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Preface

Biophotonics is a new discipline in biophysics and has emerged from research and
development at the interface between the photonics and biomedical science and
engineering. It covers all the processes initiated by quanta of light and occurring in
biological objects as well as the whole complex of optical methods being employed
to investigate them. Biophotonics is a photonic solution for biotechnology and
medicine and therefore has become an important discipline in life sciences. Imaging
through tissue-like turbid media is a fundamental topic in biophotonics. Optical
microscopic imaging has played a crucial role in this area. However, due to the
multiple scattering effect in a turbid medium, the standard microscopic imaging
theory based on diffraction theory is not necessarily applicable in this case. An
alternative way for understanding the microscopic imaging performance is based on
Monte Carlo simulation that involves Mie scattering.

Research work on Monte Carlo simulation for optical microscopy in tissue
media was initiated immediately after the first two authors joined Victoria Uni-
versity in 1995, where they developed the Monte Carlo methodology for optical
microscopy. A systemic investigation into various microscopic imaging/gating
methods including angle gating, confocal gating, and polarization gating was
conducted during that period. As soon as the three authors joined Swinburne
University in 2000, the research work on this topic was extended to coherence
gating, fluorescence gating, and multi-photon fluorescence gating. The aim of this
book is to provide a systematic introduction into these methods. The book can be
used by research students, scientists, and engineers who are interested in biopho-
tonics, optical microscopic imaging through tissue, and Monte Carlo simulation.

Although this book was completed by the three authors, many people made
important contributions to the topic. We would like to acknowledge the significant
contribution by Dr. Steven Schilders who, as a Ph.D. student at Victoria University
in Australia, investigated the angle-gating, polarization-gating, and fluorescence-
gating methods. Mr. Aernout Kisteman, a visiting research student from the Uni-
versity of Twente in Netherlands, conducted a careful experiment which determined
the penetration depth of the single-photon and two-photon fluorescence-gating
methods. Dr. Qiang Lu, a visiting scientist from Huazhong University of Science
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and Technology in China, made an important contribution to the coherence-gating
method when he visited Swinburne University of Technology, Australia. We would
also like to thank other students and colleagues from Victoria University and
Swinburne University of Technology who gave us comments and suggestions on
the book. Special acknowledgments are given to South China Normal University,
which has supported the third author to complete this book project after 2003.
Finally, we would like to acknowledge the important support from the Australian
Research Council on this research topic.

Australia Min Gu
Australia Xiaosong Gan
China Xiaoyuan Deng
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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
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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
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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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Chapter 2
Scattering of Light by Small Particles

Abstract Scattering properties such as the scattered direction and the strength of
an incident electromagnetic wave can be derived from the Mie scattering theory and
form a physical basis of the Monte Carlo simulation method used in this book. After
the brief explanation on the physical difference between Rayleigh and Mie
scattering, presented in Sect. 2.1, the Mie scattering theory and the Stokes vector
method that are needed to derive the polarization nature of a scattered field are
described in Sects. 2.2 and 2.3, respectively.

2.1 Rayleigh Scattering and Mie Scattering

Optical scattering by a small particle can be divided into two classes according to
the size of scatterers. Rayleigh scattering is referred to a scattering process when the
size of a scatterer is much smaller than the illumination wavelength. The strength of
the scattered field is independent of the scattered direction, which means isotropic
scattering. The strength of Rayleigh scattering is inversely proportional to the fourth
power of the illumination wavelength. The second class of optical scattering is
called Mie scattering in which case the size of a scatterer is comparable to the
illumination wavelength. As a result, Mie scattering is an anisotropic scattering.
The strength of Mie scattering is related to the scatterer size and the illumination
wavelength (Fig. 2.1).

Biological tissue is usually composed of small scatterers such as bacteria,
viruses, malignant cells and so on. The size of these scatterers varies from 0.1 μm to
a few micrometers [1, 2]. Therefore, the dominant scattering effect caused by these
scatterers is Mie scattering rather than Rayleigh scattering. The Mie scattering
theory [3–5] provides an important physical foundation of the Monte Carlo simu-
lation for optical microscopic imaging through a tissue-like turbid medium con-
sisting of scattering particles such as cells and nuclei. However, these small
scattering particles are sometimes aggregated because of their biological and
chemical functions [6, 7]. A fractal aggregate is a medium with an ensemble of
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small scattering particles which, due to the physical mechanisms of aggregation,
lead to a fractal structure, i.e., a scale-invariant structure [8]. Recently, an effective
Mie scattering theory has been developed to derive the scattering property of a
single spherical aggregate [9]. In this method, scattering properties of a single
spherical aggregate consisting of Mie scatterers is derived from the Monte Carlo
simulation. Therefore, such a method will be introduced in Chap. 3 after the
introduction of the Monte Carlo simulation.

2.2 Mie Scattering Theory

There are many methods to describe the interaction of light and matter. Mie scat-
tering theory describes scattering of a plane wave by a small particle with an insight
into the collision process between photons and scattering particles. The scattering
property of a scatterer forms a physical base of a scattering medium or a turbid
medium which consists of a large number of scattering particles randomly
dispersed.

As shown in Fig. 2.2, when a beam of light with specified characteristics illu-
minates a given small particle, the amount of the light scattered by the particle along
with its angular distribution depends directly on the characteristics of the particle,
including its shape, size, and the materials of which it is composed. The physics and
mathematics for the interaction of an electromagnetic wave with a sphere is com-
plicated and cumbersome and has been well documented in a number of classic
textbooks [3–5]. Therefore, only the Mie theory formulations of scattering
parameters including the scattering coefficients, scattering cress-section, anisotropy
value, scattering efficiency, and scattering mean free path length, which are needed
to calculate the scattering parameters, are presented in this section.
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Fig. 2.1 Scattered intensity distribution around a dielectric particle (n = 1.51) of different radii:
a a = 0.05 µm, and b a = 1 µm. The solid and dotted curves correspond to the S and P polarization
states of the illumination wave (λ = 632.8 nm), respectively
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2.2.1 Scattering Coefficients of a Spherical Particle

For a spherical particle of a given particle size, the size parameter, x, and the relative
refractive index, m, are given by [3]

x ¼ k2a ¼ 2pn2a
k

¼ 2pn2A; ð2:1Þ

m ¼ k2
k1

¼ n2
n1

; ð2:2Þ

where k is the wave vector, a is the radius of the spherical particle, n is the refractive
index and A ¼ a=k is the relative particle size. Here the subscripts 1 and 2 represent
the surrounding medium and the scattering particle, respectively.

The scattering coefficients given by the Mie theory [3], ai and bi, which represent
the weighting parameters for the electromagnetic normal modes scattered by a
spherical particle defined by (2.1), are given by

ai ¼ l1m
2ji mxð Þ xji xð Þ½ �0 � l2ji xð Þ mxji mxð Þ½ �0

l1m2ji mxð Þ xh 1ð Þ
i xð Þ

h i0
� l2h

1ð Þ
i xð Þ mxji mxð Þ½ �0

; ð2:3Þ

and

bi ¼ l2ji mxð Þ xji xð Þ½ �0 � l1ji xð Þ mxji mxð Þ½ �0

l2ji mxð Þ xh 1ð Þ
i xð Þ

h i0
� l1h

1ð Þ
i xð Þ mxji mxð Þ½ �0

; ð2:4Þ

respectively, where the prime indicates differentiation with respect to the argument

in the parenthesis. Here ji(mx) and h 1ð Þ
i xð Þ are the spherical Bessel functions of the

first and third kind, respectively, given by

ji mxð Þ ¼
ffiffiffiffiffiffiffiffi
p

2mx

r
Jiþ1=2 mxð Þ; ð2:5Þ

incident photons
scattered photons

scatterer

θ

Fig. 2.2 An incident plane wave is scattered by a small particle. The scattered photons propagate
at angle θ with respect to the incident direction
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and

h 1ð Þ
i xð Þ ¼ ji xð Þ þ iyi xð Þ; ð2:6Þ

where yi(x) is a spherical Bessel function of the second kind

yi xð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p
2x

Yiþ1=2 xð Þ
r

: ð2:7Þ

Here i denotes the i-th mode of an electromagnetic wave. In the above definition,
Jjþ1=2ðxÞ and Yjþ1=2ðxÞ are Bessel functions of the first and second kind, respec-
tively. The detail of Bessel functions can be found from the standard textbook [10].

2.2.2 Scattering Cross-Section and Anisotropy Value

The scattering cross-section, σs, represents the cross-sectional area within which a
scattering particle can interact with the illumination light. The scattering cross-
section, σs, for a spherical particle, defined by (2.1), is given by [3]

rs ¼ 2p
k2

X1
i¼1

2iþ 1ð Þ aij j2 þ bij j2
� �

: ð2:8Þ

The anisotropy value (or the asymmetry parameter), g ¼ cos hh ið Þ, which defines
the averaged directional change of the scattered light, is given by [3]

gQs ¼ 4
x2

X1
i¼1

i iþ 2ð Þ
iþ 1

Re aia
�
iþ1 þ bib

�
iþ1

� �"
þ
X1
i¼1

2iþ 1
i iþ 1ð ÞRe aib

�
i

� �#
; ð2:9Þ

where Qs is the scattering efficiency defined as

Qs ¼ rs
rg

ð2:10Þ

and σg is the geometric cross-sectional area projected onto a plane perpendicular to
the incident beam (i.e., rg ¼ pa2 for a spherical particle). It should be noted that the
anisotropy value, g, ranges from 0 to 1, where g = 0 represents isotropic scattering
and g = 1 represents only forward scattering.

As an example, consider a scattering particle to be a polystyrene microsphere
suspended in water. The refractive indices of the polystyrene microsphere and the
surrounding medium, n2 and n1, are 1.59 and 1.33, respectively. The scattering
efficiency, Qs, and the anisotropy value, g, as a function of the relative particle size,
A, are shown in Fig. 2.3 [11]. The scattering efficiency, Qs, increases rapidly for a
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relative particle size, A, between 0.2 to 1.2, and then reaches the maximum value
when the relative particle size, A, is approximately 1.25. The anisotropy value, g,
increases rapidly when the relative particle size, A, is less than 0.4, and reaches a
fairly steady region when the relative particle size, A, is larger than 0.5.

2.2.3 Scattering Mean Free Path Length

Another important scattering parameter is the scattering mean free path (smfp)
length, ls, when a large number of scatterers are considered. When a beam of light
propagates through such a scattering medium, photons experience scattering. The
distance within which a photon experiences no scattering is called the scattering
free path. Because scatterers are randomly dispersed in a turbid medium, the
scattering-free-path length varies in each scattering event. The scattering mean free
path length, ls is a measure of the average free-path-length that a photon travels
before it is scattered. The scattering mean free path length, ls, is determined via

ls ¼ 1
rsq

; ð2:11Þ

where ρ is the concentration of particles per cubic micrometer and is given by

q ¼ 6W
ppd3

: ð2:12Þ

Here p is the density of the scattering particles, W is the weight percentage of
scatterers in a bulk solution and d is the diameter of scatterers.
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Fig. 2.3 Scattering efficiency,Qs (solid curve) and anisotropy value, g (dashed curve) as a function
of the relative particle size, A (n1 = 1.33 and n2 = 1.59). Reprinted with permission from [11],
Cambridge University Press
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For a turbid medium consisting of polystyrene microspheres suspended in water,
its standard weight percentage W is 2.5 %. Table 2.1 shows the parameters for the
four types of polystyrene microspheres used in Chaps. 4 and 5 for a wavelength, λ,
of 632.8 nm. From the results illustrated in Table 2.1 it is seen that larger poly-
styrene microspheres have shorter scattering-mean free path lengths and higher
anisotropy values. This result indicates that increasing the scattering microsphere
diameter, d, for a given sample geometric thickness and a given weight percentage
of a scattering solution, has the effect of increasing the average number of scattering
events experienced by an individual photon since the free-path-length is signifi-
cantly shorter. An increase in the scattering microsphere diameter, d, also signifi-
cantly changes the angular distribution of the scattered photons, since more
scattered photons travel in the forward direction as the anisotropy value g,
approaches unity. These two effects play an important and significant role in
determining the success of a gating mechanism.

2.3 Stokes Vector

Based on the Mie scattering theory, one can derive the polarization state of the
incident light before and after each scattering event. Consider a monochromatic
plane wave incident upon a spherically symmetric scatterer. The polarization state
of the incident light can be represented by the Stokes vector [3]

Iincident ¼
Iinc
Qinc

Uinc

Vinc

2
664

3
775; ð2:13Þ

where

Iinc ¼ ExE
�
x þ EyE

�
y

D E
; ð2:14Þ

Table 2.1 The calculated scattering mean free path length, ls, and the anisotropy value g, for the
polystyrene microspheres of different diameters for an excitation wavelength, λ, of 632.8 nm

Sphere
diameter,
κ (μm)

Geometric
cross-section,
σg (μm

2)

Concent. ρ
(part./μm3)

Relative
particle
size,
A (a/λ)

Scattering
efficiency,
Qs = σs/σg

Scattering
cross-section,
σs (μm

2)

smfp
length,
ls (μm)

Anisotropy
value, g

0.107 0.009 37.11 0.0845 0.0037 7.19 × 10−3 416.4 0.076

0.202 0.032 5.52 0.1596 0.0805 2.58 × 10−3 70.2 0.31

0.48 0.181 0.411 0.3793 0.7002 1.27 × 10−1 19.2 0.81

1.056 0.876 0.038 0.8342 2.7784 2.42 10.8 0.92
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Qinc ¼ ExE
�
x � EyE

�
y

D E
; ð2:15Þ

Uinc ¼ ExE
�
y þ EyE

�
x

D E
; ð2:16Þ

Vinc ¼ ExE
�
y � EyE

�
x

D E
: ð2:17Þ

Here Ex and Ey represent the orthogonal components of an incident electric field
along the x and y axes. hi denotes the time average of the bracketed quantity.

Note that in an optical microscope, the illumination beam on a sample is a
convergent beam from an objective lens. Assume that the incident beam before an
illumination objective is a linearly polarized plane wave. The relationship of the
polarization state between the incident light and the scattered light can be repre-
sented as [12, 13]

Iafterscat ¼ MIbeforescat ; ð2:18Þ

where Ibeforescat and Iafterscat are the Stokes vectors before and after the scattering event,
respectively, andM is a 4 × 4 scattering matrix for a spherical symmetric particle [3]:

M ¼
S11 hð Þ S12 hð Þ 0 0
S12 hð Þ S11 hð Þ 0 0

0 0 S33 hð Þ S34 hð Þ
0 0 �S34 hð Þ S33 hð Þ

2
664

3
775; ð2:19Þ

where the matrix elements are given by

S11 hð Þ ¼ 1
2

S2 hð Þj j2 þ S1j j hð Þ2
� �

; ð2:20Þ

S12 hð Þ ¼ 1
2

S2 hð Þj j2 � S1 hð Þj j2
� �

; ð2:21Þ

S33 hð Þ ¼ 1
2

S�2 hð ÞS1 hð Þ þ S2 hð ÞS�1 hð Þ� �
; ð2:22Þ

S34 hð Þ ¼ 1
2

S1 hð ÞS�2 hð Þ � S2 hð ÞS�1 hð Þ� �
: ð2:23Þ

Here

S1 hð Þ ¼
X1
i¼1

2iþ 1
i iþ 1ð Þ aipi þ bisið Þ; ð2:24Þ
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S2 hð Þ ¼
X1
i¼1

2iþ 1
i iþ 1ð Þ aisi þ bipið Þ; ð2:25Þ

where ai and bi are the scattering coefficients defined by (2.3) and (2.4), respec-
tively, and πi and τi are angle-dependent functions defined as [3]

pi ¼ P1
i

sin h
; ð2:26Þ

si ¼ dP1
i

dh
; ð2:27Þ

where P1
i is the associated Legendre function [10]. Both πi and τi can be calculated

from the upward recursion relations given by [3]

pi ¼ 2i� 1
i� 1

pi�1

	 

cos h� i

i� 1
pi�2

	 

; ð2:28Þ

and

si ¼ i cos hð Þpi � iþ 1ð Þpi�1; ð2:29Þ

where π0 = 0 and π1 = 1.
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Chapter 3
Monte Carlo Simulation for an Optical
Microscope

Abstract This chapter covers the basic principles that are used in Monte Carlo
simulation for investigation into microscopy imaging through tissue media.
Section 3.1 summarizes the basic formula in a conventional Monte Carlo simulation
process. The implementation of this method in reflection and transmission optical
microscopes is given in Sect. 3.2. The effect of the polarization states and pulsed
illumination of a beam are described in Sects. 3.3 and 3.4. Sections 3.5–3.8 are
dedicated to dealing with the various features of turbid media including the effect of
the boundary, scatterer size, and aggregation. In Sects. 3.9 and 3.10, Monte Carlo
simulation methods for multi-photon fluorescence and coherent imaging processes
are discussed.

3.1 Model of Monte Carlo Simulation

Monte Carlo simulation is an important tool in studying photon propagation
through turbid media since it allows the efficient tracking of photon states (direc-
tion, polarization, etc.) at each scattering event experienced within turbid media
[1–3].

In Sect. 2.2, the scattering mean free path length, ls, has been defined as a
measure of the average free path length before a photon is scattered. The decay in
the number of unscattered photons after propagating through a depth, d, in turbid
media, for a collimated beam, can be represented by Beer’s law [4] and is equal to
the probability P(d) that a photon has a free path length, d, for a given scattering
mean free path length, ls,

PðdÞ ¼ NðdÞ=Nð0Þ ¼ expð�d=lsÞ; ð3:1Þ

where N(d) is the number of the unscattered photons at depth d, and N(0) is the
number of incident photons [3].

For a given number of photons incident to a turbid medium the free path length
between two consecutive interactions of the photons is given as

© Springer-Verlag Berlin Heidelberg 2015
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lt ¼ �ls ln b ð3:2Þ

where ls ¼ lth i is the time averaged scattering mean free path length, and β is a
random number which is evenly chosen between 0 and 1 and satisfies the proba-
bility function in (3.1).

In the Monte Carlo model developed for microscopic imaging systems [3], five
independent variables are needed in order to simulate a multi-dimensional photon
distribution; these include three spatial coordinates x, y, and z and two angular
coordinates (a polar angle, θ and an azimuthal angle, ϕ). Figure 3.1 illustrates the
coordinate system for a spherical scattering particle. These five independent vari-
ables are not necessarily set to zero for a microscopic imaging system and the
method used for determining their initial values is outlined in Sect. 3.2.

Each time a photon interacts with a scattering particle in the simulation model,
new coordinates are determined. The new polar angle, θ, is equated to the scattering
angle, θs, which is chosen based on the Henyey–Greenstein (H–G) probability
distribution [5]

PhðhÞ ¼ 1� g2

2ð1þ g2 � 2g cos hÞ3=2
sin h; ð3:3Þ

where g is the anisotropy value, calculated from (2.9). The scattering polar angle,
θs, can therefore be obtained from [5]

cos hs ¼ 1þ g2

2g
� ð1� g2Þ2
2gð1� gþ 2gdÞ2 ; ð3:4Þ

where δ is another evenly distributed random number from 0 to 1. The new azi-
muthal angle, ϕ, is randomly chosen between 0 and 2π, while the spatial coordi-
nates, x, y, and z are determined by the sample and illumination conditions. In
Sect. 3.3, we will describe the detail of photons migration through a layer of a
turbid medium.

Fig. 3.1 Light scattering by a
spherical particle
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3.2 Microscopic Imaging

Because of the angular distribution of propagating photons through an objective in
a microscope (see Fig. 3.2), the initial values of the three spatial coordinates x, y,
and z and two angular coordinates θ and ϕ for a photon entering a turbid medium
are not necessarily set to be 0. Figure 3.2 illustrates the geometric arrangement

(a)

(b)

Fig. 3.2 Schematic for photon migration through an objective. a Three-dimensional view; b two-
dimensional view in the meridian plane. The full projection space for photons is illustrated in
black, while the incident projection of a single photon is given in gray. The figure illustrates the
case when n1 > n2
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between the incident photons originating from a thin lens and a turbid medium. The
origin, O, of the x–y–z coordinate system is defined as the point on the outer surface
of the turbid medium that aligns through the focus and the center of the lens. With
this convention the penetration depth, d′, into the turbid sample can be directly
determined.

