
Chapter 1
Introduction

Abstract The physical foundation of imaging through tissue is light scattering by
small particles because a tissue medium is a diffusing turbid medium that consists of
many scatterers such as cells and nuclei. A light beam incident upon a tissue-like
turbid medium can be multiply scattered by small particles. As a result, methods for
investigating the light-tissue interaction process and the performance of imaging
systems such as an optical microscope are different from those based on Fourier
optics (Born and Wolf, Principles of optics, 1980; Goodman, Introduction to fourier
optics, 1968; Gu, Advanced optical imaging theory, 2000; Wilson and Sheppard,
Theory and practice of scanning optical microscopy, 1984; Gu, Principles of three-
dimensional imaging in confocal microscopes, 1996). In this introductory chapter,
we first describe the physical property of a scattered light beam in Sect. 1.1. In
Sect. 1.2, a particular method for investigating light-tissue interaction, called Monte
Carlo simulation, is briefly introduced. The main issues related to microscopic
imaging through turbid media are summarized in Sect. 1.3. Section 1.4 discusses
the two aspects of microscopic imaging through turbid media, the direct and in-
versed approaches. Finally, the structure of this book is outlined in Sect. 1.5.

1.1 Physical Difference Between Scattered and Unscattered
Photons

There has been a substantial increase [1–5] in research into imaging with nonion-
izing radiation (e.g., laser emission) [6, 7]. Researches are currently trying to
develop techniques and theoretical models to help in the imaging of very small
tumors embedded in thick layers of human tissue for medical applications (e.g.,
optical tomography and skin biopsies). Tissue is highly diffusive and therefore acts
as a highly scattering turbid medium, which creates problems in detecting the
necessary light signal to form an informative image on the scale required. This is due
to the nature of the detected illumination photons once they have propagated through
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a highly scattering turbid medium. Consequently, obtaining an image of structures
embedded within or behind turbid media has remained to be one of the most
challenging problems in the fields of physics, biology, and medical diagnostics.

1.1.1 Classification of Photons

It is well known that the detected illumination photons originating from turbid media
consist of unscattered (or ballistic), snake, and multiply scattered components [8].
The unscattered component (Fig. 1.1a) travels in a straight line and traverses the
shortest distance through turbid media. Unscattered photons retain the characteristics
of the incident light and carry the maximum information about the structures
embedded within or behind turbid media. The snake component (Fig. 1.1b) consists
of photons that propagate along zigzag paths slightly off the straight-line unscattered
path. The snake photons retain significant properties of the incident light and
information about structures embedded within or behind turbid media. The multiply
scattered component (Fig. 1.1c) consists of photons randomly scattered at various
angles in turbid media. Multiply scattered photons travel long distances through
turbid media and emerge later in time and in all directions. These photons lose many
of their initial physical characteristics and carry little information about structures
embedded within or behind turbid media. Multiply scattered photons are the source
of image blurring and resolution deterioration that make it difficult to obtain the
necessary information needed for high contrast and high resolution imaging.
The degradation of the image quality can become so severe in turbid media that the
embedded structures are completely hidden from view.

1.1.2 Physical Properties of Photons

There are a few physical effects that need to be considered regarding the photon
components mentioned in the previous section. These effects are associated with the
spectral, spatial, temporal, and polarization properties of the illumination light
propagating through turbid media. The spectral property describes the frequency
shift of the illumination photon flux. The deviation (spreading) of the illumination
photon flux in space is described by the spatial property of scattered photons. The
temporal property describes the time-induced delay (pulse spreading) of the illu-
mination photon flux. The polarization property describes the phase relationship of
individual photons in the illumination photon flux. All these effects are mutually
connected and are independent of the light source used except for the temporal
effect, which cannot be detected with a continuous-wave laser source (i.e., a pulse
light source is needed).

The spectral effect is demonstrated in Fig. 1.2a for pulsed illumination. The
spectral effect can only be considered if inelastic collisions take place [9]. After the
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illumination pulse passes through a turbid medium the snake and multiply scattered
photons will have their frequencies shifted from the unscattered component. The
magnitude of the spectral shift, Δω, induced depends on the number of scattering
events experienced by an individual photon. That is, the larger the number of
scattering events experienced the larger the spectral shift incurred. Most of the
present research tends to treat collisions as an elastic process, which means that
there is no energy transfer from photons to scattering particles, so no spectral
change occurs (i.e., Δω = 0). This situation simplifies the problem of modeling,
since it ignores scattering phenomena such as Mandel’stam-Brillouin and Raman
scattering [9]. Although no scattering event is purely elastic, in most situations this
is a good and reasonable approximation to be made since the frequency shift, Δω, is
small. Throughout this book, we assume that there is no frequency shift.

