! : b o OO o 5‘”&% b&g'. OO% o Oo°§’o°
Or H 5 [e) =0
characteristics : & o o 0 4% 0 ©% "o 0 000 o
o} ® : : o © © 00 I550iL0 oooooo
b5 ©° o 0 °f i2°°%i°o o :D%oéooooo>oo
: r > - r: > : ior Legend
Intensity : Intensity slntenS|t\:( \1’ Light source

AA Scattering events

QO Scattering particles

r r r r
. . . . : Distance from
Intensit Intensit Intensit r
Intensity y y y incident light
t: time since
generation of
pulse of light
t t t t

Figure 5.4: Schematic of the relationship between light propagation and diffuse reflected intensity as a function of radial distance r from an
infinitesimally narrow light beam (point source) and as a function of time t (for a fixed position in the medium) in scattering media with increasing
p; values. Schematics of intensity graphs are shown in linear scale. The dashed lines indicate the position of the light source and the distance
where most photons exited the scattering medium.

Regarding the temporal behavior of diffuse reflected light following excitation by a short pulse of light, one can
see that the light pulse becomes broader and more shifted towards larger time stamps once the medium p; increases. A
similar behavior as increasing u; is expected when the pulse of light travels over larger distances such as for increasing
tissue thicknesses in transmittance measurements, as both pulse broadening and shift depend on the number of scattering
events within the medium.

The spatial and temporal distribution of inelastic scattered light follows the same behavior as the elastic scattered
light phenomenologically. The main difference between the two types of scattering processes is the dimension of the
Raman scattering coefficient Uggman, Which is typically ~107 times lower than g values of biological tissues 3, as
described in chapter 4. Since Raman scattering is typically treated as a single scattering process but the probability of
Raman scattering still increases with praman (defining the Raman scattering cross section) and the local light flux
(increased by g for shorter distances from the source), | chose to show the behavior of Raman scattering in a multiple
scattering media with fixed u; and increasing Uggman (figure 5.5; increasing Ugrgaman linearly increases the amplitude of
the diffuse Raman reflected intensity, but does not change the spatial and time intensity decays) and multiple scattering
media with increasing p; and fixed Ugrgman (figure 5.6; equivalent to the case where Uggman is sufficient large to cause
Raman multiple scattering). However, if the concentration of Raman scattering particles is sufficient large to cause
multiple Raman scattering, the behavior of the diffuse Raman reflected intensity is analogous to the multiple scattering
regime of Mie scattered light shown previously in figure 5.4. In addition, it is important to remember that the anisotropy
of Raman scattering is still not well defined, as characterizing the anisotropy of the extensive list of sources of Raman
scattered light can be challenging, as numerous vibrational modes contribute to the Raman signal in biological media *1°
(chapter 7, section 7.2 Sources of Raman scattering in biological media). Furthermore, although this signal is generated
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by vibrational modes of specific molecular bonds, the signal is also affected by the microenvironment of molecules
generating the Raman signal, which generates a high degree of complexity in obtaining Raman anisotropy factors for
Raman scatterers.

Still, it is known that the light propagation / distribution in Raman scattering processes should follow the same
behavior as Rayleigh scattering, as both are scattering phenomena happening at similar scales (smaller than wavelength;
e.g., at molecular or submolecular scales).

Incident light Incident light

Incident light &Incident light
(source) spatial . . fes ® B —
and temporal : o i R | L P70, e,
characteristics 'E. e * o i* e e P LBt
; H °
° . o :'.' e *, o 0 o.......o ®e @ Legend
r J ¢ Light source
ntensity Inten5|ty IntenSIty IntenS|ty
Al Scattering events
—>  Raman light
* Raman scattering
event
Raman scattering
[ -
particles
Intensity Intensity Intensity Intensity

r: Distance from
incident light
t: time since
generation of
pulse of light

Figure 5.5: Schematic of the relationship between light propagation and diffuse Raman reflected intensity as a function of radial distance r from
an infinitesimally narrow light beam (point source) and as a function of time t (for a fixed position in the medium) in scattering media with fixed
s and increasing Upaman, assuming Raman scattering is a single scattering process. Schematics of intensity graphs are shown in linear scale.
increasing Uraman linearly increases the amplitude of the diffuse Raman reflected intensity, whereas the shape of intensity profile remains the
same regardless of the Urman Of the medium.
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Figure 5.6: Schematic of the relationship between light propagation and diffuse Raman reflected intensity as a function of radial distance r from
an infinitesimally narrow light beam (point source) and as a function of time t (for a fixed position in the medium) in scattering media with
increasing p; values and containing a fixed concentration of Raman scattering particles (fixed fggman) Or Raman scattering media with increasing
URraman Values when sufficient number of Raman scattering particles can cause multiple Raman scattering. Schematics of intensity graphs are
shown in linear scale. The shape of intensity profile follows the same trends of that multiple scattering media, but with considerably lower
intensity due to the much smaller magnitude of Raman scattering cross-section.