The x–y coordinate of the starting point A of the incident ray in the lens aperture is
determined by a normalized two-dimensional circle random number generator which
is scaled to the aperture diameter, D, of the lens [6]. The z-coordinate of the starting
point A is given by the difference between the penetration depth, d′, and the focal
length, f, of the lens, which is derived for a given lens of numerical aperture (NA) and
aperture diameter, D ði:e: f � D=2NA). It should be noted that the z-coordinate of
point A is a constant less than 0, for a given lens, since all photon rays originate from
the same x–y plane in the lens (see the shaded gray plane on the lens in Fig. 3.2).
The ending point of the incident ray is given by point B, with its x–y–z coordinate
defined as the geometric focus of the imaging lens (i.e., coordinates (0, 0, d′)).

Due to a change in the refractive index between the surrounding and turbid
media, the focal plane defined by point B (see the dark gray plane in the turbid
medium in Fig. 3.2) only represents the imaginary depth, d′, into the turbid medium.
This means that the true focal plane, d, defined by point E, into the turbid sample
must be determined with the aid of Snell’s law [4]:

n1 sin hi ¼ n2 sin h; ð3:5Þ

where n1 and n2 are the refractive indices of the surrounding and turbid media,
respectively. θi is the incident angle at which the ray of a projected photon, defined
by points A and B, intersects with the turbid medium boundary at position C (see
Fig. 3.2). It should be noted that in the Monte Carlo model spherical aberration is
ignored. The convergent focal spot is determined from the maximum incident
angle, θi, i.e., the marginal ray of the imaging lens.

Reflection and transmission on the interface between a turbid medium and its
surrounding medium (see point C in Fig. 3.2) are also considered in this simulation.
A weighting factor, fp, is assigned to each photon to represent its contribution
weighting. Initially the weighting factor, fp, is equal to 1. When a photon passes
through a dielectric interface, the weighting of the photon in the transmitted (T) and
reflected (R) directions are decided according to the Fresnel formulae [4]

Tp ¼ 2n1 cos hi
n2 cos hi þ n1 cos h

; ð3:6Þ

Ts ¼ 2n1 cos hi
n1 cos hi þ n2 cos h

; ð3:7Þ

Rp ¼ n2 cos hi � n1 cos h
n2 cos hi þ n1 cos h

; ð3:8Þ
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Rs ¼ n1 cos hi � n2 cos h
n2 cos hi þ n1 cos h

; ð3:9Þ

where the subscripts p and s represent parallel and perpendicular polarization
components, respectively, while subscripts 1 and 2 represent the surrounding and
turbid media, respectively.

The initial values of the five parameters for a single photon (ray) incident to the
turbid medium at point C are therefore obtained as follows: the spatial coordinates,
x and y, and the angular coordinate, ϕ, are derived from the geometry in Fig. 3.2,
while θ is obtained from Snell’s law (3.5). The spatial coordinate, z, is set to zero
since all photons originate from the same boundary surface (z-plane) of the turbid
medium. It should be noted that for transillumination modeling the values of z and θ
are initially set to zero, since a parallel beam probe with respect to the turbid media
is used.

Two typical scanning optical microscope arrangements used in Chaps. 5 and 6
can be simulated using the Monte Carlo model in Sect. 3.1. They are the trans-
mission scanning optical microscope (Fig. 3.3a) and the reflection scanning optical
microscope (Fig. 3.3b). For the transmission optical microscope illustrated in Fig. 3.
3a, a parallel beam is incident upon the imaging lens L1, which has its focus on the
embedded object. A separate collection lens L2 which has its focus overlapped with

L1 L2

P

D

simulated sample
d

turbid 
medium

x

z

embedded

(a) (b)

object

simulated sample
d

turbid 
medium

x

z

embedded
object

L1

P
D

B

L2

Fig. 3.3 Schematic diagram of the modeled transmission (a) and reflection (b) scanning optical
microscopes. B beamsplitter; D detector; L lenses; P pinhole
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the imaging lens L1 is used to collect the light originating from a simulated turbid
medium. The collection lens L2 is also used to focus the collected light onto the
detector D. It should be noted that only the photons that fall within the collection
cone of lens L2 will be traced to the detector plane by geometric optics. The
simulated embedded object is placed at the center of the turbid medium in this
optical arrangement. The simulated samples embedded within the turbid medium
for the transmission arrangement are considered to have 100 % absorption. That is,
when an incident photon hits the embedded object it ceases to be simulated. For the
reflection microscope illustrated in Fig. 3.3b a parallel beam is incident upon the
imaging lens L1 which has its focus on an embedded object. A collection lens L2

then focuses the collected light originating from the turbid medium onto the
detector D. It should be noted that only the photons that fall within the collection
cone of lens L2 are traced to the detector plane by geometric optics. In this
arrangement the embedded object is placed on the back surface of the turbid
medium. The simulated samples embedded within the turbid medium for the
reflection arrangement are considered to have 100 % reflectivity. With this
arrangement the reflection microscope is equivalent to folding the transmission
microscope arrangement, at the embedded object, onto itself. It should be noted that
the size of the detector used in the detection of the light originating from the
simulated turbid media is determined by the effective size of the used pinhole, P
(see Fig. 3.3).

3.3 Effect of Polarization

According to the Stokes vector theory in Sect. 2.3, once the scattering parameters,
S1(θ) and S2(θ) in (2.24) and (2.25) are known, all elements of the scattering matrix,
M, defined in (2.18) and (2.19), can be calculated. Thus the polarization gating
mechanism that will be discussed in Chap. 6 can be modeled using the Monte Carlo
simulation method.

Since calculating the scattering parameters, S1(θ) and S2(θ), is a time-consuming
task, an approximation is used in the calculation of the scattering matrix, M, at each
scattering event. Before simulation starts [7], the scattering angle, θ, between 0 and
π is first divided into 1,000 equal intervals and the scattering parameters, S1(θ) and
S2(θ), corresponding to those scattering angles are calculated. All the calculated
scattering angles, θ, and the scattering parameters, S1(θ) and S2(θ), are stored in a
database file. To employ polarization gating in the Monte Carlo simulation, Stokes
parameters are defined for each incident photon in addition to the five existing
parameters (x, y, z, θ and ϕ). At each scattering event in the Monte Carlo simulation
[7] the scattering parameters, S1(θ) and S2(θ), are obtained by matching the scat-
tering angle, θs (determined by the Henyey–Greenstein probability distribution
defined in (3.4)), with the closest scattering angle, θ, stored in the lookup database
file. Then according to the chosen scattering angle, θ, and its corresponding scat-
tering parameters, S1(θ) and S2(θ), all the elements of the scattering matrix, M, are
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calculated using (2.19)–(2.25). Therefore, a new Stokes vector can be calculated
from (2.18).

By monitoring the change of the polarization state of each photon at every
scattering event, the depolarization of the light propagating through a turbid
medium can be evaluated. The degree of polarization, γ, of the detected scattered
light in this book is defined as

c ¼ Ip � Is
Ip þ Is

; ð3:10Þ

where Ip and Is are the light intensity detected with the analyzer parallel and
perpendicular to the incident polarization direction, respectively. Assuming that the
incident light is linearly polarized in the x-direction, the parallel polarization
intensity, Ip, and the perpendicular polarization intensity, Is, can be calculated as

Ip ¼ Iscat � 1 1 0 0½ �; ð3:11Þ

and

Is ¼ Iscat � 1 �1 0 0½ �: ð3:12Þ

The polarization gating mechanisms used in Chap. 6 [7] are parallel (conven-
tional) polarization-gating, based on the signal intensity (Ip) detected with an
analyzer parallel to the direction of the incident polarization, and perpendicular
polarization-gating, based on the signal intensity (Is) detected with an analyzer
perpendicular to the direction of the incident polarization. The third method of
polarization-gating considered is differential polarization gating, which is based on
the subtraction of the conventional polarization-gated intensity, Ip, and the per-
pendicular polarization-gated intensity, Is [7].

3.4 Effect of Pulsed Illumination

To describe the pulse propagation through a turbid in the Monte Carlo model [3, 8],
we need to include the difference of the photon propagation caused by time-of-flight
in a pulsed beam. An ultrashort pulsed beam with pulse width, Δτ0, has a finite
distribution of wavelength (frequency) components. According to Mie scattering
theory (see Sect. 2.2), the scattering coefficients, ai and bi, are related to the ratio
between the radius of a scattering particle, a, and the wavelength of light, λ (see (2.1)
to (2.4)). Therefore, for a given scattering particle radius, a, the scattering coefficients,
ai and bi, for each wavelength component, λ, are different. Hence the scattering cross-
section, σs, and the anisotropy value, g, need to be determined for each individual
wavelength component, λ, for an illumination pulse.
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The effect of the broad spectrum of an ultrashort pulse on the scattering efficiency,
Qs, and the anisotropy value, g, becomes more pronounced as the pulse width, Δτ0,
becomes shorter. Let us consider that the intensity of an illumination source is a
Gaussian-shaped pulse given as [9]

U0ðtÞ ¼ expð�ix0tÞ exp � t
T

� �2� �
; ð3:13Þ

where t is the local time coordinate, T is related to the pulse width Dτ0 via Ds0 ¼
2T

ffiffiffiffiffiffiffiffi
ln 2

p
, and ω0 is the central frequency. The corresponding Fourier spectrum for

the Gaussian-shaped pulse is then given as [9]

V0ðDXÞ ¼
ffiffiffi
p

p
T exp � TDX

2

� �2
" #

; ð3:14Þ

where DΩ is the spectral width which is defined as the total bandwidth between
two positions at which the intensity drops to one half of its peak value. The
relationship between the pulse width Dτ0, and the spectral width DΩ for the pulse is
then given as [8]

DX ¼ 8 ln 2
Ds0

: ð3:15Þ

For example, a 10-fs pulse with a central wavelength, λ0 of 700 nm, has a corre-
sponding spectral width, DΩ, of approximately 0.206. Note that in this case the
spectral width, DΩ, is normalized by the central frequency, ω0 (x0 ¼ 2pc=k0, where
c = 3 × 108 m/s).

To understand the effect of the spectral width, DΩ, on the scattering efficiency,
Qs, and the anisotropy value, g, we define two parameters,

DQs ¼ Qsðxþ 0:5DXÞ � Qsðx� 0:5DXÞ; ð3:16Þ

and

Dg ¼ gðxþ 0:5DXÞ � gðx� 0:5DXÞ: ð3:17Þ

Since the pulse width, Dτ0, can be directly related to the frequency bandwidth, DΩ
we can plot the difference in the scattering efficiency, DQs and the difference in the
anisotropy value, Dg, as a function of the pulse width Dτ0. Figure 3.4 is the effect of
the pulse width, Dτ0, on the difference in the scattering efficiency, DQs and the
difference in anisotropy value, Dg, for a central wavelength, λ0, of 700 nm and a
scattering particle radius, a, of 0.518 μm [3]. It is seen that the difference in the
scattering efficiency, DQs, and the difference in the anisotropy value, Dg, both
increase as the pulse width, Dt0, decreases. For the pulse width, Dτ0, less than 20 fs
the difference in the scattering efficiency, DQs, and the difference in the anisotropy
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value, Dg, become more pronounced, indicating that the effect of the frequency
bandwidth is more significant in this region.

With the help of Fig. 3.4, the illumination of an ultrashort pulse can be incor-
porated into the Monte Carlo simulation by describing that the temporal distribution
of incident photons is given by the following Gaussian profile [3]:

f ðt0Þ ¼ exp � t20
T2

� �
; ð3:18Þ

where t0 is the departure time of a photon. The departure time, t0, of photons in the
pulse is randomly chosen according to the temporal distribution in (3.18).

3.5 Photon Migration Through a Layer of a Turbid
Medium

In the case of Monte Carlo simulation of photon propagation through a layer of a
scattering medium, photons are simply treated as particles without any wave fea-
ture. Individual photons suffer events of scattering and absorption, which is related
to the local optical properties of the turbid medium characterized by scattering
coefficient μs and absorption coefficient μa (Fig. 3.5). This lt ¼ ls þ la ¼ 1=ls. The
Monte Carlo simulation is performed by a numerical step-by-step tracing of the
random migration of the photons within the scattering medium until their annihi-
lation or escapement [10, 11].

It is clear that each step a photon may take from the position ðP*n�1Þ to the next

position ðP*nÞ can be easily traced by three random variables in a three-dimensional

0.0

0

0.5

1.0

1.5

2.0

2.5

3.0

0 20 40 60 80 100

Pulse width,  (fs)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

D
if

fe
re

nc
e 

in
 s

ca
tt

er
in

g 
ef

fi
ci

en
cy

, 
Q

s

D
if

fe
re

nc
e 

in
 a

ni
so

tr
op

y 
va

lu
e,

 
g

Fig. 3.4 Difference in the
scattering efficiency, ΔQs,
(solid curve) and the
difference in the anisotropy
value, Δg, (dashed curve) as a
function of the pulse width,
Δτ0 (n1 = 1.33 and n2 = 1.59)
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dynamic spherical coordinate system according to Fig. 3.5, they are the step length
(s), the deflection angle (0 ≤ θ < π), and the azimuthal angle (0 < φ < 2π), which,
respectively, describe the distance a photon takes between two successive photon–
medium interaction sites, the angle of deflection between the photon propagation
direction from the z axis and the corresponding azimuthal angle when a scattering
event occurs.

The value distributions of the variables such as the step length (s) and the
scattering angles (θ, φ) are determined by their corresponding physically described
probability density functions p(s), p(θ), p(φ), based on the following sampling rules:

Rb
a
pðxÞ ¼ 1 for x 2 ½a; b�
Rx1
a
pðxÞ ¼ n1 for n1 2 ½0; 1�

8>><
>>: ð3:19Þ

where x represents any of the random variables s, θ, or φ and ξ1 are one of the
uniformly distributed random numbers within 0–1.

The probability function p(s) can be derived Beer’s law and the Henyey and
Greenstein function, as shown in Sect. 3.1. Therefore, the choice for s, cos θ and φ
can be expressed as

s ¼ �ls ln(nÞ¼ � ls ln(1� nÞ ð3:20Þ

cos h ¼
1
2g 1þ g2 � 1�g2

1�gþ2gf

h i2	 

; g 6¼ 0;

2f� 1; g ¼ 0;

8<
: ð3:21Þ

Fig. 3.5 Schematic diagram
of the Monte Carlo simulation
in dealing with the photon
propagation through a later of
s scattering medium
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and

u ¼ 2pn; ð3:22Þ

respectively. Here ξ is the uniformly distributed random number within 0–1.
The moving of the photon packets in the global Cartesian coordinate system can

be described as follows. Suppose that a photon packet locates at a current position

P
*

n�1ðxðn�1Þ; yðn�1Þ; zðn�1ÞÞðn� 1Þ in the global coordinate system, the new position
of the photon packet along its trajectory direction in the global coordinate

P
*

nðxn; yn; znÞ can be updated as [10, 17]

xn ¼ xðn�1Þ þ lxðn�1Þsn;
yn ¼ yðn�1Þ þ lyðn�1Þsn;
zn ¼ zn�1 þ lzðn�1Þsn;

8<
: ð3:23Þ

where the incident directional cosines (μx0, μy0, μz0) can be calculated as

lx0 ¼ sin h0 cos u0;
ly0 ¼ sin h0 sin u0;
lz0 ¼ cos h0;

8<
: ð3:24Þ

where θ0 and φ0 are the deflection and azimuthal angles of the incident beam
entering the turbid medium and s1 is the first scattering step size along the direction
ðlx0; ly0; lz0Þ.

After a new scattering event, once the scattering angles θn and φn have been
determined according to the sampling mentioned in the above section, the new
directional cosines ðlxn; lyn;lznÞ of this photon packet in the global coordinate
system can be calculated as [10, 11]

lxn ¼ sin hnffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�l2

zðn�1Þ
p ðlxðn�1Þlzðn�1Þ cosun � lyðn�1Þ sinunÞ þ lxðn�1Þ cos hn;

lyn ¼ sin hnffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�l2

zðn�1Þ
p ðlyðn�1Þlzðn�1Þ cosun � lxðn�1Þ sinunÞ þ lyðn�1Þ cos hn;

lzn ¼ � sin hn cosun

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� l2zðn�1Þ

q
þ lzðn�1Þ cos hn:

8>>>><
>>>>:

ð3:25Þ

If lzðn�1Þ
��� ���[ 0:99999, then the following formulas should be used:

lxn ¼ sin hn cosun;
lyn ¼ sin hn sinun;
lzn ¼ cos hn ðif lzðn�1Þ [ 0Þ or lzn ¼ � cos hn ðif lzðn�1Þ\0Þ:

8<
: ð3:26Þ
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3.6 Effect of Multiple Layers

When a photon passes through a dielectric interface between two layers of turbid
media, this photon is either reflected or transmitted. Snell’s law indicates the
relationship between the angle of incidence, θi, the angle of transmittance, θt, and
the refractive indices at the media that the photon is incident from, ni, and trans-
mitted to nt. According to the Fresnel’s formulas in (3.6)–(3.9), the reflection and
the transmission coefficients of a beam with parallel and perpendicular polarizations
can be determined. The reflectance at the angle of incidence hi;RðhiÞ, can be
calculated as

RðhiÞ ¼ 1
2

R?j j2þ R==

�� ��2� �
¼ 1

2
sin2ðhi � htÞ
sin2ðhi þ htÞ

þ tan2ðhi � htÞ
tan2ðhi þ htÞ

� �
: ð3:27Þ

In the Monte Carlo simulation, a photon is either reflected or transmitted on the
boundary. The probability of reflection or transmission of a photon by the boundary
is determined by a uniformly distributed random number between 0 and 1, ξ, which
is compared to R(θi). If ξ ≤ R(θi), the photon is internally reflected (Fig. 3.6). If
ξ > R(θi), the photon escapes from the current layer of tissue (Fig. 3.10).

To determine if a photon hits the boundary during each step s of the propagation
of a photon, one can use the following method. After the step size s and the
scattering angles θ and φ are decided, the next position where the photon may arrive
from the current position (x, y, z) as if there were no boundary should be calculated.
Then, the following condition applies:

if lz [ 0 and z� z1 hits the lower boundary of the current layer;
if lz ¼ 0 discards the photon,
if lz\0 and z� z0 hits the upper boundary of the current layer,

8<
:

where z0 and z1 are the z coordinates of the upper and lower boundaries of the
current layer.

Fig. 3.6 A photon is
reflected or transmitted at the
interface between two layers
of turbid media
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The next step is to determine the distance between the current position and the
boundary. Suppose that the step size of the photon can freely take in the current
medium is s as if there were no boundary. The distance of the photon propagates
before it meets a boundary is s1 along the direction of the photon propagation,
which can be calculated as |(z – z0)/μz| or |(z – z1)/μz| depending on whether the
upper or the lower boundary is met. Once it meets the boundary and (s1 < s), if it is
reflected back into the same layer of medium, the photon can continue its propa-
gation along the reflection direction with an angle of reflection, the same as the
angle incidence θi in the first medium and continuously propagate with the
remaining step size s2, which can be simply determined as s2 = s – s1. If the photon
escapes from the first medium (μti) and transmits to the second medium (μtt), the
photon propagates along the transmission direction with the angle of transmission θt
and continues to propagate with the remaining step size s2, which is related to the
relative optical properties of the two media and can be described as

s2 ¼ ðs� s1Þ ltiltt
ð3:28Þ

If s1 = s, a new scattering event should be generated on the boundary.

3.7 Effect of Multi-sized Scatterers

So far, the model for turbid media considered in the Monte Carlo simulation is
based on a homogeneous turbid media structure where the size of scatterers is equal.
Biological tissue usually exhibits a complex inhomogeneous structure; the basic
constitution components of biological tissue, cells, have a wide range of size from
nanometers to tens of micrometers and there are numerous different sizes of scat-
tering organelles existing within the cells [12]. For example, most animal cells
range from 10 to 30 µm in size and the nuclei, the largest scattering organelles
existing in cells, have size ranging between 3 and 10 µm. Mitochondria are small
organelles with size ranging from 0.5 to 1.5 µm. Other smaller cell components
include endoplasmic reticulum (0.2–1 µm), lysomes (0.2–0.5 µm), and peroxi-
somes (0.2–0.5 µm) [13]. Therefore, it is necessary to include the effect of multi-
sized scatters on the Monte Carlo simulation model.