The spatial spreading of an incident beam with a Guassian beam profile is
illustrated in Fig. 1.2b. The collected unscattered portion of the illumination beam is
illustrated with dashed lines. Snake and multiply scattered photons cause the dif-
fraction pattern generated by the unscattered photons to broaden, since they travel
along paths that are different from the unscattered straight through path (see
Fig. 1.1). The amount of spatial broadening of the illumination beam is determined
by the characteristics of the turbid media at the wavelength of illumination. The
statistically different propagation paths of unscattered and scattered photons are the
bases of the angle-gating principle discussed in Chap. 5.

The temporal properties can only be considered when a pulsed illumination
beam is considered (Fig. 1.2c). An incident pulse can broaden (in the time domain)
when the pulse undergoes its transition through turbid media. The unscattered
photons are the first to arrive, followed closely by the snake photons, and at a later
time the multiply scattered photons arrive. The turbid media characteristics at the
wavelength of illumination determine the amount of delay (temporal pulse broad-
ening) induced between the unscattered, snake, and scattered photons.

Fig. 1.1 Photon propagation within turbid media. For a clear description, the three components
are depicted separately: a unscattered photons; b snake photons; c multiply scattered photons

1.1 Physical Difference Between Scattered and Unscattered Photons 3

http://dx.doi.org/10.1007/978-3-662-46397-0_5


Figure 1.2d demonstrates the change in the polarization vector of an illumination
beam propagating through turbid media. The state of polarization for the illumi-
nation beam (for example, defined by the vertical polarization vector in Fig. 1.2d) is
maintained with unscattered photons. Snake photons lose some degree of the
illumination polarization state, and the multiply scattered photons suffer substantial
depolarization. That is, the orientation of the polarization vector is partially or
completely random. The magnitude of the direction change in the polarization
vector is determined by the characteristics of turbid media at the wavelength of
illumination.

As summarized in Table 1.1, these four effects (spectral, spatial, temporal, and
polarization) provide direct distinguishable differences between the unscattered,
snake, and scattered components, which can be taken advantage of when a par-
ticular detection scheme is used. One can assume that unscattered photons and
snake photons are those necessary to create an informative high resolution and high
contrast image. Thus, methods for detecting only unscattered and snake photons
(the coherent component of the illumination beam) that carry more information
about the embedded object, while the multiply scattered photons (the incoherent
component of the illumination beam) are suppressed, have been used in imaging
through turbid media. However, it should be noted that images may be recon-
structed from the multiply scattered photons if the phase and amplitude of the
scattered photons are known at many points in space. However, the reconstruction

Fig. 1.2 Schematic demonstration of four physical effects of photons propagating through turbid
media: a spectral shift; b spatial broadening; c temporal broadening; d polarization degradation

4 1 Introduction



of images from multiply scattered photons, known as the inverse scattering problem
[10], remains a difficult experimental and theoretical problem to be overcome in
imaging through turbid media.

1.2 Microscopic Imaging Through Tissue-Like Media

Imaging an object embedded in a turbid medium has attracted substantial interest
since it is potentially related to applications in early cancer detection. Research
work in this field can be classified into two categories: transillumination imaging, in
which case a parallel beam probe is used [11–20] and microscopic imaging, in
which a microscopic objective is used for illumination as shown in Fig. 1.3 [21–58].

In an optical microscope, an object embedded in a turbid medium is illuminated
by an objective lens of a range of the illumination angle. The optical signal in each
direction comprises two parts; one part is scattered by the embedded object and the
other is scattered by the scattering medium surrounding the object. The former is a
wanted signal carrying information about the object and forms an image by an
imaging objective, while the latter is unwanted as it mainly contributes to the
background of an image. As a result of using an illumination objective, the two
parts of the signal superpose each other, which degrades the image quality. A
number of approaches have been proposed to obtain useful images through sig-
nificant depths of a turbid medium. A gating method means the suppression of the
unwanted scattered signal. The gating methods currently available to selectively
suppress the scattered photons based on the properties in Table 1.1 are time-gating
[8], which relies on the utilization of an ultrashort pulsed beam, coherence-gating
[26], which relies on the degree of coherence of photons, polarization-gating [17],
which relies on the polarization-state of photons, and angle-gating [33–36], which
relies on the path deviation of the scattered photons. Although all of these gating
mechanisms can be employed in any imaging system, the efficiency of these
methods depends on a particular imaging system. Transillumination imaging sys-
tems which use a parallel beam probe can give images of millimeter resolution
[6, 7]. To obtain an image of micrometer resolution, a microscope objective is
necessary. In this case, time-gating may become less efficient due to the large range
of illumination angles. However, angle-gating, polarization-gating, coherence-
gating, and fluorescence-gating are important in microscopic imaging. In addition,