5.2 Absorption processes

Absorption processes are simpler to visualize, as they are directly involved in light attenuation. The relationship
between the light distribution and its propagation in absorbing media can be envisioned as decreased light intensity due
to increased probability of absorption for larger p, values, and at longer propagation distances and times. Upon increasing
the medium p,, light becomes more attenuated in every direction and photons have a lower chance of survival. This
attenuation upon larger y, values results in:

e Higher light attenuation at all directions within the absorbing medium.

e Higher fluence rates (lower attenuation) spatially close to the light source.

e The thicker the medium, the lower the transmitted intensity (incidence direction - dashed line) due to higher
attenuation at larger distances.

e The shorter the distance from the light source, the higher the detected reflected intensity.
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Figure 5.7: Schematic of the relationship between spatial light distribution and light propagation upon illumination by an infinitesimally narrow
light beam (point source).

The analogy with the temporal behavior of light propagation (detection at a fixed distance from the light source), in
which larger u, leads to (refer to figure 5.7):

e Higher light attenuation (fewer surviving photons) for longer propagation times.

e Photon distribution over shorter periods of time (light pulse narrowing).

e The larger the propagation time, the lower the detected light intensity (lower probability of photon survival
leading to less late photons).

e Most photons (less than the total input photons) are detected at shorter times after the light pulse (more early
photons, as late photons have a lower change of survival).

The effects described above occur due to the light absorption as photons propagate throughout the medium
(absorption factor) similarly to what has been described by the components of the time-resolved diffusion equation
obtained in section 4.10.1 for infinite homogeneous medium geometry, but for a semi-infinite medium geometry. These
effects result in the spatial and temporal distribution of light in absorbing media follows the aforementioned effects of
absorption on the probability of photon survival. In purely absorbing media, there is no reflectance and transmittance can
be described by the Beer-Lambert law. When scattering is present, diffusion theory may describe changes upon meeting
the requirements of its validity (chapter 4, section 4.9 Diffusion equation) and, when the condition u, <« s is not met,
light propagation can still be described by using probabilistic methods (chapter 4, section 4.12 Probabilistic methods of
light propagation) or modified Beer-lambert law 617,

In order to schematically show the light attenuation due to absorption effects, | illustrated the behavior of narrow
light beam or short pulse of light following single scattering (figure 5.8) and multiple scattering (figure 5.9) in absorbing
and scattering media. In single scattering and absorbing media, the width of the light beam or pulse does not broaden in
either space or time and absorption is the predominant effect. In this case, figure 5.8 illustrates the decrease of light
intensity as well as the temporal narrowing of the incoming light pulse. Similarly, this decrease and narrowing can be
observed in multiple scattering and absorbing media (figure 5.9). The visualization of the propagation of a late-photons in
these media evidence the radial distance (r axis) where most photons have been absorbed, as indicated by the dashed
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line. As expected, the higher the absorption, the shorter distances and times the light propagates within the complex

medium.
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Figure 5.8: Schematic of the relationship between light propagation and diffuse reflected intensity as a function of radial distance r from an
infinitesimally narrow light beam (point source) and as a function of time t (for a fixed position in the medium) in an absorbing and single scattering
media with increasing p,. Schematics of intensity graphs are shown in linear scale. The dashed lines indicate the position of the light source and the

distance where most photons were absorbed within the medium.
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Figure 5.9: Schematic of the relationship between light propagation and diffuse reflected intensity as a function of radial distance r from an
infinitesimally narrow light beam (point source) and as a function of time t (for a fixed position in the medium) in an absorbing and multiple
scattering media with increasing pu,. Schematics of intensity graphs are shown in linear scale. The dashed lines indicate the position of the light
source and the distance where most photons were absorbed within the medium.
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5.3 Luminescence processes