According to the Mie scattering theory, the size of the scatterers together with
other optical properties such as their refract index determines the scattering prop-
erties; the cross section and the anisotropy value g. For the sake of clarity and
simplicity, let us consider a medium consisting only of two types of particles,
which, respectively, have the scattering coefficients μ1 and μ2, corresponding to the
mean free path lengths ls1 and ls2. The probability density distribution p(ls1, ls2) for
the shorter mean free path length lsm in this medium can be expressed as
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pðlsmÞ ¼ l1e
�l1ls1dls1 �

Z1
ls1

l2e
�l2ls2dls2

ðwhen ls1\ls2\1Þ

þ l2e
�l2ls2dls2 �

Z1
ls1

l1e
�l1ls1dls1

ðwhen ls2\ls1\1Þ

ð3:29Þ

and

Zs
0

pðlsmÞ ¼ 1� e�ðl1þl2Þs; ð3:30Þ

which is consistent with the probability density function p(ls) in the medium of the
mixture of two types of particles, where the total interaction coefficient is
μ = μ1 + μ2. According to the sampling rules, the distribution of the step length s is

s ¼ � ln(1� nÞ
l1 þ l2

¼ �ls ln(1� nÞ and
1
ls
¼ 1

ls1
þ 1
ls2

: ð3:31Þ

Based on the above probability theory, one can implement the Monte Carlo
model for an inhomogeneous turbid medium consisting of n types of spherical
scatterers as follows. Suppose that each type of scatterer has a given size (diameter)
ρi and a concentration ci in the medium. A scattering mean free path length (li) for
each type of scatterer is determined by the corresponding concentration (ci) and
scattering cross-section (σsi), according to the Mie theory [14]:

lsi ¼ 1=ðcirsiÞ ði ¼ 1; 2; . . .; nÞ; ð3:32Þ

To determine the real scattering step length between each two consecutive
scattering events of a photon in a turbid medium of multi-size scattering particles,
we first independently calculate the scattering step length (si) from each type of
particle according to the equation used in a medium with identical particles [15]:

si ¼ �lsi ln(nÞ ð3:33Þ

where 0 < ξ < 1 is a randomly produced uniform distribution number. Then the
shortest step length (sm) is taken to be the real length within which a photon can
propagate freely. The anisotropy value (gm) corresponding to the m-th type of
particles, which is also calculated based on Mie theory [14], is used to determine the
scattering direction of the photon. Meanwhile, for a more straightforward under-
standing of the image performance of a turbid medium of multi-size scattering
particles, the parameter, the effective mean free path length (ls), is also introduced as
a measure of the randomness in such an inhomogeneous medium:
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1=ls ¼
Xn
i¼1

1=lsi ð3:34Þ

The effective mean free path length ðl0) weights the contributions of scattering
cross-sections from different types of particles to the scattering features of the turbid
medium. It is an analogous parameter to the mean free path length (l) in a homo-
geneous medium which has scattering particles of one size.

3.8 Effect of Particle Aggregation

Mie scattering means the interaction of a plane electromagnetic wave with a
spherical particle of size comparable to the illumination wavelength [14, 16]. This
process can be described by the so-called Mie scattering theory that is based on the
diffraction of a plane wave by a spherical particle, as discussed in Chap. 2.
According to this theory, the scattering property of a small particle is determined by
two physical parameters, the scattering efficiency Q and the anisotropy value g. The
former gives the strength of the scattered field while the latter represents the
averaged angle of the scattered field. The Mie scattering theory provides an
important physical foundation of the Monte Carlo simulation for optical micro-
scopic imaging through a tissue-like turbid medium consisting of scattering parti-
cles such as cells and nucleii [1].

However, these small scattering particles are aggregated because of their bio-
logical and chemical functions [17, 18]. An aggregate is a medium with an
ensemble of small scattering particles which, due to the physical mechanisms of
aggregation, lead to a fractal structure, i.e., a scale-invariant structure [19]. Optical
excitations in fractal aggregates are substantially different from those in other media
[20]. Both electromagnetic and Monte Carlo analyses have been developed to study
the light scattering behavior through a fractal aggregate [21, 22]. However, these
methods are not applicable to investigating photon migration through a complex
turbid tissue medium that is composed of many aggregates distributed at different
sites [22]. To deal with multiple scattering in a turbid medium made up of scattering
aggregates, it is necessary to establish a physical model that gives rise to the
scattering parameters of one aggregate under plane wave illumination.

The aim of this section is to present a model of light scattering by a spherical
aggregate [23]. Using Monte Carlo simulation described in Sect. 3.1, we calculate
the angular distribution of photons scattered by a spherical aggregate consisting of
small particles that satisfy the Mie scattering theory. Based on this, we derive the
dependence of the scattering parameters of the aggregate, the scattering efficiency Q
and the anisotropy value g, on its size and the effective mean free path length. This
method is termed the effective Mie scattering (EMS) model with which we predict
the focal spot in the tissue-like turbid medium made up of scattering aggregates.
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3.8.1 Effective Mie Scattering by a Spherical Aggregate

Figure 3.7 shows the schematic diagram of the EMS model for an aggregate. A
plane wave of wavelength λ is illuminated on an aggregate for excitation. The
scattering aggregate has an imaginary spherical shape of diameter D (radius R) and
a fractal dimension of m and consists of spherical scattering particles of diameter
d (radius a) [22]. Here m denotes the degree of aggregation and m = 3 represents a
homogeneously random medium. 2 < m < 3 gives the fractal degree description of a
fractal aggregate in three-dimensional space that is represented by a spherical
coordinate system shown in Fig. 3.7.

Due to the structural feature of a fractal medium, the effective mean free path
length (lm) for an aggregate is not simply related to the scattering cross section and
the concentration of scattering particles in a homogeneously random medium
(m = 3) rather than the following expression [23]:

lm ¼ a½4ðm� 2Þ=KmQp�1=ðm�2Þ ð3:35Þ

where K and Qp are, respectively, the volume fraction of the fractal medium and the
scattering efficiency of a scattering particle determined by theMie scattering theory [14].

To understand the scattering properties of a spherical aggregate, one needs three
physical parameters, the phase function ρ(θ), the scattering cross section σs (or the
scattering efficiency Q), and the anisotropy value g. To this end, we first calculate
the angular distributions of scattered photons and total photons. Because of the
cylindrical symmetry, these two distributions are dependent only on the angle θ,
and represented by Ns(θ) and Ns(θ). A phase function ρ(θ) specifies the angular
dependence of the photons scattered into a unit solid angle dΩ oriented at a scat-
tering angle θ relative to the original light trajectory. Therefore, the normalized
phase function ρ(θ) of an aggregate can be calculated by
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aggregatescattering

particlescattering

Fig. 3.7 Schematic diagram of the effective Mie scattering model for an aggregate. Reprinted with
permission from [23], 2004, Optical Society of America
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qðhÞ ¼ ðNsðhÞ= sin hÞ=
Z2p
0

du
Zp
0

ðNsðhÞ= sin hÞdh ð3:36Þ

The scattering cross section σs is the ratio of the energy scattered at θ, Ws, to the
incident irradiance Ii, i.e., σs = Ws/Ii, while the scattering efficiency Q is the ratio of
the scattering cross section of an aggregate to the geometrical cross section σg, i.e.,
Q = σs/σg. For a spherical aggregate of radius R, the scattering efficiency Qa of a
spherical aggregate can be obtained through

Qa ¼
Z

NsðhÞdh=
Z

NtðhÞdh: ð3:37Þ

The average cosine of the scattering angle θ of the scattered light is called the
anisotropy value g and can be calculated by the use of the phase function ρ(θ). In
our case, the anisotropy value ga of an aggregate is given by

ga ¼
Z

NsðhÞ cos h dh=
Z

NsðhÞdh: ð3:38Þ

3.8.2 Numerical Results

The scattering cross section σp and the anisotropy gp value of a scattering particle
within an aggregate can be determined by the Mie scattering theory and the
effective mean free path length lm of an aggregate can be calculated using (3.35).
Therefore, the three physical scattering parameters of a spherical aggregate can be
calculated using the Monte Carlo simulation method in Sects. 3.1 and 3.5 for a
uniform turbid medium [23]. The parameters used in this Monte Carlo simulation
are as follows. 107 illumination photons are used to ensure the accuracy of simu-
lation results. It is assumed that the excitation wavelength λ is 0.4 μm. The diameter
of the aggregate D is 5 μm and the diameter of the scattering particles which
constitute the aggregate with a fractal dimension of m = 2.5 is d = 0.2 μm. The
scattering particles have no absorption and are suspended in air. The refractive
index n of the scattering particles is 1.59.

The phase function ρ(θ) of the EMS model for a fractal aggregate is demon-
strated in Fig. 3.8 for two cases of lm = 1.0 and lm = 5.0. As expected, when the
effective mean free path length lm becomes larger (the dashed curves in Fig. 3.8a,
b), the angular distribution of the phase function becomes narrower because the
longer lm means the less effective scattering events through the aggregate.

For comparison, the phase function ρ(θ) from the conventional Mie scattering
theory for a solid spherical particle of the size same as the aggregate is also depicted
in Fig. 3.8. A comparison of Mie scattering and EMS shows that Mie scattering
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leads to a modulating dependence of the phase function (Fig. 3.8a), which does not
exist in EMS. This difference results from the different physical mechanisms
involved in Mie scattering and EMS. In the former case, the phase function is
derived by the diffraction theory and thus the superposition of the field amplitude
gives rise to the interference (modulating) feature. However, in the EMS model, the
phase function is given by the superposition of photons (see 3.36). Another feature
of the comparison is that the solid particle results in a stronger forward scattering
characteristic. This feature is caused by the fact that photons are multiple scattered
within the aggregate, which gives rise to a broader angular distribution and stronger
backscattering (Fig. 3.8b).

The dependence of the scattering efficiency Qa and the anisotropy value ga of an
aggregate on the normalized aggregate size D/λ is demonstrated in Fig. 3.9a. It can
be seen that as D/λ becomes larger, the scattering efficiency Qa and the anisotropy
value ga become large and small, respectively. This behavior is different from that
predicted from the Mie scattering theory (see the dashed curves in Fig. 3.9a) but
understood because the number of the scattering events increases as the aggregate
size becomes large. In addition, the dependence of the scattering efficiency Qa and
the anisotropy value ga in EMS does not show the modulating nature, which is
consistent with the superposition principle of photons shown in Fig. 3.8.

The effect of the normalized mean free path length lm/D on the scattering effi-
ciency Qa and the anisotropy value ga is demonstrated in Fig. 3.9b). As expected,
when lm/D increase, i.e., when either lm increases or D decreases, the scattering
efficiency Qa and the anisotropy value ga decreases and increases, respectively,
because of the increased number of the scattering events within the aggregate.
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3.9 Effect of Multi-photon Excitation

The theoretical foundation of two-photon excitation was first established in 1931 by
Goppert-Mayer in her doctoral dissertation [24]. Two-photon (2p) excitation arises
from the simultaneous absorption of two photons in a single quantized event. It is
the most commonly used nonlinear event of multi-photon excitation and was first
used for laser scanning optical microscopy in 1990 [25]. The work of Denk et al.
[25] launched a new revolution in optical microscopy introduced by two-photon
excitation. They successfully demonstrated the 2p fluorescence microscopic
imaging of living cells and other microscopic objects. Readers interested in the
historical development of two-photon microscopy can refer to the Milestone book
by Masters [26].

The basic concept of two-photon excited fluorescence is summarized in
Fig. 3.10. Two long wavelength (usually infrared) photons are simultaneously
absorbed by the molecules of fluorophores and these two photons cooperate to raise
the energy level of one electron in the fluorescent probe from its ground state (S0) to
an excited state. The excited electron subsequently decays back to its ground state
and in so doing loses energy in the form of an emitted photon that has a wavelength
longer than the wavelength corresponding to the sum of the energy of the two
absorbed photons from the light source. This phenomenon is known as the Stokes
shift.

The advantages of using two-photon excitation rather than single-photon exci-
tation microscopy arise from the basic physical principle that the absorption
depends on the square of the excitation intensity, since the simultaneous absorption
of two photons can rarely happen in the out-of-focus region. As a result, the
photobleaching and photodamage outside the focal region is greatly minimized and
this method thus inherently provides a three-dimensional imaging ability even
without the existence of the pinhole that is used in confocal microscopy. Moreover,
the use of the longer excitation wavelength for 2p excitation suffers less scattering
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Fig. 3.9 Scattering efficiency Qa (left side) and anisotropy ga value (right side) of an aggregate as
a function of its size D/λ (a) and mean free path length lm/D. Reprinted with permission from [23],
2004, Optical Society of America
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in a turbid medium, especially in biological tissues, and leads to a deep penetration
of imaging. Therefore, 2p fluorescence microscopic imaging, since its first dem-
onstration, has been widely taken as a useful tool for biomedical studies. In a
similar justification, one can use three photons to excite biological samples although
the excitation efficiency in this case is reduced significantly.

Due to the physical difference in the light interaction with specimen under multi-
photon excitation, it is understandable that the effect of multi-photon excitation on
imaging formation is accordingly different from that of single photon excitation.
Accordingly, the implementation of the Monte Carlo simulation for multi-photon
fluorescence microscopy needs some modifications.

Single-photon (1p) fluorescence excitation is a linear process where the excited
fluorescence intensity is proportional to the incident intensity

I1p ¼ a1pIex ð3:39Þ

where α1p is the 1p fluorescence coefficient, and Iex and I1p are the intensity of the
incident and fluorescence signals, respectively. However, multi-photon fluores-
cence such as 2p or three-photon (3p) fluorescence is a nonlinear process in which
case the excited fluorescence intensity has a quadratic or cubic response to the
excitation light intensity, respectively:

I2p ¼ a2pI
2
ex; I3p ¼ a3pI

2
ex ð3:40Þ

where α2p and α3p are 2p and 3p fluorescence coefficients, respectively.
Due to the nonlinear process, the implementation of the Monte Carlo simulation

under multi-photon excitation (2p or 3p) is not as straightforward as that under 1p
excitation. The execution of the Monte Carlo simulation for multi-photon excitation
is divided into two stages.

In the first stage, the intensity distribution of the excitation light at the focal
plane Iex(r) (where r is the radial distance from the focus) is calculated using the
Monte Carlo simulation method introduced in Sect. 3.1 and stored in a database. In
the second stage, the same number of photons as those produced in the first stage is

Fig. 3.10 Schematic diagram
of two-photon excitation
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launched in simulation. This time, for each excitation photon, a fluorescence photon
is supposed to be produced by assuming αn = 1.

The simulation of the fluorescence photons then starts at the focal plane as
shown in Fig. 3.11. The release position of a fluorescence photon is the same as that
of its excitation photon r(x, y). However, each fluorescence photon generated at the
distance r(x, y) has the weight factor w(r) which is determined according to the
weighting functions under 2p and 3p excitation, respectively,

wnðrÞ ¼ Iðn�1Þ
ex ðrÞ ð3:41Þ

where n = 2 and 3 corresponding to 2p and 3p excitation, respectively.
Meanwhile, each fluorescence photon is emitted at a random direction centered

about the emitting point in the focus plane (x, y). The initial emission directional
cosines of a fluorescence photon within the upper hemispherical space can be
decided by

ux ¼ 2:0 � ðnx � 0:5Þ
uy ¼ 2:0 � ðny � 0:5Þ
uz ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:0� ðu2x þ u2yÞ

q
8><
>: ; ð3:42Þ

where nx and ny are the (0–1) randomly distributed numbers.

3.10 Effect of Coherence

Coherent imaging methods such as optical coherent tomography (OCT) [27] and
second harmonic generation (SHG) [28] imaging have recently attracted a great
interest since they may provide high resolution images, a deep penetration depth
and the special information of a sample.

In the Monte Carlo simulation methods introduced in Sects. 3.1–3.9, light is
treated as a bunch of energy packets, i.e., photons, and its wave property is omitted.
However, to deal with a coherent process, the phase information from a wave is

Fig. 3.11 Schematic diagram
of the implementation of
Monte Carlo simulation under
multi-photon excitation
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indispensable. Therefore, in this section, a new Monte Calro model called the
coherence Monte Carlo (CMC) simulation is briefly introduced [29]. Based on it,
wave phenomena such as coherence and polarization can be studied.

Consider an isotropically distributed spherical particle that is illuminated by a
plane wave. The direction of propagation of the incident light defines the z axis, the
forward direction. The center of the particle is chosen as the origin of a Cartesian
coordinate system (x, y, z) with unit vectors (e_x, e

_

y, e
_

z). The scattering direction e_r

or e_k (k is the propagation direction of the wavelet) and the forward direction e_z

define a plane called the scattering plane (Fig. 3.12). e_== and e_? are the orthonormal
unit vectors, which are parallel and perpendicular to the scattering plane, respec-
tively, and satisfy the following relationship:
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e_== ¼ e_h; e_? ¼ �e_u; e_? 	 e_== ¼ e_k ¼ e_r ð3:43Þ

Accordingly, the electric field E can be expressed by its parallel and perpendicular
components E// and E⊥. Based on Fig. 3.12, we also have

e_
0
==0 ¼ cosu1e

_

x þ sinu1e
_

y; e_
0
?0 ¼ sinu1e

_

x þ cosu1e
_

y ð3:44Þ

During the propagation of a wavelet, the phase change is caused by three pro-
cesses. The first process results from the free transportation between two successive
scattering events. The distance (rn) the wavelet can freely transport between two
successive scattering events can be determined by the following equation, which is
the same as that in Sect. 3.1:

rn ¼ �lnðnÞ=lt: ð3:45Þ

Therefore, during the transportation of the wavelet, a phase variation is calculated as

D/n ¼ krn: ð3:46Þ

The second process for a phase change arises from the scattering process. The
relation between the incident and scattered fields after a single scattering event can
be written in a complex matrix form [14]:

E==n

E?n

 !

 ei

p
2

S2 0
0 S1

� � E0
==ðn�1Þ
E0
?ðn�1Þ

 !
: ð3:47Þ

Here the scattering matrix components (Si) due to the scattering from a sphere, in
general, is the function of the scattering angle θ, as shown in (2.24) and (2.25).

Finally, the transformation of the electrical field to the scattering plane of the
next scattering event leads to ano ther change in phase. From the local scattering
coordinate diagram of the photon prior to and after the nth scattering (Fig. 3.12), it
is noticed that the (n − 1)th scattered electric field (E(n−1)) and the nth scattered
electric field (En) are in different local coordinate systems, which are represented by
the (e_==ðn�1Þ, e

_

?ðn�1Þ, e
_

rðn�1Þ) and (e_==n, e
_

?n, e
_

rn) coordinate systems, respectively.
Between the two systems, a rotation of an azimuthal angle of φn happens
(Fig. 3.12). In order to understand straightforwardly the relationship of the incident
electric field and the next scattered electric field, we project the (n − 1)th scattered
electric field (Eðn�1Þ) to be E0

ðn�1Þ, which is at the same scattering coordinate system

(e_==n, e
_

?n, e
_

rn) as that of (En) while a φn angle rotation from the coordinate system

of e_==ðn�1Þ, e
_

?ðn�1Þ, e
_

rðn�1Þ. Based on the coordinate rotation transform, the electric
basis vectors of these two systems have the following relationship:
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e_
0
==ðn�1Þ

e_
0
?ðn�1Þ

0
@

1
A ¼ cosun � sinun

sinun cosun

� �
e_==ðn�1Þ

e_?ðn�1Þ

 !
: ð3:48Þ

Accordingly,

E0
==ðn�1Þ

E0
?ðn�1Þ

 !
¼ cosun � sinun

sinun cosun

� �
E==ðn�1Þ
E?ðn�1Þ

 !
: ð3:49Þ

Therefore,

E==n

E?n

 !

 ei

p
2

S2 0
0 S1

� �
cosun � sinun
sinun cosun

� �
E==ðn�1Þ
E?ðn�1Þ

 !
: ð3:50Þ

It is seen that the third process for a phase change comes from the coordinate
translation, denoted by the matrix:

cosun sinun
� sinun cosun

� �
:
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Chapter 4
Effective Point Spread Function

Abstract Image modeling based on the Monte Carlo method is time consuming
because a large number of incident photons are required to ensure a required accu-
racy. The requiring of computational time increases significantly when images of
complicated objects embedded in a turbid medium are modeled. To address this
problem, the concept of the effective point spread function (EPSF) has been intro-
duced in this chapter for imaging through turbid media [1]. Section 4.1 provides the
detailed conceptual development of the EPSF and numerical simulations of image
formation of one-dimensional and two-dimensional objects are detailed in Sect. 4.2.

4.1 Concept of Effective Point Spread Function

If there is no turbid medium, a point spread function (PSF) is the image of a point
object and is a measure of image blurring through an imaging system. It determines
the resolution of an imaging system and therefore is independent of the property of
an object. As a result, under Born’s approximation, the image of an object can be
obtained from the convolution of a PSF with an object function [1–3]. It should be
pointed out that defining PSF in a turbid medium is not straightforward. 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 is not
adequate because the multiple scattering effects may severely distort the image of
an embedded object [4–11]. Therefore, the property of a microscope as well as the
property of scattering particles should be included in the proposed PSF for a
microscope.