Table 1.1 Physical
difference between
unscattered and scattered
photons after propagating
through a turbid medium

Unscattered photons provide Scattered photons provide

• Early arrival time • Late arrival time

• Same coherence • Low coherence

• Same polarization • Depolarized

• Same direction • Different direction
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the use of an objective leads to a focal region of an intensity that is high enough to
produce nonlinear excitation such as two-photon excitation [27]. Because the
strength of the nonlinear signal is mainly determined by the ballistic photons, any
nonlinear excitation process under a microscope can be used to suppress scattered
photons, which results in a unique nonlinear-gating mechanism in microscope
imaging through turbid media [47].

However, using an objective lens in a microscopic imaging system raises the
question of which numerical aperture of an objective is suitable for imaging.
According to the imaging theory based on Born’s approximation, which ignores the
multiple scattering in a turbid medium, a high numerical aperture objective lens can
provide high diffraction-limited resolution [1–5]. Born’s approximation is appli-
cable to the case in which the optical thickness n, defined as the thickness of a
turbid medium divided by the scattering mean free path length, is less than one. On
the other hand, a low numerical aperture objective can suppress scattered photons
that statistically travel at high angles. Both arguments are based on the assumption
that ballistic light is dominant in forming an image. When a turbid medium is thick,
e.g., when n > 10, the strength of the unscattered light/photons may be too weak to
be detected, particularly in the presence of detector noise. In this situation scattered
light has to be included in constructing an image. An important question raised here
is what role the scattered light plays in constructing an image. To answer this
question, the relationship of scattered photons to image resolution should be
investigated. In other words, suitable numerical aperture of the objective lens to
be used in a particular microscopic imaging system for high-quality imaging should
be investigated.

Turbid media, typically biological tissue, always exhibits complex characteris-
tics as it has complex structures and is composed of various components. Usually, it
shows a multiple-layer structure rather than a single-layer structure and consists of
multiple sizes of scatterers rather than a single size. Furthermore, an inhomoge-
neous feature may exist because of the aggregation effect of the scatterers. Such
structural, size, or aggregation features from turbid media will greatly influence
images under a microscope.

Fig. 1.3 Microscopic imaging through a turbid medium in which an object is embedded
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1.3 Monte Carlo Simulation

Microscopic imaging study through tissue-like media is an important and signifi-
cant topic since it is potentially related to the use of microscopy in noninvasive
imaging and spectroscopy of biological tissues, and thus the potential applications
in early medical diagnoses of tumors [59]. However, the analysis of microscopic
imaging in a highly scattering turbid medium is complicated by the basic incom-
patibility between the techniques developed for modeling diffraction-limited optical
systems [1–5] and those developed for modeling light propagation in multiply
scattering media [9, 60]. For a medium in which the concentration of the scatterers
is high enough that multiple scattering cannot be neglected, the diffraction theory
fails. The single-scattering theory based on the Born approximation is not appro-
priate for describing light transport in biological soft tissues thicker than a few tens
of micrometers due to the strong scattering in the wavelength range of 0.6–1.0 μm
[61]. Some already obtained analytical expressions based on the radiative transfer
theory describing the effects of multiple scattering on the performance of imaging
systems are either based on the small-angle approximation [62], which is applicable
only to a medium containing a relatively low concentration of particles with size
much larger than a wavelength, or on the evaluation of a multidimensional integral
that is practical to evaluate only for low orders of scattering [63].

Biological tissue is a highly optical scattering material; it contains dense con-
centrations of anisotropic scatterers and the inhomogeneous cellular structures with
scatterers are usually of optical wavelength order. Because of the optical dense
feature in biological tissue, the diffuse approximation of the radiative transfer theory
can be applied [64]. Since this method deals with mainly forward scattered photons,
it is hardly applicable to a microscopic imaging system in which photons scattered
into a large angle affect the imaging performance significantly.