Luminescence processes are analogous to absorption processes. However, where more absorption occurs, more
luminescence emission is generated. Therefore, the spatial light distribution due to luminescence follows the same logic
as absorption. In a homogenous medium, light is attenuated equally at each medium volume while the remaining light
intensity or fluence decreases for larger distances from the light source. Similarly, luminescence is equally generated at
each medium volume while excitation light intensity or fluence (responsible to generate luminescence photons) decreases
due to absorption. Still, the luminescence light needs to come back to the tissue surface in order to be detected in
reflectance or transmittance geometry. Since the luminescence emission is isotropic, photons coming back to the medium
surface are not affected by the direction of the incident beam or the distance from the light sources, as opposed to
scattering, where high anisotropy factors attenuate the diffuse reflected light due to predominance of forward scattering.
The result at reflectance geometry (figure 5.10) is a spatial distribution following the same trend of absorption, i.e.,
increased luminescence emission close to the light source and an exponential intensity decay as a function of radial
distance r. The same rational can be drawn for fluence rates at each depth of the medium. Finally, increased concentration
of luminescent particles leads to the following (refer to figure 5.10):

e Higher luminescence emission at all directions within the luminescent medium.

e Higher fluence rates (larger emission) spatially close to the light source.

e The thicker the medium, the higher the transmitted intensity (incidence direction - dashed line) due to higher
luminescence generation upon illumination of larger medium volumes.

e The shorter the distance from the light source, the higher the detected luminescence intensity.

e Spatially steeper exponential luminescence intensity decays as a function of distance from the light source.
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Figure 5.10: Schematic of the relationship between light propagation and luminescence intensity as a function of radial distance r from an
infinitesimally narrow light beam (point source) and as a function of time t (for a fixed position in the medium) in a luminescent medium with
increasing concentration of luminophores. Schematics of intensity graphs are shown in linear scale. The dashed lines indicate the position of the
light source and the distance where most photons exited the luminescent medium.
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The analogy between absorption and luminescence processes is valid only for the magnitude (amplitude) of
fluorescence over times much longer than the luminescence processes in question. For instance, since fluorescence
intensity decays in about 1-100 nanoseconds, the amplitude of average or integrated fluorescence intensity over times in
order of milliseconds or longer (as in continuous-wave spectroscopy, chapters 6 and 8, sections 6.3 Time-gating, 8.1.4
Time-resolved (or time-domain) techniques and 8.2.2 Fluorescence spectroscopy (FS)) would follow the opposite trend to
absorption as previously described (in luminescence, more absorption leads to more emission). However, the temporal
behavior at times shorter than the luminescence decay highly depend on the luminescence lifetime(s) of the sample.

If the luminescent medium has only one luminescence lifetime and is excited by a short pulse of light, the temporal
evolution of the luminescence intensity is an exponential decay over time (figure 5.10). Upon increase of the luminophore
concentration, the luminescence intensity increases while the exponential decay remains almost unaffected. Since the
light typically travels from millimeter to tens of centimeters within biological tissues, increased luminophore concentration
may make the luminescence decay a maximum of 3.3 ns sharper (for 100 cm of pathlength). This effect is much less
pronounced in biofluids, since their u; is much lower and typical re-emittance cuvette or microfluidic measurements
performed either in the magic angle (54.7°) or in 90° ensure that the pathlength difference is between micrometer and a
few centimeters (sharpening or broadening of 0.066 ns for a two-centimeter pathlength). Therefore, most of the
luminescence intensity variation is dependent on the luminescence lifetime and the only luminescence process which can
be affected by the luminophore concentration is the fluorescence process, as fluorescence intensity decays may be in the
order of few nanoseconds and phosphorescence decays from 1 millisecond to 10 seconds.

5.4 Convolution of light beams with finite spatial and temporal widths

Real light beams used to illuminate biological media do not have infinitesimal width. Typical light beams are either
spatially flat or have spatial Gaussian profiles, whereas the time-domain shape of short light pulses usually resembles a
pulse with finite rising time and a fast exponential decay with a narrow width (order of tens to hundreds of picoseconds).
In order to calculate the effect due to light beams with finite spatial and temporal widths, it is necessary to convolve the
responses of point sources to reconstruct the illumination profile of the light beam used. The general idea of the
convolution process is placing a point source at each spatial coordinate and time stamp with non-zero intensity values and
summing the effect of all point sources. The power given by each point source is weighted to match the power at each
location and time. An illustration of the convolution process for a spatially flat and temporally exponentially-shaped beam
to describe the effect on a scattering medium can be seen in the schematic of figure 5.11.
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Figure 5.11: Convolution process for calculation of the diffuse reflected intensity of a scattering medium upon illumination by a spatially flat and
temporally exponentially-shaped beam.
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temporally exponentially-shaped beam.
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Compared to the light propagation when point sources (or infinitesimally narrow beams) are used for illumination,
the light distribution in the medium (figure 5.12) happens over a broader area or time period upon illumination using
beams with finite spatial and temporal widths (i.e., finite-sized beams). Similarly, the diffuse reflected intensity profiles
are broadened in space and time. A similar broadening can be observed in profiles of the transmitted light in slab-shaped
media with finite thicknesses. The analogy between the intensity profile in response to illumination by infinitesimally

narrow beams and finite-sized beams can be seen by comparing previous schematic drawings of this chapter with figures
5.13,5.14, 5.15, and 5.16.
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Figure 5.13: Schematic of the relationship between light propagation and diffuse reflected intensity as a function of radial distance r from a finite-
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intensity graphs are shown in linear scale. The dashed line indicates the distance where most photons exited the scattering medium.
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5.5 Implications on modeling light behavior in reflectance and transmittance geometries