Without losing generality, a confocal microscope consisting of a finite-sized
pinhole is considered in this chapter. In Fig. 4.1, L1 and L2 represent the illumi-
nation and detection objectives, respectively. P is a finite-sized pinhole of diameter
vd, placed in front of the detector D (a conventional microscope can be considered
to have a large area detector). An effective point spread function (EPSF) for the
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microscope can be defined by the distribution of photons in the focal region, which
can propagate through a turbid medium, the aperture of a detection objective, and a
confocal pinhole. To this end, the coordinates x, y, and z, which are defined with
respect to the overlapped focus of the illumination and collection objectives, of each
photon passing through a turbid medium is first recorded in the Monte Carlo
simulation. Then the simulation carries on to determine whether such a photon can
pass through a turbid medium, the aperture of a detection objective, and a confocal
pinhole. If a photon reaches the detector D, its contribution is registered in the
photon distribution at a point (x, y, z). Otherwise, its contribution is removed. The
resulting photon distribution h(x, y, z) is used as the EPSF for the microscope.

It is clear that 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 the confocal pinhole vd. The parameters
which describe a turbid medium are the scattering mean free path length l, the
anisotropy value g, and the optical thickness n defined as the sample thickness
divided by the scattering mean free path length l. According to the experimental
conditions [12–15], we use an example scattering slab which has a thickness (d) of
180 mm and consists of polystyrene beads of diameter 0.48 μm suspended in water.
The anisotropy value g of 0.48 μm beads is 0.81 for a He–Ne laser at wavelength
0.633 μm.

Fig. 4.1 Schematic diagram of a scanning optical microscope. An EPSF in the focal plane is
schematically illustrated. A sample includes a turbid medium and an object. Reprinted with
permission from [1], 1999, Optical Society of America

52 4 Effective Point Spread Function



4.2 Two Dimensional Case

For a turbid medium of optical thickness n = 20, the EPSF as a function of the radial
coordinate r = (x2 + y2)1/2 at the focus (z = 0) is shown in Fig. 4.2a for different sizes
of the confocal pinhole. The EPSF has been normalized by its value at r = 0. Here
we have assumed that the focal plane is placed in the middle of the turbid medium.
If the focal plane is located at different depths of the turbid medium, the corre-
sponding EPSF is different. It is noticed from Fig. 4.2a that the EPSF becomes
narrower when a smaller confocal pinhole is used. The sharp component near r = 0
represents the contribution from ballistic photons. Statistically, multiple scattered
photons are distributed further away from the center of the detector plane, and thus
when a pinhole is used, these photons can be effectively rejected according to their
deviation from the path that ballistic photons propagate. Therefore, using a pinhole
of smaller size results in a narrower EPSF, which can lead to an image with higher
resolution [11]. Figure 4.2b shows the EPSF for different values of the optical
thickness n. As expected, the contribution from ballistic photons increases as the
optical thickness becomes small.

One may ask if the EPSF derived above satisfies a convolution operation, i.e., if
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
Z Z1

�1
hðx; yÞOðx� x0; y� y0Þdx0dy0; ð4:1Þ

where h(x, y) is the EPSF in the focal plane. In order to demonstrate the validity of
(4.1), and the efficiency and accuracy of the image modeling method in (4.1), we
compare images modeled by the convolution algorithm in (4.1) with those modeled
by the direct simulation method [12]. The object used for this comparison is a
highly absorptive edge embedded in the middle of a turbid medium which has a

Fig. 4.2 Effective point spread function in the focal plane for a different sizes of the confocal
pinhole, vd (NA = 0.25, n = 20) and b different values of the optical thickness n (NA = 0.25,
vd = 100 μm). Reprinted with permission from [1], 1999, Optical Society of America
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thickness (d) of 180 μm and consists of polystyrene beads of diameter 0.48 μm
suspended in water. This sample is scanned in the direction perpendicular to the
edge. The illumination wavelength is assumed to be 0.633 μm. From the image
intensity of the sharp absorption edge, the transverse resolution is defined as the
distance between the 90 and 10 % intensity points.

A comparison of the transverse resolution and computational time in the con-
volution method with those in the direct simulation method [12] is shown in
Table 4.1. The computational time is recorded on a Pentium II 233 MHz PC for a
given number of 5,000,000 incident photons for each image pixel. It can be seen
from Table 4.1 that the difference in the resolution between the two methods is
within 2–3 % for the optical thickness up to 20. This result confirms that the
proposed EPSF satisfies the convolution relation in (4.1). The image modeling
method which uses the convolution operation in (4.1) is much more efficient in
saving computational time than the direct simulation method. For example, for an
edge object (Table 4.1), the new method is approximately 15 times faster than the
direct simulation time. The computational time in the convolution method mainly
arises from the calculation of the EPSF. When the number of incident photons is
increased, the computational time of the EPSF increases but the computational time
of the convolution operation is not affected.

The advantage of saving computational time in the convolution method is more
significant when a two-dimensional (2D) object is modeled. Now we replace the
thin edge by a thin circular disk of 20 μm in diameter. According to the compu-
tational time summarized in Table 4.1, the estimated computational time for an
image of the disk, consisting of 100 × 100 pixels, would be approximately 250 days
for n = 12 on a Pentium II 233 MHz PC if the direct simulation method were used.
However, it takes only 9 h when the convolution method is used. The simulated
images of the thin circular disk embedded in turbid media of different optical
thicknesses n is shown in Fig. 4.3. It is noticed that when the optical thickness
increases, the image becomes blurred as expected. The blurring of the image is
caused by the contribution from multiple scattered photons in a turbid medium.
This feature can be found from Fig. 4.3 which shows that the image is actually

Table 4.1 Comparison of image resolution and computational time in the convolution method
with those in the direct simulation method (Reprinted with permission from [1], 1999, Optical
Society of America)

Optical
thickness (n)

Convolution method Direct simulation method

Transverse
resolution (μm)

Computational
time (h)

Transverse
resolution (μm)

Computational
time (h)

4 29 0.6 30 9.5

9 107 1.7 105 28

15 141 3.6 144 48

20 163 4.9 167 69

The numerical aperture of an objective is 0.25 and the pinhole size is 100 μm
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constructed by two components. One component is a sharp image contributed by
ballistic photons and the other is a blurred image by scattered photons. With
increasing optical thickness, the strength of the ballistic light degrades exponen-
tially and all incident photons are statistically scattered. Thus the sharp image
created by ballistic photons gradually fades while the blurred image contributed
from scattered photons becomes observable.

The convolution relation in (4.1) holds for any 2D thin object. For a thick object
embedded in a turbid medium, the three-dimensional (3D) convolution of a 3D
EPSF and a thick object holds only under Born’s approximation used in Fourier
optics [1, 2], which implies that multiple scattering and secondary diffraction within
a thick object is negligible. This approximation does not hold if there is a shad-
owing effect, for example, in the case of multiple objects. Finally, it should be
emphasized that the EPSF defined here is different from the microscope responses
in the detector plane calculated in the previous studies [7, 8, 11, 12], the latter does
not satisfy the convolution operation even for a thin object.

In conclusion, an EPSF, which incorporates not only the property of a micro-
scope but also the scattering property of a turbid medium in which an object is
embedded, has been defined. The proposed EPSF satisfies the convolution opera-
tion in (4.1) which offers a much more efficient way in image modeling in com-
parison with the direct simulation method. Because information other than an
embedded object is included in an EPSF, image reconstruction of an object
embedded in a thick turbid medium can be possible even when the scattered
photons become dominant.

Fig. 4.3 Images of a thin
circular disk of 20 μm in
diameter (NA = 0.25,
vd ! 1): a n = 0; b n = 6;
c n = 9; d n = 12. Reprinted
with permission from [1],
1999, Optical Society of
America
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Chapter 5
Angle-Gating Mechanism

Abstract The key element in an optical microscope is an objective. As a result, an
object embedded in a turbid medium is illuminated by a focused beam of angles of
convergence determined by the numerical aperture of the objective. Consequently,
scattered and unscattered photons are mixed in a range of angles when they leave a
turbid medium. In this chapter, an angle-gating mechanism for separating scattered
and unscattered photons, achieved by the utilization of polarized annular objectives in
the illumination and collection beam paths of microscopic imaging systems, are
presented. The principle of angle-gating together with the confirmation by
Monte Carlo simulation is described in Sect. 5.1. The performance of annular
objectives in transmission and reflection optical microscopes is presented in Sects. 5.2
and 5.3, respectively. In Sect. 5.4, a general issue regarding imaging resolution in
turbid media is discussed.

5.1 Principle of Angle-Gating

5.1.1 Concept of Angle-Gating

The concept of angle-gating was first proposed by Gu and Gan [1] in simulating the
photon distribution in the time domain and the angle domain. In this simulation,
based on the method in Sects. 3.1 and 3.3, an ultrashort pulsed beam with a
temporal width, Δτ0, of 20 fs and a central wavelength, λ0, of 700 nm is used. The
turbid medium chosen has a cell geometric thickness, d, of 160 μm, a scattering
mean free path length, l, of 40 μm, and an anisotropy value, g, of 0.9, for the central
wavelength, λ0. The incident pulsed beam is focused onto the turbid medium via an
objective of numerical aperture 0.25.

Figure 5.1 illustrates the angular-temporal photon distribution after the incident
pulsed beam has propagated through the turbid medium [2]. The angular resolution
in Fig. 5.1 is 0.5° and the temporal resolution is one-tenth of the pulse width. In
Fig. 5.1a, the turbid medium is illuminated by an objective with a circular aperture
(ε = 0, where ε is defined in this thesis as the radius of the central obstruction
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normalized by the radius of the objective). It is seen that photons propagating at
higher angles arrive later than those propagating at lower angles through the
objective. It is also noted that there is no clear separation between unscattered and
scattered photons in the time domain. This phenomenon demonstrates that time-
gating methods are ineffective in suppressing scattered photons. It is also illustrated
in Fig. 5.1a that there are no distinguishable unscattered components shown in the
angle domain. This phenomenon can also reduce the effectiveness of the angle-
gating methods that rely on the directional selectivity to suppress scattered photons.
These two phenomena arise from the large range of illumination angles produced
by the utilization of a high numerical aperture objective in the imaging process. But
high numerical aperture objectives are necessary for high-resolution imaging.

The use of an annular imaging objective to perform an effective angle-gating
mechanism [2] is demonstrated in Fig. 5.1b which illustrates the angular-temporal
photon distribution under illumination with a thin annular objective (ε = 0.9). An
annular lens is simulated in theMonte Carlo model by confining the x–y coordinate of
point A (see Fig. 3.1) to a circular ring instead of a circular area. It is noted that under
this configuration there is a distinguishable unscattered photon peak in both angular
and temporal domains. According to geometric optics, a thin annular aperture con-
fines illumination photons to a small region. Therefore, the exit angles of the un-
scattered photons can remain in these small regions, while the scattered photons exit
in a much broader angle range. Figure 5.1b also shows that once a photon is scattered,
the possibility for such a photon returning to the original direction is very small.
Therefore, the amount of the scattered photons in the angle region defined by the
annular objective is small. This phenomenon is produced under illumination with a
thin annular lens provides a physical basis to distinguish the scattered and unscattered
photons in the angle domain in a microscopic imaging system.
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Fig. 5.1 Angular-temporal photon distribution of a 20-fs ultrashort pulsed beam propagating
through a turbid slab (ls = 40 μm, d/ls = 4). The time t is a local time, so t = 0 corresponds to the
arrival time of the unscattered pulse peak. a Illumination with a circular objective; b illumination
with an annular objective. Reprinted with permission from [3], 1997, Cambridge University Press
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5.1.2 Angle-Gating in a Microscope

Without losing generality, let us consider a transmission optical microscope.
Figure 5.2 shows the concept of angle-gating in a transmission optical microscope,
where a darker region includes more ballistic photons. When one employs a pair of
circular objectives (O1 and O2) in a transmission optical imaging system (Fig. 5.2a),
there is no physical way to separate scattered photons in the angle domain of the
second (collection) objective O2. In order to separate these two types of photons, an
annular objective (an annular objective can be achieved by placing an annular filter
F in the front focal plane of an objective in a 4f system [2]) rather than a circular
objective is needed for illumination. The size of an annular objective, ε, is defined as
the ratio of the central obstruction radius to the objective aperture radius. εin and εout
are used to define annular objectives in the illumination and collection paths,
respectively. It should be noted that the range of the illumination angles for an annular
objective is reduced but the numerical aperture of the objective does not change since
the maximum aperture of the objective does not change. As expected, with the
introduction of an illumination annular objective, it is possible to separate the scat-
tered and unscattered photons from each other since the scattered photons statistically
propagate along different angles from the unscattered photons (Fig. 5.2b).

To make use of this unscattered photon peak for high-quality microscopic
imaging, one can employ another thin annular filter F2 to collect the signal origi-
nating from the object embedded in turbid media, as depicted in Fig. 5.2c. Although
a pair of annular objectives can eliminate scattered photons which do not travel
along the same direction of the illumination beam, there are still photons which are

Fig. 5.2 Principle of angle-gating in a transmission microscopic imaging system when a a pair of
circular objectives, b an illumination annular objective and a collection circular objective, c a
matching pair of annular objectives and d a matching pair of annular objectives employing
polarization-gating are employed
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multiply scattered and finally travel along the same direction as the illumination
beam. These scattered photons are superimposed on top of the unscattered photons
and can lead to a reduction of image quality (resolution and contrast) even when
annular objectives are employed, since multiply scattered photons carry less
information of an object embedded in a turbid medium. These scattered photons do
not possess the same polarization state as the incident beam because of the scat-
tering process. Therefore to suppress them, one can insert a polarizer LP1 in front of
or after the illumination annular filter (Fig. 5.2d), so that unscattered photons
coming from the sample have the same polarization state as the illumination while
the scattered photons traveling along the illumination direction are depolarized. The
amount of diffusing photons can be appreciably reduced by using another polarizer
LP2, (Fig. 5.2d) which has the same polarization direction as the incident beam and
is placed in the back focal plane of the collection objective. As a result of incor-
porating a polarization detection mechanism, image quality (resolution and con-
trast) can be further improved.

To confirm the angle-gating mechanism, we can use the Monte Carlo program
[3–5] to calculate the intensity distribution over the collection objective aperture O2

for a continuos wave beam for sample3 and sample5 (see Table 5.1) which was
used in the experiments. Illustrated in Fig. 5.3 is the intensity distribution, nor-
malized by the incident intensity, along the radial direction of the collection
objective, r, when a circular (ε = 0) or an annular objective (ε = 0.9) is employed for
illumination. It can be seen from Fig. 5.3 that an unscattered photon peak appears
near the edge of the collection objective aperture only when an annular objective is
used for illumination. This result confirms that the thin illumination annular
objective confines the unscattered photons to a small angular region on the

Table 5.1 Parameters for the samples used in the transmission optical microscope

Sample
number

Scattering medium Cell
thickness,
d (μm)

SMFP
length, ls
(μm)

Anisotropy
value, g

Optical
thickness,
n (d/ls)

1 Distilled water 100 – – –

2 0.107 μm polysty.
microsph. in water

120 416.4a 0.076a 0.3

3 0.202 μm polysty.
microsph. in water

120 70.2a 0.31a 1.7

4 0.48 μm polysty.
microsph. in water

100 19.2a 0.81a 5.2

5 0.48 μm polysty.
microsph. in water

120 19.2a 0.81a 6.3

6 Semi-skimmed
milk

100 30b <0.4c 3.3

7 Semi-skimmed
milk

300 30b <0.4c 10

a The parameters are determined by Mie theory (see Table 2.1)
b The parameters are experimentally determined [5]
c The parameters are determined from the literature [7]
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collection objective plane. The unscattered photon peak in the case of sample5
(Fig. 5.3b) is not as strong as that for sample3 (Fig. 5.3a) due to the significant
difference in the average number of scattering events (see Table 5.1).

5.2 Angle-Gating in Transmission Optical Microscopy

5.2.1 Transmission Optical Microscope and Turbid Samples

The transmission optical microscope shown in Fig. 5.4a is a scanning optical
microscope using two polarized annular objectives [5]. A 7 mW Melles Griot
(model No. 05-LHP-153) He–Ne laser (λ = 632.8 nm) is used as the light source.
The beam from the laser source is expanded and collimated by an objective O1

(numerical aperture, NA = 0.25) and a lens L1 (focal length, f = 200 mm, diameter,
D = 25 mm). The illumination objective O2 (Zeiss FLUAR 20×/0.75 ∞/0.17) and
the collection objective O3 (Zeiss PLAN-NEOFLUAR 40×/0.75 ∞/0.17) formed a
symmetric system around a turbid sample since they have an identical numerical
aperture. Scattered and unscattered photons coming from the collection objective
are focused via lens L2 (f = 200 mm, D = 25 mm) onto a large area detector (1 cm2)
DT which records a time-averaged signal.

Annular objectives can be achieved by placing coaxially opaque circular disc
obstructions F1 and F2 in the illumination and detection beam paths, respectively.
Extreme care should be taken when the focal position of the imaging and collection
objectives are overlapped and when the position of the central obstructions in the
aperture of the illumination and collection objectives are aligned. The performance
of the angle-gating mechanism depends on the successful alignment of these two
parameters.

Fig. 5.3 Simulated photon distribution along the radial direction of the collection objective for
illumination with a circular objective (ε = 0, bold) or an annular objective (ε = 0.9). a Sample3 (a
turbid medium consisting of 0.202 μm microspheres, see Table 5.1); b sample5 (a turbid medium
consisting of 0.48 μm microspheres, see Table 5.1). Here ρ is the radial coordinate of the collection
objective, normalized by the maximum radius of the objective. Reprinted with permission from
[6], 1998, Wiley
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The polarization-gating mechanism can be implemented by placing a polarizer
LP1 which produced a linearly polarized illumination beam, and a polarizer LP2
which acts as an analyzer in front of the detector. The degree of polarization, γ,
defined in (3.1), of the light passing through a turbid sample can be measured from
the signals detected with the analyzer LP2 parallel (Ip) and perpendicular (Is) to the
direction of LP1, respectively. The polarization intensity ratio, the ratio of the
parallel polarization intensity to the perpendicular polarization intensity, Ip/Is,
(where Ip/Is ≥ 1) is also used in the experiments to help demonstrate the contri-
bution made by unscattered and scattered photons. Therefore, a large polarization
intensity ratio, Ip/Is, is desirable since this represents the situation when more
unscattered photons are collected than scattered photons.

The details of seven turbid samples are summarized in Table 5.1 [5, 6]. Each
sample is placed in an individual glass cell with lateral dimensions of 2 cm × 1 cm.
The geometric thickness of the glass cell, d, is varied for the different samples. The
optical thickness, n, (i.e., the average number of scattering events experienced by a
given photon) is given by, d/ls for a transmission system, where ls is the scattering
mean free path (SMFP) length, as defined in (2.11). Sample1 consists of distilled
water and is used to determine the behavior of the transmission imaging system
without scatterers. Sample2, sample3, sample4, and sample5 consist of polystyrene
microspheres suspended in water and the scattering parameters of microspheres in
these samples are given in Table 2.1. Sample6 and sample7 consist of standard
semi-skimmed milk (fat content 3.6 %). Semi-skimmed milk is chosen since it does
not include large scatterers (>1 μm), and has been used by Morgan et al. [8] and
Wabnitz and Rinneberg [9] in transillumination imaging to simulate tissues which

(a) (b)

Fig. 5.4 Experimental systems. a Transmission scanning optical microscope with angle-gating
and polarization-gating mechanisms. A aperture; DT detector; F central obstruction; L lens; LP
polariser; ND neutral density filter; O objective; P pinhole. b Optical system to determine the
scattering mean free path length, ls, for semi-skimmed milk. ϕ incident and collection beam
diameters; A aperture; LP polarisers. Reprinted with permission from [5], 1998, Optical Society of
America
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do not include large scatterers (>1 μm). These samples are chosen so that the
performance of the angle-gating mechanism can be experimentally investigated in
the regimes when scattering is weak and strong.

The diameter of the scattering particles in the milk suspension is assumed to be
in the range of 0.1–1.0 μm, and the anisotropy value was assumed from the ref-
erence by Jensen [7]. The scattering mean free path length, ls, for the semi-skimmed
milk can be experimentally determined with the experimental arrangement shown
in Fig. 5.4b in conjunction with Beers’ law shown in (3.1). Rearranging (3.1) yields

ls ¼ �d

ln N dð Þ
N 0ð Þ

� � ð5:1Þ

Therefore as long as the incident power, which is proportional to N(0), and the
turbid medium thickness, d, are known, the scattering mean free path length, ls, can
determined by measuring the transmitted unscattered light intensity, which is
proportional to N(d), passing through a given turbid medium. The measurement of
the transmitted unscattered light intensity is done in the far field region (approxi-
mately 1 m away from the turbid sample) to minimize the detection of scattered
photons. An aperture in conjunction with a polarization-gating mechanism is
employed in front of the detector to assist in minimizing the contribution made by
scattered photons, since scattered photons are depolarized and statistically travel
along a different direction from unscattered photons.