The Monte Carlo method is easy to apply and flexible to handle complex
geometries and inhomogeneity. By tracing the behavior of various types of photons,
ballistic, snake, multiply forward-scattered/diffuse photons, it is helpful to gain an
understanding of the underlying physics in photon migration through a tissue-like
turbid medium and imaging resolution in an optical system. Therefore, in the recent
three decades, Monte Carlo simulation has been given considerable attention and
widely applied to the tissue optics [65]. In the study of microscopic imaging of an
object deeply embedded in a tissue-like sample, the Monte Carlo method is one that
can be successfully and flexibly combined with microscopic systems for investi-
gating imaging performance and image reconstruction [23, 29, 30, 33, 34, 37, 41,
42, 46–48, 50–58, 65].

The Monte Carlo method can be conceptually understood to be a stochastic
technique, which means it is based on the use of random numbers and probability
statistics to investigate problems, although an accurate, complete, and concise
definition to characterize it is difficult to construct [66, 67]. A definition given by
Lux et al. [68] may give us a mathematical understanding: in all the applications of
the Monte Carlo method, a stochastic model is constructed in which the expected
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value of a certain random variable (or of a combination of several variables) is
equivalent to the value of a physical quantity to be determined. This expected value
is then estimated by the average of several independent samples representing the
random variable introduced above. For the construction of a series of independent
samples, random numbers following the distributions of the variable to be estimated
are used.

In the case of Monte Carlo simulation of photon propagation through a scattering
medium, individual photons are supposed to experience events of scattering and
absorption according to the local values of the optical properties of the scattering
medium. The individual photon paths can be simulated by considering the proba-
bility distribution of two random variables, the step length and the scattering angle.
The probability distributions of the random variables of the step length and scat-
tering angle, respectively, describe the step size a photon may take between two
successive photon-medium interaction sites and the angles of deflection a photon
may experience when a scattering event occurs. These two probability functions can
be derived from Beer’s law and the Mie scattering theory [9, 60]. The Monte Carlo
simulation then is performed by tracing the random walks that a large number of
photons make based on the statistical sampling from the probability distributions in
each scattering event.

1.4 Direct and Inverse Approaches

Imaging modeling usually includes two aspects, direct and inverse approaches. In
the former approach, one simulates the final image if the object condition and the
property of an imaging system are given. In the latter approach, one reconstructs the
object function if an image is given. Given that no imaging system is perfect, any
measured image shows less detail than the original object. Using an inverse
approach, one can enhance the image quality such as resolution and contrast. To
this end, it is necessary to have a defined mathematical relation between an object
and its image. For example, the imaging theory based on light diffraction shows that
a convolution relation holds under the paraxial approximation [1–5].

However, as discussed in the previous section, due to the complicate nature
caused by multiple scattering in a turbid medium, conventional image modeling
methods based on the diffraction theory [1–5] are not applicable. The Monte Carlo
simulation method involving the Mie theory is one of the useful tools for imaging
modeling in a turbid medium, because it provides insight into light interaction with
scattering particles. In this aspect, the Monte Carlo method is used as a direct
approach. However, this type of simulation may not be applicable in image
reconstruction because there is no defined mathematical relation between an object
and its image. Another problem associated with image modeling based on the
Monte Carlo method is time-consuming because a large number of incident photons
are required to ensure a required accuracy. The requiring of computational time
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increases significantly when images of complicated objects embedded in a turbid
medium are modeled.

To address these problems, the concept of the effective point spread function
(EPSF) has been introduced in transillumination imaging through turbid media.
Recently, this concept has been generated to Monte Carlo simulation in a turbid
medium under an optical microscope [42]. It should be pointed out that defining a
point spread function (PSF) in a turbid medium is not straightforward. If there is no
turbid medium, a PSF is the image of a point object and is a measure of image
blurring through an imaging system. It determines resolution of an imaging system
and therefore is independent of the property of an object. As a result, under Born’s
approximation [1, 2], the image of an object can be obtained from the convolution
of a PSF with an object function. If an object is embedded in a turbid medium, it is
difficult to use the concept of a point object because of the existence of scattering
particles which are in the range of 0.1–1 μm in diameter. Further, a PSF that
includes only the property of a microscope may not be adequate because the
multiple scattering effect may severely distort the image of an embedded object.
Therefore, the property of a microscope as well as the property of scattering par-
ticles should be included in an effective PSF for a microscope.