As described in the previous sections, the spatial and temporal light propagation follows complex patterns which
can change considerably depending on the range of the medium optical properties. Examples of cases where this change
is pronounced include situations when pg,man IS below or above the limit where multiple Raman scattering should be
considered in models of light propagation, as well as those when yg lies in the range where it may cause temporal
broadening of the order of fluorescence decays (assuming u, is relatively small). The complexity of modeling light
propagation may increase if the ranges of optical properties are broad. For instance, light propagation in biological tissues
may be difficult to model with only analytical equations due to their wide variation of optical properties as a function of
wavelength (u; typically varies between 0.1-100 cm™ while p,, typically varies between 0.1-1000 cm™ in the visible and
near-infrared wavelength ranges ¥, This difficulty may increase when considering heterogenous media such as
multilayered tissue models with complex medium geometries.

The effect of optical properties in the measured variables also depend on the geometry of illumination and
detection (chapter 6, section 6.2). In order to quantitatively and accurately model results of light propagation, several
features of this geometry need to be determined such as

e source-to-detector distance (SDD),

e instrument response function (or point spread function in imaging techniques; i.e., spatial and temporal
characteristics of the light pulse, sinusoid waveform, continuous illumination),

e detection area,

e angle of illumination and collection (related to numerical aperture of optical fibers),
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e contact or non-contact measurements
o reflectance or transmittance geometry

In this chapter the spatial and temporal behavior of diffuse reflected light intensity has been extensively discussed.
This behavior is associated with that of re-emitted and transmitted light. In general, the radial and temporal behavior of
transmitted light intensity tends to be easier to predict in centimeter-thick biological tissues due to their predominant
forward scattering in the visible wavelength range and relatively low light scattering in the infrared range, which means
transmittance is typically less affected by photons exiting the surface where light enters the tissue. In addition, realistic
transmittance measurements are performed in tissue with centimeters of thickness, where models based on diffusion
theory or Beer-lambert law are typically accurate, as long as conditions of the theory underlying each of them is fulfilled
(chapter 4, section 4.10.4). Due to the variable geometry and heterogeneity of tissue in the centimeter range,
transmittance measurements are mostly used for determination of bulk optical properties.

The current challenge of applications dependent on cost-effective and real-time determination of local tissue
optical properties relies on predicting reflectance and re-emittance measurements with limited data available, as these
measurements are highly affected by the medium boundaries and determination of boundary conditions typically requires
detailed knowledge on the medium geometry (i.e., collection of larger data volumes). Therefore, deducing these
measurements at reflectance geometry is necessary to understand the opportunities of the use of state-of-the-art
technologies to build new optical instrumentation or of using existing instruments for new applications.

Take home messages

e Chapter 5 connects the physical-mathematical description of light propagation models of chapter 4 with what is
experimentally observed in terms of light distribution over biological media (i.e., the source contribution to this
distribution). Understanding the temporal and spatial light distribution based on optical properties of biological
media such as tissues, biofluids and biosolids is a concept necessary to understand probed depth (one of the main
concepts of Papers 1-3 2>21), and the behavior of detector measurements (Papers 1-3 22! and publications 6, 7, 9,
10, 16-24 of the “Thesis Output” section #2732 and publications 3, 4, 7, 11, 13-24, 26, 28-31, and 34-51 #>10.12.33-61
of the “Other publications” section as information on light detection is added in chapter 6 1712:20-42:44-46,48-52,55-102

e The similarity between the behavior of light propagation in absorption and luminescence, and the similarity
between light propagation in Raman scattering and Rayleigh scattering processes is important to model signals
such as those described in Chapter 17, where fluorescence spectral fitting algorithms have been developed as part
of this thesis.

e It is worth noting that Raman scattering is a much weaker optical process compared with Mie scattering and
fluorescence processes (Urgman IS typically ~107 times lower than u values of biological tissues **), which justifies
the assumption of pggaman = 0 in spectral fitting algorithms for modeling subdiffuse and diffuse reflectance and
for fluorescence signals (Papers 3 and 4 27® (Chapters 14 and 15), and Chapters 17 and 18).
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