For evaluating the image quality when polarized annular objectives are used, a
cluster layer of 22 μm (in diameter) polystyrene microspheres (standard deviation
2.593 μm, PolyScience Inc.) can be dried onto the inside back surface of the glass cell
before it is filled with a turbid medium. The turbid media are placed between the
illumination objective and the object, as shown in Fig. 5.4a. Prepared samples are
mounted on a three-dimensional piezoelectric translation stage and then placed in the
overlapping focal region of the two objectives O2 and O3. The translation stages are
controlled through a piezoelectric controller. The piezoelectric stages provide 200 μm
of traversal with 50 and 100 nm resolution in the x–y and z directions, respectively.
The overlapping focus of the two objectives O2 and O3 is equally spaced in the center
of a turbid sample for the measurements of the degree of polarization, γ. The degree of
polarization, γ, for sample1 is measured to be 99.9 % for circular imaging objectives
(ε = 0), which shows that depolarization caused by the objectives and other com-
ponents in this experimental arrangement can be ignored.

5.2.2 Effect of Annular Illumination and Collection
Objectives

Let us first consider the effect of an annular objective on imaging performance. We
take sample4 and sample7 since these two samples can demonstrate the effect of an
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annular illumination objective when optical scattering is weak and strong. The
degree of polarization, γ, with circular illumination and collection (εin = εout = 0)
objectives is measured to be 0.574 and 0.118 for sample4 and sample7, respec-
tively. This measurement demonstrates the depolarization of the incident beam due
to the scatterers in the turbid media.

Measurements of the degree of polarization, γ, for different central obstruction
sizes, εin, placed in the illumination beam path (F1) are plotted in Fig. 5.5. Fig-
ure 5.5a shows the effect of the central obstruction size of the illumination objec-
tive, εin, on the degree of polarization, γ, when a circular collection objective
(εout = 0), are employed for sample4 and sample7. Figure 5.5b illustrates the
polarization intensity ratio, Ip/Is, for the collected signals under the same conditions.
It is seen that as the illumination central obstruction size, εin, increases from 0 to
0.9, the degree of polarization, γ, decreases from 0.574 (or Ip/Is = 3.7) to 0.532 (or
Ip/Is = 3.3) and from 0.118 (or Ip/Is = 1.3) to 0.051 (or Ip/Is = 1.1) for sample4 and
sample7, respectively.

0.53

0.54

0.55

0.56

0.57

0.58

0.0 0.2 0.4 0.6 0.8 1.0
Central obstruction size, in

Central obstruction size, in

D
eg

re
e 

of
 p

ol
ar

is
at

io
n

, 
sa

m
p

le
4

(a) (b)

0.04

0.06

0.08

0.10

0.12

D
eg

re
e 

of
 p

ol
ar

is
at

io
n

, 
sa

m
p

le
7

sample4
sample7

3.2

3.3

3.4

3.5

3.6

3.7

0.0 0.2 0.4 0.6 0.8 1.0
1.10

1.15

1.20

1.25

1.30

sample4
sample7

P
ol

ar
is

at
io

n
 in

te
n

si
ty

 r
at

io
, I

  /
I

 s
p

 s
am

p
le

7

P
ol

ar
is

at
io

n
 in

te
n

si
ty

 r
at

io
, I

  /
I

 s
p

 s
am

p
le

4

-8

-7

-6

-5

-4

-3

-2

-1

0

0.0 0.2 0.4 0.6 0.8 1.0

R
ed

u
ct

io
n

 p
ar

am
et

er
, 

P
sa

m
p

le
4 (

%
)

-60

-50

-40

-30

-20

-10

0

R
ed

u
ct

io
n

 p
ar

am
et

er
, 

P
sa

m
p

le
7 (

%
)

sample4
sample7

-12

-10

-8

-6

-4

-2

0

0.0 0.2 0.4 0.6 0.8 1.0
Central obstruction size, inCentral obstruction size, in

R
ed

u
ct

io
n

 p
ar

am
et

er
, 

P
I

 s
am

p
le

4 (
%

)

-14

-12

-10

-8

-6

-4

-2

0

R
ed

u
ct

io
n

 p
ar

am
et

er
, 

P
I

sa
m

p
le

7 (
%

)

sample4
sample7

(c) (d)

Fig. 5.5 Dependence of the degree of polarization, γ (a), the polarization intensity ratio, Ip/Is (b),
and the percentage reduction parameters, Pγ (c) and PI (d) on the radius of the central obstruction
of the illumination objective, εin. The numerical aperture for objectives O2 and O3 is 0.6
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To further help demonstrate the performance of the illumination central
obstruction size, εin, on the suppression of scattered photons the following 2 %
improvement/reduction parameters are defined

Pc ¼ ce � ce¼0

ce¼0
ð5:2Þ

and

PI ¼
Ip
�
Is

���
e
�Ip

�
Is

���
e¼0

Ip
�
Is

���
e¼0

; ð5:3Þ

where Pγ demonstrates the change in the degree of polarization, γ, and PI dem-
onstrates the change in the polarization intensity ratio, Ip/Is.

The parameters Pγ and PI as a function of the illumination central obstruction
size, εin, for sample4 and sample7 are shown in Figs. 5.5c, d, respectively. It is seen
that as the illumination central obstruction size, εin, increases from 0 to 0.9, Pγ and
PI decrease by approximately 7 and 11 %, respectively, for sample4, while for
sample7 the decrease in Pγ and PI is approximately 57 and 13 %, respectively. This
behavior is because the annular input confines the illumination photons into a high-
angle region. Incident photons traveling at higher angles through the turbid samples
experience on average more scattering events, leading to a stronger depolarization
effect which is indicated by the lower polarization intensity ratio, Ip/Is, when the
illumination central obstruction size, εin, approaches unity (Fig. 5.5b). Since the
collection objective collects all the available unscattered and scattered photons
within its aperture, scattered photons cannot be further selectively suppressed. Thus
the degree of polarization, γ, and the polarization intensity ratio, Ip/Is, inevitably
decrease.

Now let us turn to the performance of the central obstruction sizes, εout, placed in
the collection beam path (F2), on the degree of polarization, γ, for fixed values of
the central obstruction size, εin, placed in the illumination beam path (F1). Only
sample4 is used, since a single turbid sample can demonstrate the effect of the
annular collection objective on suppressing scattered photons.

Figure 5.6a shows the dependence of the degree of polarization, γ, on the col-
lection central obstruction size, εout, (used to suppress the scattered photons) when
the central obstruction size, εin, of the illumination objective is given, while
Fig. 5.6b illustrates the polarization intensity ratio, Ip/Is, for the collected signal.
The parameters Pγ and PI are plotted in Fig. 5.6c, d for the four cases, respectively.

When an annular illumination objective of εin < 0.75 is employed there is not
enough discrimination of the scattered photons even for a collection central
obstruction size, εout, approaching unity. This feature can be further seen from the
decreasing values of Pγ and PI (i.e., higher contribution of scattered photons) in
Fig. 5.6c, d, respectively. It can be clearly seen from Fig. 5.6 that a significant
improvement in the degree of polarization, γ, is made only when both central
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obstruction sizes, εin and εout are greater than 0.75. For a collection central
obstruction size, εout, equal to 0.99 the improvement in the degree of polarization, γ,
is 0.074 (or Pγ ≈ 14 %) and 0.237 (or Pγ ≈ 42 %) when an annular objective with
central obstruction size, εin, equal to 0.75 and 0.99, respectively, is used. The
improvement in the polarization intensity ratio, Ip/Is, for the same conditions is 0.85
(or PI ≈ 25 %) and 5.43 (or PI ≈ 152 %), respectively. This result suggests that a
pair of annular objectives with large central obstructions (i.e., ε → 1) should be
used to efficiently suppress diffusing photons.

Finally, we examine the performance of two equal central obstruction sizes
(εin = εout = ε) placed in the illumination beam path (F1) and collection beam path
(F2). In this case sample2, sample3, sample4, and sample7 are used. These four
samples are chosen to demonstrate the effect of the angle-gating mechanism on the
suppression of scattered photons for turbid media with different scattering char-
acteristics. The dependence of the degree of polarization, γ, on the central
obstruction size, ε, for a matching pair of annular objectives and the polarization
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Fig. 5.6 Dependence of the degree of polarization, γ (a), the polarization intensity ratio, Ip/Is (b),
and the percentage improvement/reduction parameters, Pγ (c) and PI (d) on the radius of the central
obstruction of the collection objective, εout, when the central obstruction, εin, of the illumination
objective is given. The numerical aperture for objective O2 and O3 is 0.6
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intensity ratio, Ip/Is, for the collected signal are shown in Fig. 5.7a, b, respectively.
The parameters Pγ and PI are plotted in Fig. 5.7c, d for the four samples,
respectively.

The measured degree of polarization, γ, for the four samples was 0.9 (or Ip/
Is = 19), 0.81 (or Ip/Is = 9.5), 0.574 (or Ip/Is = 3.7) and 0.118 (or Ip/Is = 1.3),
respectively, when circular objectives (ε = 0) is used. The lower degree of polari-
zation, γ, for sample4 and sample7 results from the fact that the scattering effect is
much stronger than that for samples2 and sample3. It is clearly seen from Fig. 5.7a
that the degree of polarization, γ, increases appreciably when the central obstruction
size, ε, changes from zero to unity. The difference of the degree of polarization, γ,
between the matching pair of circular objectives (ε = 0) and the matching pair of
annular objectives (ε ≈ 0.99) was 0.04 (or Pγ ≈ 4 %), 0.1 (or Pγ ≈ 12 %), 0.226 (or
Pγ ≈ 39 %) and 0.308 (or Pγ ≈ 261 %) for sample2, sample3, sample4 and sample7,
respectively. The corresponding improvement in the polarization intensity ratio, Ip/
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Fig. 5.7 Dependence of the degree of polarization, γ (a), the polarization intensity ratio, Ip/Is (b),
and the percentage improvement/reduction parameters, Pγ (c) and PI (d) on the radius of the central
obstruction of a matching pair of annular objectives, ε. The numerical aperture for objectives O2

and O3 is 0.6
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Is is 13.3 (or PI ≈ 70 %), 11.7 (or PI ≈ 123 %), 5.3 (or PI ≈ 144 %) and 1.2 (or
PI ≈ 96 %) for sample2, sample3, sample4, and sample7, respectively. This result
clearly shows that if two thin polarizing annular objectives are used diffusing
photons can be efficiently suppressed and that the effect of the polarizing annular
objectives on the suppression becomes more significant when the optical thickness,
n, becomes larger and depolarization is stronger. The degree of polarization, γ,
increases quickly when the central obstruction size, ε, is greater than 0.9, which
implies that the improvement in image quality becomes significant in this region.
Although an annular objective with the central obstruction size, ε, close to unity
allows higher suppression of scattered photons, such a large central obstruction
size, ε, reduces the amount of detectable photons appreciably. Therefore, a trade-off
value of the central obstruction size, ε, exists between the signal-to-noise ratio of an
image and the ability to suppress scattered photons (i.e., resolution achievable).

In Fig. 5.7a sample4 shows that the degree of polarization, γ, decreases first and
then increases when the central obstruction size, ε, changes from 0 to 0.9. This
phenomenon is caused by the competition between two processes occurring when
the central obstruction size, ε, increases. The first process is that increasing the
central obstruction size, εin, of the imaging objective results in more scattering
events due to the longer propagation path of scattered photons and leads to a
reduction of the degree of polarization, γ, as shown in Fig. 5.5. On the other hand,
when a pair of matching annular objectives with a central obstruction size, ε > 0.75
are used, scattered photons can be suppressed and therefore the degree of polari-
zation, γ, increased. The second process becomes dominant when the central
obstruction size, ε, approaches unity. As a result, a decreased degree of polarization,
γ, occurs for sample4 when the central obstruction size, ε, is not large enough. Once
the central obstruction size, ε, is large enough, the degree of polarization, γ,
increases appreciably, due to the dominance of the second process. For sample2,
sample3, and sample7, it seems that the second process is always dominant. The
behavior regarding the effect of the size of the central obstruction, ε, on the degree
of polarization, γ, for sample4 is qualitatively confirmed by the theoretical result in
Fig. 5.8, which is based on the Monte Carlo method described in Chap. 3 [3].

5.2.3 Effect of the Numerical Aperture of the Matching
Objectives

In microscopic imaging the goal is to obtain high resolution. To achieve this one
needs to employ a high numerical aperture objective. But there is an inherent
problem when a high numerical aperture objective is used to image through a turbid
medium. Photons propagating at higher angles in such an objective result in longer
path lengths that photons traverse, which effectively increases the average number
of scattering events experienced by the photons. Therefore, the number of photons
maintaining their initial degree of polarization can be reduced.
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The effect of reducing the illumination and collection apertures A1 and A2 (see
Fig. 5.4a) is shown in Fig. 5.9. Reducing the beam diameter of the objective lenses
reduces the effective numerical aperture of the objective as well as the angular
distribution of illumination and collected photons. Only sample4 and sample7 are
considered. The improvement parameters for demonstrating the performance of the
numerical aperture (NA) on the suppression of scattered photons are defined as

Pc ¼ cNA � cNA¼0:75

cNA¼0:75
; ð5:4Þ

and

PI ¼
Ip
�
Is

���
NA

�Ip
�
Is

���
NA¼0:75

Ip
�
Is

���
NA¼0:75

: ð5:5Þ

It is clearly seen from Fig. 5.9a that the degree of polarization, γ, increases
appreciably for both samples when the numerical aperture is decreased, while
Fig. 5.9b illustrates the polarization intensity ratio, Ip/Is, for the collected signal.
The parameters Pγ and PI are plotted in Fig. 5.9c, d for the two samples, respec-
tively. The difference in the degree of polarization, γ, between NA = 0.75 and
NA = 0.12 is 0.041 (or Pγ ≈ 7 %) and 0.074 (or Pγ ≈ 70 %) for sample4 and
sample7, respectively. For the same conditions, the improvement in the polarization
intensity ratio, Ip/Is is 0.472 (or PI ≈ 13 %) and 0.202 (or PI ≈ 16 %) for sample4
and sample7, respectively. The improvement in Pγ and PI is due to the suppression
of the higher angle photons by reducing the numerical aperture of the objectives.

Fig. 5.8 Simulated dependence of the degree of polarization, γ, on the radius of the central
annular obstruction for a matching pair of annular objectives with a numerical aperture of 0.6
(solid curve) and the numerical aperture of the circular objectives for sample4 in a transmission
microscope (dashed curve). Reprinted with permission from [5], 1998, Optical Society of America
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Therefore a trade-off numerical aperture exists between resolution and the ability to
efficiently suppress the diffusing photons (i.e., a high degree of polarization, γ).
Figure 5.9 confirms the dependence of the degree of polarization, γ, on the
numerical aperture which was also observed in sample4.

5.2.4 Imaging with Circular and Annular Objectives

For a better suppression effect as suggested by Fig. 5.9, the numerical aperture of
the illumination and collection objectives chosen for all imaging (Figs. 5.10, 5.11,
5.12, 5.13, and 5.14) is 0.25. It should be noted that the detectable signal severely
decreases as the central obstruction size, ε, approaches unity. An annular objective
with ε ≈ 0.93 is therefore chosen to perform all imaging since this annular objective
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Fig. 5.9 Dependence of the degree of polarization, γ (a), the polarization intensity ratio, Ip/Is (b),
and the percentage improvement/reduction parameters, Pγ (c) and PI (d) on the numerical aperture
of the matched illumination and collection objectives
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has a good suppression ability and a high signal-to-noise ratio (the detectable light
level is significantly above the noise level of the detector used).

The incident power from the laser is attenuated such that the illumination power
at the focus for a pair of circular objectives (ε = 0) is equivalent to the power at the
focus for a pair of annular objectives (ε ≈ 0.93). In this way, a direct comparison of
the signal-to-noise ratio (SNR is quantified by the ratio of peak-to-peak signal level
to peak-to-peak noise level) can be obtained when circular or annular objectives are
employed. As a result, the power at the focus is approximately 110 μW. Polari-
zation-gating is achieved when the polarizer LP1 and analyzer LP2 have the same
orientation (see Fig. 5.4a). The plane of the overlapped focus for all imaging (unless
otherwise stated) is on the surface of the dried bead layer on the turbid medium
side. Images are obtained by raster scanning a sample with the aid of a computer.

Figure 5.10 demonstrates the image quality when a dried cluster layer of the 22-
μm microspheres embedded within sample1 (see Table 5.1) was imaged with two
polarizing circular objectives (Fig. 5.10a, c) and two polarizing annular objectives
(Fig. 5.10b, d). Figure 5.10c and d have a reduced field of view of Fig. 5.10a, b to
demonstrate the image quality for a single 22-μm microsphere. Since an annular
objective has a large depth of focus [10], the image formed with annular objectives
appears slightly blurred due to the more contribution from the out-of-focus infor-
mation (Fig. 5.10b, d) when compared with the images formed with circular
objectives (Fig. 5.10a, c). Since the dried microsphere layer is not uniformly dried
on the glass surface, the microsphere diameter in the case of circular objectives is
dependent on the displacement of the focal position relative to the microsphere
surface (Fig. 5.10a). In the case of annular objectives (Fig. 5.10b), the imaged
microspheres have approximately the same diameter due to the large depth of focus.
All images in Fig. 5.10 are formed by unscattered photons obeying the diffraction
theory of light [11]. Therefore, blurring caused by diffraction can become more
pronounced as the central obstruction size, ε, for an annular objective is increased in
imaging without turbid media. Image contrast in both cases appears black within
the shadow of the microsphere, as may be expected from the diffraction by a
spherical microsphere.

To demonstrate the effect of turbid media on image quality, sample4 including a
cluster layer of 22-μm beads is imaged with circular (ε = 0) and annular (ε ≈ 0.93)

Fig. 5.10 Images of a 22-μm polystyrene microspheres embedded within sample1. a and
c Circular objectives (ε = 0) with parallel polarizers; b and d annular objectives (ε ≈ 0.93) with
parallel polarizers. The intensity of the images is normalized to unity. c and d Are reprinted with
permission from [6], 1998, Wiley
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objectives. Figure 5.11 shows the images recorded at different focal depths in the
sample. It is seen that for circular objectives (Fig. 5.11a, b), there is an inversion of
image contrast, which is indicated by the white areas in the center of the micro-
spheres. This inversed contrast can lead to an incorrect interpretation of the
information in the image. It is also seen that the image contrast drops dramatically
as the focal position moves away from the layer of dried microspheres. In contrast
to the case of circular objectives, the images obtained by annular objectives
(Fig. 5.11d–f) show the correct contrast and the ability to image the dried micro-
sphere layer even when the focal position is shifted to 40 μm above the surface of
the dried microsphere layer. In addition, the pair of annular objectives can enhance
the contrast of embedded structures within the turbid media. This feature is indi-
cated by the structure marked by ‘A’ in Fig. 5.11d. This embedded structure has
strong and equal contrast when imaged with annular objectives, whereas when the
embedded structure is imaged with circular objectives (Fig. 5.11a) it is difficult to
see due to poor contrast.

Figure 5.12 shows the image of a 22-μm microsphere embedded in an optically
thicker turbid medium (sample5) under different experimental conditions. In
Fig. 5.12a, two circular objectives (ε = 0) are used. Figure 5.12b displays the image
when two parallel polarizers are included in the circular objectives (ε = 0). It is seen
that the introduction of the polarizers produces a slight improvement in image

50 μm

A

A

(a) (b) (c)

(d) (e) (f)

Fig. 5.11 Images of a 22-μm polystyrene microsphere cluster embedded within sample4.
a–c Circular objectives (ε = 0) with parallel polarization; d–f annular objectives (ε ≈ 0.93) with
parallel polarization. In a and d the focus is on the dried cluster layer, in b and e the focus is shifted
away from the cluster layer by approximately 20 μm, and in c and f the focus is shifted away from
the dried cluster layer by approximately 40 μm. The intensity of the images is normalized to unity
(Reprinted with permission from [5], 1998, Optical Society of America)
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detail. Both Fig. 5.12a, b reveal a reversion of image contrast near the center of the
microsphere where a dark region should be displayed (see Fig. 5.10c), which as
stated earlier may be misleading when the image is interpreted. Figure 5.12c shows
the image obtained for two annular objectives (ε ≈ 0.93). It can be seen that the
images recorded with annular objectives have higher resolution, which is indicated
by the smaller microsphere size and reduced smearing. In addition, the images
recorded with annular objectives have a correct image contrast in the center of the
microsphere, resulting from the effective suppression of scattered photons. A fur-
ther improvement in the image contrast near the surface of the microsphere can be
seen in Fig. 5.12d when the parallel polarizers are included.