Such an EPSF reflects not only the property of a microscopic imaging system but
also the scattering property of a turbid medium. The parameters determining an
imaging system include the numerical aperture (NA) of illumination and detection
objectives and the size of confocal pinhole vd. The parameters that describe a turbid
medium are the scattering mean free path length l, the anisotropy value g,, and the
optical thickness n which is the sample thickness divided by the scattering mean
free path length. Further, such an EPSF should satisfy a convolution operation, i.e.,
the condition that the image intensity I(x, y) of a thin object can be modeled by the
convolution of an object function O(x, y) and the EPSF h(x, y):

Iðx; yÞ ¼
ZZ1

�1
hðx; yÞOðx� x0; y� y0Þdx0dy0; ð1:1Þ

where h(x, y) is the EPSF in the focal plane. With the help of the convolution
relation, the computational time for image modeling can be dramatically reduced.

Equation (1.1) also provides a tool to perform image reconstruction. As a result,
the efficiency of each gating method can be well characterized because gating
methods can play an important role in microscopic imaging through turbid media.
On the other hand, it has also been demonstrated that signal strength can be
insufficient if a significant amount of scattered photons is removed. It is worthwhile
to discuss the role of scattered photons. Are multiple scattered photons merely noise
and do they make no positive contribution in building an image? The statistical
analysis of scattered photon distributions shows that scattered photons still carry
information about embedded objects [37, 69]. However, they are always treated as
noise when high resolution is pursued. In a thick turbid medium, because of nearly
non-existence of ballistic or least scattered photons, multiple scattered photons have
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to be taken into account in building up an image. This inevitably degrades the
image resolution. In this circumstance, the inverse approach (image reconstruction)
is regarded as a solution to the problem [52, 53].

1.5 Overview of the Book

This book is organized to describe the Monte Carlo simulation method in micro-
scopic imaging through turbid media. The book consists of nine chapters including
this introductory chapter. Chapters 2–9 include three main topics, which are the
fundamentals of the Monte Carlo simulation method for an optical microscope in
turbid media, the direct approach of imaging modeling, and the inversed approach
of imaging modeling. The following brief outline provides an overview of the three
topics.

The first topic is the fundamental of the Monte Carlo simulation method for an
optical microscopy system in a turbid medium and is covered by Chaps. 2–4.
Chapter 2 describes the basic physical concepts and theory of scattering media. The
concept of Rayleigh and Mie scattering models and their effect on tissue-like turbid
media are discussed. In particular, the Mie scattering theory for a spherical scat-
tering particle and the effective Mie scattering theory for a spherical scattering
aggregate are introduced. Chapter 3 provides a detailed description of the Monte
Carlo simulation method for an optical microscope. After the general description of
the Monte Carlo simulation method, a number of specific effects in an optical
microscope are discussed. These effects are divided into two aspects. The first
aspect is related to the property of a turbid medium, including the effect of a
boundary, a multi-sized scatterer, and scatter aggregation. The second aspect deals
with the various treatments of the physical property of an illumination beam in a
microscope. These treatments cover polarization, pulsed illumination, coherence,
diffraction, and nonlinear excitation. Based on the Monte Carlo simulation in an
optical microscope, Chap. 4 presents the concept of the EPSF and the method for
deriving the EPSF for a microscope from Monte Carlo simulation.

Chapters 5–8 are dedicated to the direct approaches based on the Monte Carlo
simulation method introduced in Chaps. 3 and 4. The focus of this part is to
understand four optical gating mechanisms used in microscopic imaging through
turbid media, angle-gating, polarization-gating, and fluorescence-gating and non-
linear-gating. The performance of the four gating methods is characterized by two
physical parameters, resolution and signal level. In particular, the angle-gating
mechanism described in Chap. 5 is implemented by two methods, annular objec-
tives and confocal pinhole. Chapter 6 presents two polarization-gating methods,
conventional polarization-gating and differential polarization-gating. A high
numerical aperture objective is usually needed to perform fluorescence microscopy
in tissue sample. Such a microscopy method exhibits a property of suppressing
scattered photons. The effects of numerical aperture, confocal pinhole, scatterer
size, layered samples, and scatterer aggregation are investigated according to
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resolution and signal level derived using the Monte Carlo simulation method. The
gating mechanism provided by multi-photon fluorescence microscopy is based on
the use of ballistic photons. The performance of such a nonlinear-gating method,
simulated by the Monte Carlo method, is presented in Chap. 8.

The inversed approach to image reconstruction is introduced in Chap. 9. Images
of single point and two-point objects, and ring structures are used to demonstrate
the efficiency of the reconstruction method based on the expectation maximization
method. The effect of the noise level on the quality of a restored image is also
discussed.
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