Finally, let us demonstrate the performance of polarizing annular objectives on
image quality for more realistic samples (i.e., sample6 and sample7). Figure 5.13
shows the images of a dried cluster layer of microspheres embedded in sample6
recorded with circular (Fig. 5.13a) and annular (Fig. 5.13b, c) objectives. In the case
of using circular objectives (ε = 0), an inversion of the image contrast is present,
which is indicated by the bright central regions. Figure 5.13b, c shows the correct
image contrast when annular objectives (ε ≈ 0.93) are used. It should be noted that

(a) (b) (c)

20 μm

Fig. 5.13 Images of 22-μm polystyrene microspheres embedded in sample6. a Circular objectives
(ε = 0) with parallel polarization; b annular objectives (ε ≈ 0.93) with parallel polarization;
c annular objectives (ε ≈ 0.93) with perpendicular polarization. The intensity of the images was
normalized to unity (Reprinted with permission from [5], 1998, Optical Society of America)

Fig. 5.12 Images of a 22-μm polystyrene microsphere embedded within sample5. a Circular
objectives (ε = 0) without polarizers; b circular objectives (ε = 0) with polarizers; c annular
objectives (ε ≈ 0.93) without polarizers; d annular objectives (ε ≈ 0.93) with polarizers. The
intensity of the images is normalized to unity. Reprinted with permission from [6], 1998, Wiley
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Fig. 5.13b is obtained with a parallel analyzer LP2 with respect to the polarizer LP1,
(mainly unscattered photons are detected), while Fig. 5.13c is obtained with a
perpendicular analyzer with respect to LP1 (mainly scattered photons are detected).
It is evident that when scattered photons are used to construct an image the reso-
lution drops substantially, which is indicated by the blurring and smearing effects
seen in Fig. 5.13c. The full-width-at-half-maximum of the imaged microsphere for
the annular (Fig. 5.13b) and circular objectives (Fig. 5.13a) is approximately 28.6
and 28.9 μm, respectively, which indicates that annular objectives can slightly
increase resolution, due to the suppression of scattered photons.

To demonstrate the ability of annular objectives to select unscattered light in a
thick turbid medium, sample7 including the microsphere cluster layer was imaged
with circular (Fig. 5.14a) and annular objectives (Fig. 5.14b). The images recorded
with circular objectives (ε = 0) again demonstrate an inversion of image contrast near
the center of the microsphere. In addition, severe degradation in image quality is seen,
as a result of the increased scattering experienced. Once again, the correct image
contrast is seen when the microsphere is imaged with annular objectives (ε ≈ 0.93).
However, the signal-to-noise ratio of the recorded image (Fig. 5.14b) is degraded due
to the reduced number of available unscattered photons. The full-width-at-half-
maximum of the imaged microsphere for the annular (Fig. 5.14b) and circular
(Fig. 5.14a) objectives is approximately 39.1 and 41.8 μm, respectively. This result
further confirms that annular objectives lead to increased resolution in imaging
through thick turbid media due to the ability of suppression scattered photons.

5.2.5 Discussion

In Figs. 5.11a, b, 5.13a, and 5.14a, the image contrast is inverted within the shadow
of microspheres when circular objectives are used. A possible explanation of this
behavior is that scattered photons, which cannot be efficiently suppressed by cir-
cular objectives, can reach the shadow area of the microspheres thus contributing to

(a) (b)

20 μm

Fig. 5.14 Images of a 22-μm polystyrene microsphere embedded in sample7. a Circular objective
(ε = 0) with parallel polarization; b annular objectives (ε ≈ 0.93) with parallel polarization. The
intensity of the images is normalized to unity. Reprinted with permission from [5], 1998, Optical
Society of America
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a higher intensity in this region. These scattered photons are considerably sup-
pressed if annular objectives are used, which gives enhanced and correct image
contrast. Although annular objectives achieve the correctly enhanced image con-
trast (Figs. 5.12c, d, 5.13b, c and 5.14b), originating from the angle-gating
mechanism outlined in Sect. 4.2, there are a number of issues that need to be
discussed regarding their performance as a gating mechanism.

The Monte Carlo method, described in Chap. 3, is based on Mie theory and
ignores the diffraction effect. It can be mainly used to describe the behavior of
scattered photons in turbid media according to ray optics. In fact, the dominant
propagation behavior of unscattered photons in turbid media obeys the prediction
by the diffraction theory of light based on Born’s approximation [11] which
neglects multiple scattering. These two processes, the multiple-scattering of scat-
tered photons and the diffraction by unscattered photons, exist in imaging through
turbid media simultaneously. Scattered photons contribute to an image with low
resolution whereas unscattered photons give high resolution. When a pair of
annular objectives are used to suppress scattered photons, the contribution from
unscattered photons is relatively increased with respect to scattered photons when
annular objectives are used. As a result, the diffraction effect in the case of imaging
in a turbid medium with two annular objectives should be more pronounced,
compared with two circular objectives. This property is clearly demonstrated in
Fig. 5.13b, c where more diffraction rings are observed. Another diffraction prop-
erty associated with an annular objective is that an annular objective can transfer
more high transverse spatial frequencies than a circular objective [11], which
consequently leads to improved transverse resolution as observed in the experi-
ments with annular objectives when the contribution from unscattered photons
becomes dominant.

An annular objective possesses a longer focal depth than a circular objective in
terms of the diffraction theory [11]. This property is important in achieving angle-
gating for a thick object because a longer overlapping focus provided by a pair of
annular objectives can efficiently transfer unscattered and less scattered photons
from the illumination objective O2 to the collection objective O3. This feature is
clearly demonstrated in Fig. 5.14, in which circular objectives give a stronger
reversion of the image contrast than annular objectives. However, a longer focal
depth may be disadvantageous for three-dimensional imaging.

Employing an analyzer with the polarization direction perpendicular to that of
the illumination beam actually suppresses unscattered photons. The resultant image
(Fig. 5.13c), constructed mainly by scattered photons, shows low contrast and low
resolution. This result confirms that scattered photons can build up an image only
with low resolution [4]. Figures 5.13b and 5.14b imply that this new method based
on polarizing annular gating can give tens-of-micrometer image resolution in this
application.

The depolarization of the scattered photons is dependent on the size of scattering
particles in turbid media [3]. Under the condition of Fig. 5.13, the depolarization is
not so strong that the improvement caused by the polarizers is not significant.
However, the image quality can be improved further if the image is constructed by
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the signal, Ip–Is, called the differential polarization signal (i.e., the image in
Fig. 5.13c is subtracted from the image in Fig. 5.13b). The differential polarization-
gating mechanism is the topic in Chap. 6.

5.3 Angle-Gating in a Reflection Optical Microscope

5.3.1 Reflection Optical Microscope and Turbid Samples

It has been demonstrated in the previous section that an angle-gating mechanism
can be used as an effective tool in suppressing scattered photons and gives the
correct image contrast in a transmission scanning microscope in imaging through
turbid media. This section demonstrates the implementation of the angle-gating
method for suppressing scattered photons by the use of a polarized annular
objective in a reflection scanning microscope, which is more applicable for imaging
biological tissue in situ (i.e., skin biopsy employing an endoscope).

A reflection scanning optical microscope using polarizing annular objectives is
depicted in Fig. 5.15 [12]. A 7 mW Melles Griot (model No. 05-LHP-153) He–Ne
laser (λ = 632.8 nm) is used as the light source. The beam from the laser source is
expanded and collimated by an objective O1 (NA = 0.25) and a lens L1 (focal
length, f = 200 mm, diameter, D = 25 mm). In this arrangement, a single objective

Fig. 5.15 Reflection scanning optical microscope with angle-gating and polarization-gating.
A aperture; B beamsplitter; DT detector; F central obstruction; L lens; LP polarizer; ND neutral
density filter; O objectives; P pinhole. Reprinted with permission from [12], 1998, Cambridge
University Press
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O2 (Zeiss FLUAR™ 20×/0.75 ∞/0.17, hereafter called the imaging objective),
instead of two separate objectives as in the transmission optical arrangement (see
Fig. 5.4a), is used to illuminate the object embedded within a turbid sample and to
collect the diffused and unscattered photons originating from a turbid sample. These
collected photons are focused via a lens L2 (f = 200 mm, D = 25 mm) onto a large
area (1 cm2) detector DT which records a time-averaged signal.

An annular imaging objective is achieved by placing coaxially an opaque central
circular disc obstruction F in the illumination/detection beam path. Like in the case
of the transmission system, extreme care should be taken in obtaining the correct
alignment of the central obstruction in the aperture of the imaging objective, since
the performance of the angle-gating mechanism depends on the alignment of the
central obstruction. In order to incorporate the polarization-gating mechanism into
the angle-gating mechanism, a polarizer LP1 is placed such that it produced a linear
polarized illumination beam, while the polarizer LP2 acts as an analyzer in front of
the detector. The degree of polarization, γ, (3.1) of light passing through a turbid
medium is once again measured from the signal detected with the analyzer LP2
parallel (Ip) and perpendicular (Is) to the direction of LP1, respectively.

Three turbid samples (sample8, sample9, and sample10) are selected and their
details are summarized in Table 5.2. Each sample is placed in an individual glass
cell with lateral dimensions of 2 cm × 1 cm. The glass cell thickness, d, was 120 μm
for the three samples. It should be noted that the optical thickness, n, for a reflection
microscope is given by, 2d/ls. Sample8 consists of distilled water and is used to
determine the behavior of the reflection imaging system without scatterers. Sample9
and sample10 consist of polystyrene microspheres of diameter 0.48 μm suspended
in water. It should be noted that, the concentration of polystyrene microspheres for
sample9 is diluted by a factor of 2.

As depicted in Fig. 5.15, a reflective test bar (geometric thickness *3 μm) is
embedded within the three samples to determine image resolution and contrast
achievable when a polarizing annular objective was employed. Prepared samples
are mounted onto a three-dimensional translation stage and the focus of the imaging
objective O2 is placed on the surface of the test bar. The degree of polarization, γ,
for sample8 is measured to be 99.9 % for a circular imaging objective (ε = 0), which
shows that depolarization caused by the imaging objective and other optical
components in this experimental arrangement can be ignored.

Table 5.2 Parameters for the samples used in the reflection scanning optical microscope

Sample
number

Scattering
medium

Cell
thickness,
d (μm)

SMFP
length, ls
(μm)

Anisotropy
value, g

Optical
thickness,
n (2d/ls)

8 Distilled water 120 – – –

9 0.48 μm polysty.
microsph. in water

120 38.4 0.81 6.25

10 0.48 μm polysty.
microsph. in water

120 19.2 0.81 12.5

All parameters are determined by Mie theory [12]
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5.3.2 Effect of an Annular Imaging Objective

The suppression of diffusing photons by a polarizing annular objective can be seen
from the measured dependence of the degree of polarization, γ, on the radius the
central obstruction, ε, for sample9 and sample10 (Fig. 5.16a), while Fig. 5.16b
illustrates the polarization intensity ratio, Ip/Is, for the collected signal. The mea-
sured degree of polarization, γ, for the two samples is 0.52 (or Ip/Is = 3.2) and 0.33
(or Ip/Is = 2.0), respectively, when a circular objective (ε = 0) is used for imaging.
The lower degree of polarization, γ, and polarization intensity ratio, Ip/Is, for
sample10 results from its larger optical thickness, n (see Table 5.2). Therefore, each
photon propagating through sample10 has experienced on average twice as many
scattering events as sample9 and therefore stronger depolarization than photons
propagating in sample9.

To help demonstrate the performance of the central obstruction size, ε, on the
suppression of scattered photons, the percentage improvement parameters, Pγ and
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Fig. 5.16 Dependence of the degree of polarization, γ (a), the polarization intensity ratio, Ip/Is (b),
and the percentage improvement parameters, Pγ (c) and PI (d) on the radius of the central
obstruction of an annular imaging objective, ε. The numerical aperture for the imaging objective
O2 is 0.75. Reprinted with permission from [12], 1998, Cambridge University Press
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PI, defined by (5.2) and (5.3) are used. The parameters Pγ and PI are illustrated in
Fig. 5.16c, d for the two samples, respectively.

An appreciable increase in the degree of polarization, γ, is seen in Fig. 5.16a
when a thin polarizing annular objective is employed, i.e., when the central
obstruction size, ε, approaches unity. The degree of polarization, γ, for an annular
objective of ε ≈ 0.94 was 0.62 (Ip/Is = 4.2) and 0.56 (Ip/Is = 3.5) for the two
samples, respectively. When compared with the circular objective (ε = 0), the
increase in the degree of polarization, γ, is 0.1 (or Pγ ≈ 19 %) and 0.23 (or
Pγ ≈ 70 %) for the two samples, respectively, while the corresponding improvement
in the polarization intensity ratio, Ip/Is, is 1.0 (or PI ≈ 31 %) and 1.5 (or PI ≈ 75 %)
for the two samples. This result clearly demonstrates that if a thin polarizing annular
objective is used for imaging, the weighting of scattered photons is efficiently
reduced (i.e., Ip/Is increases).

In Fig. 5.16 the degree of polarization, γ, monotonically increases with the size
of the central obstruction, ε, unlike the situation in the transmission optical
microscope in which case there is a weak dip on the γ–ε curve (see Fig. 5.7a). This
difference is caused by the larger anisotropy value, g; a large anisotropy value, g,
corresponds to the larger proportion of forward diffuse photons. As a result, a
significant proportion of the forward diffuse photons are scattered out of the col-
lection cone of the imaging objective upon reflection from the test bar surface. Thus
the effect of the polarization annular objectives on the suppression of scattered
photons becomes dominant earlier.

5.3.3 Effect of the Numerical Aperture of an Objective

Figure 5.17a shows the effect of the numerical aperture on the degree of polari-
zation, γ, for sample9 and sample10 in the reflection arrangement, while Fig. 5.17b
illustrates the polarization intensity ratio, Ip/Is, for the collected signals. The two
percentage improvement parameters, Pγ and PI, defined in (5.4) and (5.5), are used
to help demonstrate the performance of the numerical aperture on the suppression
of scattered photons. The parameters Pγ and PI are illustrated in Fig. 5.17c, d for the
two samples, respectively.

It is clearly seen from Fig. 5.17 that the degree of polarization, γ, increases
appreciably for both samples when the numerical aperture (NA) is decreased. The
difference in the degree of polarization, γ, between NA = 0.75 and NA = 0.11 is
0.11 (or Pγ ≈ 21 %) and 0.05 (or Pγ ≈ 13 %) for sample9 and sample10, respec-
tively. For the same conditions, the improvement in the polarization intensity ratio,
Ip/Is is 1.24 (or PI ≈ 39 %) and 0.22 (or PI ≈ 11 %) for sample9 and sample10,
respectively. This result confirms that a trade-off between resolution and suppres-
sion ability should also be considered when a reflection optical arrangement is used
for imaging through turbid media.
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5.3.4 Imaging with Circular and Annular Objectives

Like in the case for the transmission microscope, an optimal annular objective with
a central obstruction size, ε ≈ 0.94 is chosen to perform all imaging since this
annular objective has a good suppression ability and high signal-to-noise ratio, and
the incident power from the laser is attenuated with the use of a variable neutral
density filter (Fig. 5.15) for the circular imaging objective (ε = 0) such that the
illumination power at the focus is equal to the power at the focus for an annular
objective (ε ≈ 0.94). The power at the focus is approximately 110 μW. With a fixed
incident power at the focus, a direct comparison of signal-to-noise ratio can be
obtained for the two cases.

The test bar embedded within sample8 is imaged with a polarizing circular
objective (ε = 0) to demonstrate the best image resolution and contrast achievable in
our experiment (Fig. 5.18). The image in this case is constructed purely by un-
scattered photons obeying the diffraction theory of light [10, 11]. The sharpness of
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Fig. 5.17 Dependence of the degree of polarization, γ (a), the polarization intensity ratio, Ip/Is (b),
and the percentage improvement parameters, Pγ (c) and PI (d) on the numerical aperture of the
imaging objective O2
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the edge, α, defined by the distance between 10 and 90 % intensity points of a fitted
edge response, can be used as a measure of transverse image resolution. For
example, at the point ‘A’ in Fig. 5.18, the transverse resolution, α, is approximately
3.1 μm. It is seen from Fig. 5.18 that the test bar has different line widths and
variable reflectivity indicated by the levels of brightness. These properties can also
be used as resolvability markers when the test bar is imaged through sample9 and
sample10.

Figure 5.19 shows images of the test bar embedded in sample9 (Fig. 5.19a, b)
and sample10 (Fig. 5.19c, d). In Fig. 5.19a, c a polarizing circular objective is used,
while in Fig. 5.19b, d a polarizing annular objective (ε ≈ 0.94) is used. The image
of the test bar in Fig. 5.19a is smeared and the fine structure of the bar is washed out
due to the strong contribution of scattered light. A significant improvement in
resolution is seen with the introduction of a polarizing annular objectives
(Fig. 5.19b), which is indicated by the reduced smearing and finer details (see the
small square with a hole). The transverse resolution, α, in Fig. 5.19b at point ‘A’ is
improved from 23.9 to 12.2 μm when compared with that in Fig. 5.18a, which
corresponds to an improvement in transverse resolution, α, of approximately 49 %.
It is noticeably difficult to see the test bar when the optical thickness, n, is increased
(sample10) due to the poor contrast (Fig. 5.19c). This phenomenon can be attrib-
uted to the large number of scattered photons collected via the circular objective
(ε = 0). Similar to the situation in Fig. 5.19b, the introduction of an annular
objective (ε ≈ 0.94) provides an image with sharper contrast and reduced blurring
(Fig. 5.19d). In Fig. 5.19d, the transverse resolution, α, at point ‘A’ is improved
from 46.8 to 35.1 μm when compared with that in Fig. 5.19c, which corresponds to
an improvement in transverse resolution of approximately 25 %. These results
quantitatively confirm that a thin imaging annular objective confines unscattered
photons to a small region on the objective plane, which has the effect of reducing
the weighting of scattered photons that contribute to the image.

50 μm

A

Fig. 5.18 Image of a test bar embedded within sample8 (filled with distilled water), when a
circular imaging objective (ε = 0) of numerical aperture 0.75 is employed. The intensity of the
image is normalized to unity. Reprinted with permission from [12], 1998, Cambridge University
Press
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5.4 Resolution in an Optical Microscope

According to the discussion in Sects. 5.2 and 5.3, it can be seen that using an
objective in a microscopic imaging system raises the question of what numerical
aperture of an objective is suitable for imaging. According to the imaging theory
based on Born’s approximation [10, 11], which ignores the multiple scattering in a
turbid medium, a high numerical aperture objective lens can provide high diffrac-
tion-limited resolution. Born’s approximation is applicable to the case that the
optical thickness, n, defined as the thickness of a turbid medium divided by the
scattering mean free path-length, is less than 1. On the other hand, a low numerical
aperture objective can suppress scattered photons which 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, unscattered
light may be too weak to be detected, particularly, in the presence of detector noise.
In this situation, scattered light has to be included in creating an image. An
important question raised here is what role the scattered light plays in forming an

(a) (b)

(c) (d)

50 μm

A

A

A

A

Fig. 5.19 Images of a test bar embedded in sample9 (a) and (b) and sample10 (c) and (d) when a
circular imaging objective (ε = 0) with parallel polarization (a) and (c) and an annular imaging
objective (ε ≈ 0.94) with parallel polarization (b) and (d) are employed. The numerical aperture of
the imaging objective in both cases is 0.75. The intensity of the images is normalized to unity.
Reprinted with permission from [12], 1998, Cambridge University Press
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image. To answer this question, the relationship of scattered photons to image
resolution should be investigated. In this section, we investigate the role of scattered
light in constructing an image under a microscope, and propose a criterion for
determining the efficiency of a gating method.

5.4.1 Resolution Contributed by Scattering Photons

The Monte Carlo simulation method, described in Chap. 3, is adopted to study light
propagation through a turbid medium. The advantage of using the Monte Carlo
simulation method is that it can track the change in physical properties of a photon
during each scattering event. Therefore, it can predict the behavior of the scattered
light and its role in constructing an image. In order to identify how many scattering
events a photon has experienced before it leaves a turbid medium, the number of
scattering events, N, is recorded during the simulation process.

A schematic diagram of a transmission scanning optical microscope is shown in
Fig. 3.2. vd is the normalized pinhole size [13]. Let us consider a thin sharp edge
embedded in a scattering slab of thickness (d) 180 μm, which consists of 0.48 μm
beads suspended in water. According to Mie scattering theory, the anisotropy value
g of the scattering medium is 0.81 for a wavelength of 0.633 μm (see Table 2.1).
From the image intensity of the sharp edge scanned in the x direction, the transverse
resolution, Γ, is defined as the distance between the 90 and 10 % intensity points.
All photons collected by the detector are divided into N groups according to the
number of scattering events that a photon experiences. In this way, the transverse
resolution, ΓN, of an image constructed by each individual group of photons can be
determined.

The transverse resolution, ΓN, shown in Fig. 5.20a, increases with the number of
scattering events, N, for a given value of the optical thickness. It is seen that once a
photon is scattered, it contributes to an image with resolution much lower than the
diffraction-limited resolution, which is less than 1 μm for a high numerical aperture
objective. For example, photons that are scattered only once construct an image
with resolution larger than 14 μm. This feature shows that an image with resolution
near the diffraction limit can only be obtained if the unscattered light is dominant in
the signal collected by the detector. In other words, in order to obtain an image with
diffraction-limited resolution, most of the scattered photons have to be suppressed
via a gating process.

However, the strength of the unscattered light decreases exponentially as the
optical thickness, n, increases. In this situation, the unscattered signal is too weak to
be detected compared with the noise generated in an imaging system. So when an
object is embedded in a thick turbid medium, the scattered light has to be con-
sidered as part of the signal in constructing an image. This feature can be seen from
the photon number distribution, ρN, normalized by the total number of input pho-
tons, as a function of the number of scattering events, N, for different values of the
optical thickness (Fig. 5.20b). As can be observed, when a turbid medium becomes
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thick, the number of unscattered photons drops quickly, while the number of
scattered photons increases, particularly those that are scattered multiple times. Due
to the increase of the multiply scattered photons in the total number of photons,
image resolution degrades quickly as a turbid medium becomes thick. The image
resolution, Γ, as a function of the optical thickness, n, of a turbid medium is shown
in Fig. 5.20a. As expected, the image resolution, Γ, is much lower than the dif-
fraction-limited resolution even for n = 1 and becomes worsened as a turbid
medium becomes thicker.

5.4.2 Effects of the Numerical Aperture and the Pinhole Size

In an optical microscope, for example, in a confocal microscope, the aperture size
of objectives along with the size of the detector pinhole act as angular gates for
suppressing scattered photons. Before a pinhole mask starts to play its role, photons
emerging from a turbid medium first go through a preselection process determined
by the aperture of objectives. In Fig. 5.21a, image resolution, Γ, as a function of the
optical thickness, n, for different values of the numerical aperture of objectives is
illustrated. It is noticed that an improvement in image resolution occurs when a low
numerical aperture objective is used. A low numerical aperture objective rejects
more photons traveling at high angles than a high numerical aperture objective.
These photons statistically experience more scattering events and therefore con-
tribute to an image with lower resolution. As a result, image resolution is higher for
a lower numerical aperture objective. It should be mentioned that a high numerical
aperture objective gives a narrow diffraction spot at its focus, and therefore gives a
high-resolution image if scattered photons are negligible. But when scattering is
strong, a high numerical aperture objective collects more scattered photons
emerging from a turbid medium. Therefore, for a high numerical aperture objective,

Fig. 5.20 a Image resolution as a function of the number of scattering events, N (n = 12) or the
optical thickness, n. b Normalized photon number distribution, ρN, as a function of the number of
scattering events, N, for different values of the optical thickness, n. NA = 0.25, vd →∞. Reprinted
with permission from [4], 1998, Optical Society of America
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the degradation of image resolution caused by scattered photons is severe if no
other gating mechanism is used.

The improvement in resolution, caused by the aperture of an objective, comes
from two aspects: one is from the reduction of scattered photons experiencing a
given number of scattering events at high angles, and the other is from the change in
the photon number distribution, ρN. To explain these two aspects further, we show,
in Fig. 5.21b, image resolution, ΓN, for different values of the numerical aperture of
objectives. These curves clearly show that for a given number of scattering events,
photons traveling at high angles carry less information of the object and can be
suppressed by the aperture of an objective.

The normalized photon number distribution, ρN, for different values of the
numerical aperture of an objective is shown in Fig. 5.22a. It is seen that a high
numerical aperture objective collects more scattered photons than a low numerical
aperture objective. But the profiles of the normalized photon number distribution,
ρN, are similar in all cases. For example, the ratio ρ12/ρ50 is 4.84, 4.7, and 4.55 for
numerical aperture (NA) = 0.25, 0.5, and 0.75, respectively. It is clear from
Figs. 5.21b and 5.22a that using a low numerical aperture does show a sound
improvement in the first aspect but the change in the second aspect is not so
significant.

A pinhole mask in a confocal microscope has a strong effect on suppressing
scattered photons. How a pinhole selects photons depends on the deviation of a
scattered photon from the path of unscattered photons. The image resolution, Γ, as a
function of the optical thickness, n, for different pinhole sizes is shown in
Fig. 5.23a. It is noticed that when a finite-sized pinhole is placed in front of the
detector, image resolution is improved significantly compared with the case without
a pinhole. A pinhole can suppress scattered photons because they are statistically
distributed away from the center of the detector plane and the distance from the
center reflects how much a scattered photon deviates from the path of ballistic
photons. Therefore, a finite-sized pinhole can reduce the degradation of image
resolution caused by scattered photons.

Fig. 5.21 a Image resolution, Γ, as a function of the optical thickness n for different values of the
numerical aperture of objectives (vd → ∞). Image resolution, ΓN, for different values of the
numerical aperture of the objective (n = 12, vd → ∞). Reprinted with permission from [4], 1998,
Optical Society of America
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To further analyze the effect of the pinhole size, we show the transverse reso-
lution, ΓN, in Fig. 5.23b. It is seen that when a finite-sized pinhole is used, the
resolution of an image formed by photons scattered N times is improved noticeably.
Even when vd = 100 μm, the improvement in resolution is significant compared
with the case without a pinhole. This finding shows that a pinhole selectively
reduces the number of scattered photons for a given number of scattering events,
N. In other words, a pinhole actually suppresses scattered photons which are dis-
tributed further away from the center of the detector plane and carry less infor-
mation of the object. The photon number distribution, ρN, emerging from the turbid
medium and collected by a pinhole of different sizes is shown in Fig. 5.23b. As
expected, scattered photons are reduced significantly if a small pinhole is used. It
can also be noted that the reduction of scattered photons is more significant when
the number of scattering events, N, is larger. This feature is reflected by the fact that
the ratio ρ12/ρ50 is 4.84, 20.5, and 28 for pinholes of vd → ∞, vd = 100 μm, and

Fig. 5.22 a Normalized photon number distribution, ρN, as a function of the number of scattering
events, N, for different values of the numerical aperture of objectives (n = 12, vd → ∞).
b Normalized photon number distribution, ρN, as a function of the number of scattering events, N,
for different pinhole sizes (n = 12, NA = 0.25). Reprinted with permission from [4], 1998, Optical
Society of America

Fig. 5.23 a Image resolution, Γ, as a function of the optical thickness n for different pinhole sizes
(NA = 0.25). b Image resolution, ΓN, for different pinhole sizes (n = 12, NA = 0.25). Reprinted
with permission from [4]
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vd = 40 μm, respectively. Thus the use of a finite-sized pinhole reduces the
weighting of more scattered photons. Therefore, the overall image resolution Γ can
be improved since photons experiencing more scattering events contribute to an
image with lower resolution. It is clear from Figs. 5.23b and 5.22b that a finite-sized
pinhole not only reduces the number of scattered photons according to their path
deviation in the detector plane but also changes the weighting of the scattered
photons in the total number of photons collected by a detector.

5.4.3 Relationship of Resolution to Signal Level

According to the discussion in Sects. 5.4.1 and 5.4.2, an image of high resolution
can be acquired by the use of a low numerical aperture objective or a pinhole of
small size, which leads to low signal strength. This trade-off between image res-
olution and signal strength actually occurs in most gating methods. A criterion for
determining the efficiency of a gating method is proposed in Fig. 5.24.

In Fig. 5.24a, the image resolution, Γ, as a function of signal strength, defined as
the ratio of the number of photons collected by a detector to the number of input
photons, is illustrated for different values of the numerical aperture of an objective. It
is seen that for given resolution, the signal strength for a high numerical aperture
objective is higher than that for a low numerical aperture objective. More interest-
ingly, for a given signal strength, image resolution, Γ, is much higher for a high
numerical aperture objective. To understand this feature, we consider two points A
and B in Fig. 5.24a, which correspond to two combinations of the numerical aperture
and the pinhole size. The signal strength in both cases is the same. For point A, an
objective of NA = 0.25 and a pinhole of vd = 4,000 μm are used, while for point B, an
objective of NA = 0.75 and a pinhole of vd = 100 μm are used. The image resolution,
Γ, in these two cases is 59 and 42 μm, respectively, which shows a better resolution in
the latter case. The reason for this phenomenon can be drawn from the photon number

Fig. 5.24 a Image resolution, Γ, as a function of signal strength for different values of the
numerical aperture of objectives (n = 12). b A comparison of the normalized photon number
distribution, ρN between cases A and B. Reprinted with permission from [4], 1998, Optical Society
of America
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distribution, ρN, in the two cases, which is illustrated in Fig. 5.24b. It is noted from
Fig. 5.24b that although the total number of photons collected by the detector is
almost the same in the two cases, the weighting of the less scattered photons in case B
is larger than that in case A. This feature shows that a small pinhole in case B is more
efficient in suppressing highly scattered photons than a low numerical aperture
objective in case A. The results shown in Fig. 5.24 suggest that the gating mechanism
provided by an objective, which removes scattered photons based on their propa-
gation angle, is not as efficient as that by a pinhole, which selects photons based on the
deviation from the path of ballistic photons.

It is worthwhile to compare, at least qualitatively, the new polarized annular
objective gating method with other gating methods currently used in microscopic
imaging through turbid media. A confocal pinhole that plays an angle-gating role
has been proved to be a useful mask to suppress scattered photons. However, the
signal level in confocal microscopy may be reduced dramatically in imaging
through turbid media [14]. In addition, a small pinhole may lead to pronounced
coherent noise due to the purely coherent imaging property in confocal microscopy
[14]. These two problems do not exist in the system discussed in the case of annual
objectives. In fact, polarized annular objectives combined with a large pinhole
could result in a better imaging performance by suppressing scattered photons. In
this respect, incorporating polarized annular objectives into optical coherence
tomography would be another potential method for efficient suppression of scat-
tered photons. Since the angle-gating method in this chapter does not involve
optical fibers and interference arrangements, the new method may be more easily
implemented in a practical microscope than optical coherence microscopy [15].
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Chapter 6
Polarization-Gating Mechanism

Abstract The angle-gating mechanism discussed is Chap. 5 is one possible method
of suppressing scattered photons in imaging through turbid media. However, the
limitation of the angle-gating mechanism is that it requires a significant proportion of
unscattered photons to be available for detection. Thus, as the scattering event
increases the signal-to-noise ratio of the detected images is substantially reduced. To
solve this problem, a polarization-gating method can be adopted. This chapter is
dedicated to the experimental and theoretical understanding of the polarization-gating
mechanisms in an optical microscope (Schilders et al. Appl Opt 37:4300,1998;
Schilders et al. Opt Commun 157:238, 1998; Gan et al. J Opt Soc Am A 16:2177,
1999). Section 6.1 discusses the principles of polarization-gating. The performance
of the polarization-gating mechanisms on image quality for different sized scatterers
is experimentally presented for a reflection optical microscope in Sect. 6.2. With the
use of the Monte Carlo simulation model, the polarization-gating performance in
reflection and transmission optical microscopes is investigated in Sects. 6.3 and 6.4,
respectively. Finally, the effective point spread function together with image reso-
lution and signal level in a transmission optical microscope is presented in Sect. 6.5.

6.1 Principle of Polarization-Gating

Unscattered or less scattered photons maintain the same or similar degree of inci-
dent polarization, and carry more information of an object embedded within turbid
media than multiply scattered photons [1–3]. It is therefore possible to separate the
unscattered or less scattered photons with a polarization detection mechanism. To
this end, one uses a polarized beam for illumination. There are a number of methods
for polarization-gating. The first method is based on an analyzer that is placed to be
perpendicular to the direction of the polarizer. In this case, only unpolarized pho-
tons are selected, which form the perpendicular polarization-gating (PPG) mecha-
nism. An image built upon scattered photons shows low resolution. The second
mechanism is the method when the analyzer is parallel with the direction of the
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polarizer, in which case, unscattered and/or less scattered photons are used for
imaging, which is called conventional polarization-gating (CPG). Image quality can
be further improved if the differential polarization-gated intensity, which can be
derived by subtracting the perpendicular polarization-gated intensity from the
parallel polarization-gated intensity, is used to construct an image. This mechanism
is based on the fact that depolarized scattered photons contribute to both the per-
pendicular polarization-gated intensity and the parallel polarization-gated intensity.

The speed of depolarization of scattered photons is related to the directional
change of the incident light upon scattering and is determined by the anisotropy
value, g. For small scattering particles, the directional change of scattered photons
is large due to the small anisotropy value, g, which results in a significant change in
the polarization state. Therefore, polarization-gating and in particular, differential
polarization-gating (DPG) is more effective when turbid media with small scattering
particles are imaged.

For a transillumination imaging system, Morgan et al. demonstrated that the
performance of DPG depends on the characteristics of turbid media, such as the size
of scatterers and the thickness of turbid media [4, 5]. The scatterer size determines
the speed of depolarization, while the sample thickness determines the magnitude of
the depolarization. It has been demonstrated that image resolution of 0.7 mm, for an
edge object embedded within a semi-skimmed milk suspension (optical thick-
ness ≈ 18), can be obtained with differential polarization-gating when a parallel
beam probe of approximately 1 mm in diameter is used in a transillumination
imaging system [5]. Other researchers have also demonstrated that an improvement
in image quality is possible when DPG is used in optical coherence tomography [6]
and in fluorescence microscopy [7].

In the transillumination optical arrangement, the image resolution is determined
by the size of the parallel beam probe. Therefore, to improve image resolution
further, it is necessary to employ a microscope objective. The polarization-gating
mechanism is one of the methods which can be applied to microscopic imaging for
efficiently selecting the unscattered or the less scattered photons.

6.2 Polarization-Gating in a Reflection Optical Microscope

In this section, a detailed investigation into the effect of polarization-gating (con-
ventional and differential) mechanisms used in a reflection optical microscope for
imaging through turbid media is presented. The effect of the scattering particle size
in turbid media on microscopic imaging is experimentally studied in order to
determine the resolution achievable when polarization-gating mechanisms are
employed. Image resolution for a 48 μm wide bar embedded within turbid media is
measured as a function of the optical thickness for four different types of poly-
styrene microspheres suspended in water. To demonstrate the effectiveness of
polarization-gating in more realistic tissue-like turbid media, image resolution of a
48 μm wide bar embedded within semi skimmed-milk suspensions is measured.
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6.2.1 Experimental Details

A reflection scanning optical microscope employing polarization-gating mecha-
nisms is depicted in Fig. 6.1 [2]. A 7 mW Melles Griot (model No. 05-LHP-153)
He–Ne laser (λ = 632.8 nm) was used as the light source. The beam from the laser
source is expanded and collimated by an objective O1 (numerical aperture
NA = 0.25) and a lens L1 (focal length, f = 200 mm; diameter, D = 25 mm) to match
the entrance aperture of an imaging objective O2 (Zeiss FLUAR 20×/0.75). Scat-
tered and unscattered photons collected via the imaging objective O2 are separated
into parallel and perpendicular polarization components by analysers LP2 and LP3
relative to the incident polarization state defined by the linear polariser LP1. The
parallel and perpendicular polarization components are then focused via lenses L2

and L3 (D = 25 mm) onto two identical large area (1 cm2) detectors DT1 and DT2

which record time-averaged signals, Ip (termed the conventional polarization-gated
intensity) and Is (termed the perpendicular polarization-gated intensity), respec-
tively. The no-gated intensity, Ip + Is, and the differential polarization-gated,
intensity, Ip − Is, can be calculated with the aid of a computer. The degree of
polarization, γ, of the light reflected from a turbid sample can be calculated with the
aid of (3.10).

Fig. 6.1 Experimental reflection scanning optical microscope with differential polarization-gating
mechanism. A aperture, B beamsplitter, DT detector, L lens, LP polariser, O objective, P pinhole.
Reprinted with permission from [1], 1998, Optical Society of America
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Four types of polystyrene microspheres suspended in water were respectively
used as scattering particles in a turbid medium. The detailed scattering parameters
for the four types of microspheres are given in Table 2.1. A number of samples are
prepared for each type of polystyrene microspheres. The samples produced with
each polystyrene microsphere size are grouped into sample sets A–D and their
details are listed in Table 6.1. The range of the microsphere sizes chosen is con-
sistent with that of the scattering particles in real biological samples which do not
include large scatterers (>1 μm) [6, 8].

Since real tissue-like samples consist of scatterers of different sizes, it is important
to demonstrate the effect of the polarization-gating mechanisms on image quality in
such a turbid medium. To demonstrate image quality in a more realistic turbid
medium a sample set of semi-skimmed milk is prepared (i.e. sample set E in
Table 6.1). Semi-skimmed milk (fat content 3.6 %) is chosen since it does not include
large scatterers (>1 μm), and has been used in transillumination imaging to simulate
tissues which do not include large scatterers (>1 μm) [6, 8]. If the tissue includes large
scatterers, polarization-gating may not be efficient as large scatterers (high anisotropy
value, g) result in high forward scattering without appreciably changing the degree of
polarization, γ, of the incident beam. The size of scattering particles in the milk
suspension is approximately in a range of 0.1–1 μm, which is similar to that used in
the case of polystyrene microspheres (samples sets A–D). According to Beer’s law,
the scattering mean free path length, ls, of the semi skimmedmilk was measured to be
approximately 30 μm (see Fig. 5.1b). The anisotropy value, g, for the semi-skimmed
milk suspension is assumed from the literature [9].

Each type of polystyrene microsphere is placed in a glass cell with lateral
dimensions of 2 cm × 1 cm. The thickness of the glass cell, d, can be varied
between 25 and 600 μm, producing an optical thickness of a turbid sample, n = 2d/
ls, for the reflection microscope. It should be noted that the maximum optical

Table 6.1 Parameters for the sample sets used in the reflection scanning optical microscope

Sample
set

Scattering medium Cell
thickness,
d (μm)

SMFP
length, ls
(μm)

Anisotropy
value, g

Optical
thickness,
n (2d/ls)

A 0.107 μm polysty.
microsph. in water

100–600 416.4a 0.076a 0.5–2.8

B 0.202 μm polysty.
microsph. in water

100–600 70.2a 0.31a 2.8–17.1

C 0.48 μm polysty.
microsph. in water

25–300 19.2a 0.81a 2.6–31.3

D 1.053 μm polytsy.
microsph. in water

25–300 10.8a 0.92a 4.6–55.6

E Semi-skimmed milk 50–300 30b <0.4c 3.3–20
a The parameters are determined by Mie theory (see Table 2.1)
b The parameters are determined experimentally (see Fig. 5.1b)
c The parameters are determined from the literature [9]
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thickness, n, achievable for a given turbid medium set is determined by the working
distance of the imaging objective O2 used. To qualitatively demonstrate the image
performance of polarization-gating, a selected set of six samples are imaged in the
experiments. The detailed parameters of the six samples (numbered 1–6) are
illustrated in Table 6.2.

It should be pointed out that the value of the optical thickness, n, can be altered
by changing either the geometric cell thickness, d, of a sample or the concentration
of scatterers or both. For a given scatterer size, the time-averaged angular distri-
bution of scattered photons is dependent only on the value of the optical thickness,
n, although their spatial distribution is determined by both the optical thickness, n,
and the scattering mean free path length, ls [10]. The spatial distribution of scattered
photons together with a finite-sized detector and the collection objective used in this
experimental investigation introduces additional gating. As a result, increasing the
geometric thickness, d, of a turbid medium affects the image resolution more
appreciably than increasing the concentration of scatterers. In addition, increasing
the sample thickness, d, is more realistic since it represents an increase in the
penetration depth for a biological sample.

For the evaluation of image quality, a 48-μm wide metallic reflective bar
(reflectivity ≈ 70 % at λ = 632.8 nm) is embedded within one of the turbid media
described in Table 6.1. Prepared samples are mounted onto a three-dimensional
translation stage and the sample cell is scanned along the x-direction with the focus
of the imaging objective O2 on the surface of the bar. Transverse resolution of the
scanned bar image, α, is defined as the distance between the 10 and 90 % intensity
points, measured from the responses after they are fitted by using a symmetric-
double-sigmoidal (SDS) method. This definition of resolution is consistent with that
used in the Monte Carlo simulation discussed in Sect. 5.4.

The transverse resolution of the bar image, α, and the degree of polarization, γ,
for sample1 is 0.7 μm and 99.9 %, respectively, for an imaging objective, O2, of

Table 6.2 Parameters for the specific samples used in the reflection scanning optical microscope

Sample
number

Scattering medium Cell
thickness,
d (μm)

SMPF
length, ls
(μm)

Anisotropy
value, g

Optical
thickness,
n (2d/ls)

1 Distilled water 100 – – –

2 0.107 μm polysty.
microsph. in water

600 416.4a 0.076a 2.8

3 0.202 μm polysty.
microsph. in water

100 70.2a 0.31a 2.8

4 Semi-skimmed milk 100 30b <0.4c 6.7

5 Semi-skimmed milk 300 30b <0.4c 20

6 1.056 μm polysty.
microsph. in water

100 10.8a 0.92a 18.5

a The parameters are determined by Mie theory (see Table 2.1)
b The parameters are determined experimentally (see Fig. 5.1b)
c The parameters are determined from the literature [9]
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NA 0.75. The image in this case is constructed purely by unscattered photons
obeying the diffraction theory of light and therefore demonstrates the maximum
image resolution achievable in the experimental arrangement.

6.2.2 Effect of the Optical Thickness and Scatterer Size
on Resolution

Figure 6.2a–c show typical images of a 48 μm bar embedded in sample2 with scat-
terers of diameter 0.107 μm (see Table 6.2) when CPG, PPG and DPG techniques are
employed, respectively. It can be seen that the image constructed by DPG (Fig. 6.2c)
has more detail when compared with the image constructed by CPG (Fig. 6.2a),
which implies the effectiveness of DPG over CPG in suppressing scattered photons. It
should also be noted that an image can be constructed with mainly scattered photons
(Fig. 6.2b), although its resolution is lower than that of the images formed with CPG
and DPG techniques. This feature is illustrated more clearly in Fig. 6.2d which shows
typical edge responses (at the position marked by ‘A’) of the embedded bar and
corresponding fitted SDS curves recorded with CPG (Ip), PPG (Is) and DPG (Ip−s), for
the images illustrated in Fig. 6.2a–c), respectively. The measured transverse reso-
lution, α, for CPG (αp), perpendicular polarization-gating (αs) and differential
polarization-gating (αp−s) techniques was 6.7, 9.2 and 4.0 μm, respectively. These
results demonstrate that once a photon is scattered, it can only contribute to an image
with resolution lower than the diffraction limited resolution.
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Fig. 6.2 Measured images for sample2 (Table 6.2) when CPG (a), PPG (b), and DPG
(c) techniques are employed. The intensity of the images is normalized to unity. d Includes the
measured edge responses corresponding to CPG (Ιp), PPG (Ιs), and DPG (Ιp−s) techniques. The
horizontal gray lines represent the intensity for Ip (solid), Is (dot) and Ip−s (dashed), at the bar edge
position indicated by the vertical gray line. The NA of the imaging objective is 0.25. Reprinted
with permission from [2], 1998, Elsevier
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The measured transverse resolution as a function of the optical thickness, n, for
sample set A with scatterers of diameter 0.107 μm (see Table 6.1) using imaging
objectives with NA = 0.25 and NA = 0.75 is illustrated in Fig. 6.3a, b, respectively,
for no-gating (NG), (αp+s), CPG (αp), PPG (αs), and DPG (αp−s) techniques. It is
evident from Fig. 6.3a, b that using CPG (αp) is better than NG (αp+s) and that DPG
(αp−s) is superior to CPG (αp).

According to diffraction theory [11], the image intensity at a sharp edge is 1/3
and 1/2 of the intensity far from the edge for partially coherent and incoherent
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CPG (αp), PPG (αs) and DPG (αp−s). c and d Resolution improvement and the degree of
polarization, γ, as a function of the optical thickness, n. A comparison is given between CPG and
NG (P1), DPG and NG (P2), and DPG and CPG (P3). Reprinted with permission from [2], 1998,
Elsevier

6.2 Polarization-Gating in a Reflection Optical Microscope 97



imaging processes, respectively. In the case of CPG, the image is constructed
mainly by unscattered photons and imaging is therefore partially coherent due to the
use of a large area detector [11]. As a result, the image intensity at the edge is close
to 1/3 of the intensity far from the edge (see the horizontal gray solid line in
Fig. 6.2d). For PPG, the image is constructed by scattered photons (i.e., the inco-
herent component) and thus the intensity at the edge is close to 1/2 of the maximum
intensity. In the DPG process, the unscattered component of the intensity is dom-
inant due to the subtraction of the scattered photon component and therefore the
intensity at the edge for DPG is close to 1/3 of the intensity far from the edge (see
the horizontal gray dashed line in Fig. 6.2d). These three intensity points have been
marked at the edge position represented by the vertical gray solid line in Fig. 6.2d.

To help illustrate the improvement in transverse resolution achieved with the
implementation of a particular polarization-gating method, we introduce the fol-
lowing three improvement parameters. The improvement in transverse resolution
between CPG (αp) and NG (αp+s) is defined as

P1jn¼
apþs

��
n�ap

��
n

apþs

��
n

; ð6:1Þ

the improvement in transverse resolution between DPG (αp−s) and NG (αp+s) is
defined as

P2jn¼
apþs

��
n�ap�s

��
n

apþs

��
n

; ð6:2Þ

and the improvement in transverse resolution between CPG (αp) and DPG (αp−s) is
defined as

P3jn¼
ap
��
n�ap�s

��
n

ap
��
n

; ð6:3Þ

where n is the optical thickness.
The improvement in resolution is illustrated more clearly in Fig. 6.3c, d, which

shows the percentage improvement in transverse resolution between CPG and NG
(P1), DPG and NG (P2), and DPG and CPG (P3). It is clearly seen from Fig. 6.3c, d
that the improvement in resolution becomes large as the optical thickness, n, is
increased. DPG has a strong effect when applied to this turbid medium because
scattered photons are depolarized fast when the optical thickness, n, increases, as
shown by the degree of polarization, γ (Fig. 6.3c, d), and also because there is still a
significant proportion of unscattered light detectable (i.e., the optical thickness, n, is
small). The reason for the higher improvement in resolution and a higher degree of
polarization, γ, for, NA = 0.25, compared with those for NA = 0.75, is due to the
stronger suppression of multiply scattered photons when the acceptance angle of an
imaging objective is reduced (see Fig. 5.17). However, a higher NA imaging
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objective may be more effective for DPG, in terms of the percentage improvement
in transverse resolution, when the optical thickness, n, is large and/or when the
depolarization of each scattering event is weak. This effect will be discussed in
more detail in Sect. 6.2.4.

Figure 6.5a illustrates the measured transverse resolution as a function of the
optical thickness, n, for NG (αp+s), CPG (αp), PPG (αs), and DPG (αp−s) techniques
when sample set B with scatterers of diameter 0.202 μm (see Table 6.1) and an
imaging objective of NA 0.75 is used. It is evident from Fig. 6.5a, and has already
been seen in Fig. 6.3a, b, that DPG (αp−s) is superior to NG (αp+s) and CPG (αp).
This improvement is illustrated more clearly in Fig. 6.5b, which shows the per-
centage improvement in transverse resolution between CPG and NG (P1), DPG and
NG (P2), and DPG and CPG (P3). A comparison of Figs. 6.3d and 6.5b shows that
the improvement in transverse resolution between DPG and NG (P2), in the latter
case increases with the optical thickness, n (i.e., no steady-state value is reached).
This phenomenon is because the depolarization of scattered photons in Fig. 6.5b is
slower than that in Fig. 6.3d, when the optical thickness, n, increases, due to the
larger anisotropy value, g, for the former case.

Images of an embedded bar in sample3 with scatterers of diameter 0.202 μm (the
optical thickness, n, for this sample is equivalent to the images of sample2 (see
Table 6.2 and Fig. 6.2) are shown in Fig. 6.4a–c for CPG, PPG, and DPG,
respectively. A comparison of Figs. 6.2 and 6.4 demonstrates that the resolution for
the latter case is significantly poorer, which is indicated by the lack of detail, by
smearing and by noise. The degradation in resolution is first due to the increase in
forward propagation of the scattered photons as a result of the larger anisotropy
value, g, and secondly due to the collection of more scattered photons as a result of
the larger NA (see Fig. 5.17).

Let us turn to sample set C with scatterers of diameter 0.48 μm. Under the same
experimental condition as Figs. 6.3b, d and 6.5, transverse resolution as a function of
the optical thickness, n, for NG (αp+s), CPG (αp), PPG (αs), and DPG (αp−s) tech-
niques is shown in Fig. 6.6a. It can be seen from Fig. 6.6a that DPG (αp−s) is superior
to NG (αp+s) and CPG (αp) only when the optical thickness, n, is less than 30.

Fig. 6.4 Measured images for sample3 (Table 6.2) for CPG (a), PPG (b), and DPG (c) techniques.
The intensity of the images is normalized to unity. The numerical aperture of the imaging objective
is 0.75. Reprinted with permission from [2], 1998, Elsevier
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This property is illustrated more clearly in Fig. 6.6b, which shows the percentage of
improvement in resolution between CPG and NG (P1), DPG and NG (P2), and DPG
and CPG (P3). It is noted from Fig. 6.6b that the resolution improvement by using
any polarization-gating method becomes weaker as the optical thickness, n, becomes
larger than 12. This feature is caused by the reduced number of less scattered photons
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Fig. 6.5 Resolution performance for sample set B at NA = 0.75. aMeasured transverse resolution
as a function of the optical thickness, n, for NG (αp+s), CPG (αp), PPG (αs), and DPG (αp−s).
b Resolution improvement and the degree of polarization, γ, as a function of the optical thickness,
n. A comparison is given between CPG and NG (P1), DPG and NG (P2) and DPG and CPG (P3).
Reprinted with permission from [2], 1998, Elsevier
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Fig. 6.6 Resolution performance for sample set C at NA = 0.75. aMeasured transverse resolution
as a function of the optical thickness, n, for NG (αp+s), CPG (αp), PPG (αs), and DPG (αp−s).
b Resolution improvement and the degree of polarization, γ, as a function of the optical thickness,
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Reprinted with permission from [2], 1998, Elsevier
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which can be detected and by the fact that at each scattering event depolarization is
weak due to the large anisotropy value, g, of the scatterers in the turbid media. The
latter feature can be seen from Fig. 6.6b; photons scattered between 15 and 30 times
have similar depolarization (degree of polarization, γ). Therefore, it is difficult for
polarization-gating to selectively suppress the highly scattered photons. Since
polarization-gating is based on the number of detectable unscattered or less scattered
photons which maintain the initial degree of polarization [5], the transverse reso-
lution is eventually degraded to that of the NG technique as the optical thickness, n,
increases, which is clearly illustrated in Fig. 6.6a, b.

6.2.3 Image Resolution in a Turbid Medium of Milk

We now demonstrate the effect of polarization-gating in a more realistic tissue-like
sample which consists of scatterers of different sizes. To demonstrate the effect of
the polarization-gating mechanisms on image quality in tissue-like turbid media,
sample4 and sample5 (see Table 6.2) are used to form images of an embedded bar.
Figure 6.7 shows typical images of a 48-μm bar embedded in sample4 (Fig. 6.7a–c)
and sample5 (Fig. 6.7d–f) when CPG, PPG, and DPG techniques were employed.

Fig. 6.7 Measured images (a–c) for sample4 (Table 6.2) and measured images (d–f) for sample5
(Table 6.2). a and d, b and e, and c and f correspond to CPG, PPG and DPG techniques,
respectively. The intensity of the images is normalized to unity. The NA of the imaging objective
is 0.75. Reprinted with permission from [2], 1998, Elsevier
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Clearly, there is an improvement in the edge sharpness for DPG (Fig. 6.7c) when
compared with CPG (Fig. 6.7a), indicated by the reduced smearing at the edges of
the image. As the turbid sample becomes thicker (Fig. 6.7d–f) it is visually difficult
to see the improvement in image quality between CPG (Fig. 6.7d) and DPG
(Fig. 6.7f). This result suggests that at an optical thickness, n, of 20 for the semi-
skimmed milk suspension, the number of less scattered photons is low. Therefore
the effect of polarization-gating is diminished. From the results presented for
polystyrene microspheres, the average particle size for the milk suspension may be
referred to be between 0.2–0.5 μm.

The measured transverse resolution as a function of the optical thickness, n, for
NG (αp+s), CPG (αp), PPG (αs), and DPG (αp−s) techniques when an imaging
objective of NA 0.75 is used, is illustrated in Fig. 6.8a. It is evident from Fig. 6.8a
that using CPG (αp) is still superior than NG (αp+s) in microscopic imaging.
Figure 6.8a also demonstrates that DPG (αp−s) is superior to CPG (αp) in micro-
scopic imaging. Image resolution using this technique is 10 times better than that
achieved in transillumination imaging for a similar turbid medium [5]. This
improvement is illustrated more clearly in Fig. 6.8b, which shows the percentage
improvement in resolution between CPG and NG (P1), DPG and NG (P2), and DPG
and CPG (P3).

It should be noted that the improvement in resolution between DPG and CPG
(P3) is more pronounced when the optical thickness, n, is larger (>10). In this range,
the amount of unscattered light detected is significantly reduced, and furthermore,
the depolarization of scattered photons becomes pronounced, as is illustrated in the
degree of polarization, γ, in Fig. 6.8b. It can be seen that even at an optical thickness
of n = 20 unscattered or less scattered photons can be extracted using the DPG
method, although the number of these photons are low. In other words, high-
sensitivity detectors are needed to produce an image of high resolution without
further signal processing.
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Fig. 6.8 Resolution performance for sample set E at NA = 0.75. aMeasured transverse resolution
as a function of the optical thickness, n, for NG (αp+s), CPG (αp), PPG (αs) and DPG (αp−s).
b Resolution improvement and the degree of polarization, γ, as a function of the optical thickness,
n. A comparison is given between CPG and NG (P1), DPG and NG (P2), and DPG and CPG (P3)
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6.2.4 Effect of Pinhole-Gating and Polarization-Gating

Polarization-gating can be used in conjunction with spatial-gating and temporal-
gating techniques since these gating methods are based on different aspects of
randomization of the incident light. An example of this principle is illustrated in
Sects. 5.2 and 5.3, which involved using the polarization-gating mechanism to
further suppress unwanted scattered photons in the angle-gating mechanism. It is
also predicted in Sect. 5.4 that a finite-sized pinhole placed in front of the detector
(i.e. weak confocal arrangement) can effectively reduce the contribution of scattered
photons which have propagation paths not intersecting at the entrance aperture
[3, 12–15].

In this section, the effect of additional spatial filtering on image resolution is
experimentally investigated for sample set C with scatterers of diameter 0.48 μm,
when a pinhole of 150 μm (in diameter) is placed in front of the detectors D1 and D2

shown in Fig. 6.1. It should be noted that the maximum optical thickness for this set
of results is limited to 20, due to the reduced signal-to-noise ratio for the detected
signal when pinholes are employed.

The measured transverse resolution as a function of the optical thickness, n, for
NG (αp+s), CPG (αp), PPG (αs), and DPG (αp−s) techniques, is illustrated in
Fig. 6.9a when a pair of 150-μm pinholes are used. Comparing Figs. 6.6a and 6.9a
demonstrates that using the additional pinhole filtering significantly increases the
transverse resolution for all polarization-gating mechanisms. The transverse reso-
lution improvement for polarization-gating with and without pinholes is defined as

P4jn¼
a1
��
n�a1þpinhole

��
n

a1
��
n

ð6:4Þ

where 1 represents the polarization-gating mechanisms used.
At an optical thickness, n, of 20, the transverse resolution without the pinholes

(see Fig. 6.6a) is, 47.2, 52.1, 49.9, 42.1 μm for CPG, perpendicular polarization-
gating, NG and differential polarization-gating, respectively. With the addition of
the 150-μm pinholes, the transverse resolution is improved to (see Fig. 6.9a)
35.1 μm (or P4 ≈ 26 %), 38.8 μm (or P4 ≈ 26 %), 37.5 μm (or P4 ≈ 25 %), and
32.0 μm (or P4 ≈ 24 %), for CPG, perpendicular-polarization-gating, NG and DPG,
respectively. This result demonstrates that scattered photons which are not sup-
pressed in polarization-gating may be removed by a pinhole in terms of their path
deviation.

Figure 6.9b illustrates the percentage improvement in resolution between CPG
and NG, P1, DPG and NG, P2, and DPG and CPG, P3, when the pinholes are used.
A comparison of Figs. 6.6b and 6.9b illustrates that the difference between the
transverse resolution (i.e. resolution improvement) for all polarization-gating
methods becomes lower when a pinhole is used. This phenomenon is due to the
efficient reduction in the number of collected multiply scattered photons which have
similar polarization state, with the use of the pinhole. Therefore, when the
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polarization-gating methods are applied the resolution improvement is not large.
The reduction in the number of collected highly scattered photons is also illustrated
by a 19 % (optical thickness, n * 20) increase in the degree of polarization, γ (see
Figs. 6.6b and 6.9b) when the pinhole is employed.

6.2.5 Dependence of the Degree of Polarization
on Scatter Size

It is seen from Figs. 6.3c, d, 6.5b and 6.6b that the degree of polarization, γ,
approaches a non-zero background even when n > 20. Even in a region where all
photons are scattered and are totally depolarized, for example, sample set D
illustrated in Fig. 6.10, the non-zero asymptotic value of the degree of polarization,
γ, is approximately 0.24 at an optical thickness, n, of 55. The reason for this
phenomenon can be explained as follows.

For a reflection scanning microscope with large area detectors, the detected
signal always includes a contribution from surfaces that are not in the focal volume
of the imaging objective. In the case of the sample cells used in this experiment, this
part of the contribution is primarily due to reflections from the glass cell surfaces.
Since the incident light is polarized, the reflected light from the glass cell surfaces
has almost the same polarization direction as the incident beam and only contributes
an added offset to the parallel polarization intensity, Ip. Thus the degree of polar-
ization, γ, may be artificially increased, which results in the shifting of the
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asymptotic value of the degree of polarization, γ, from zero to a value which
depends on the NA of the imaging objective and the strength of the scattering signal
(Figs. 6.5b and 6.6b). It should be noted that the effect of the added intensity
contribution on the asymptotic value of the degree of polarization, γ, becomes more
pronounced, when the optical thickness, n, is large and the corresponding intensity
originating from the sample is weak. Since this added signal contribution results
only in an intensity offset it does not affect the transverse resolution, α, achievable.
This background contribution can be removed in image processing or reduced to
negligible amounts by anti-reflection coating on all surfaces of the glass cell.

The effectiveness of DPG in suppressing diffusing photons in microscopic
imaging depends on (a) the number of unscattered photons and (b) the degree of
polarization, γ, of the scattered photons. Three working regimes have been intro-
duced according to these two conditions [5], and are characterized as follows:
Regime 1: unscattered light is present and scattered light retains polarization,
regime 2: unscattered light is present and scattered light is depolarized or there is no
unscattered light but scattered light retains polarization, and regime 3: there is no
unscattered light and scattered light depolarized. Each turbid sample used in
Tables 6.1 and 6.2 experiences 2 or 3 regimes as the optical thickness, n, is
increased. For sample sets A and B, regimes 1 and 2 are experienced. In these two
cases, scattered photons depolarize fast but there is a significant proportion of
unscattered photons. In these regimes, conventional polarization-gating is effective
but not as effective as DPG as illustrated in Figs. 6.3 and 6.5. For samples sets C, D,
and E, all three regimes are experienced as the optical thickness, n, is increased. In
other words, scattered photons depolarize slower and the number of unscattered or
less scattered photons is significantly reduced and eventually they are no longer
detectable (Figs. 6.6 and 6.10). Both CPG and DPG are thus less effective in regime
3 (n > 20) and play no role in improving image resolution as illustrated in Fig. 6.6.
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6.2.6 Effect of Numerical Aperture

The goal of microscopic imaging is to obtain high resolution with a help of a high
NA objective. Although a high NA objective gives a narrow diffraction spot at its
focus, and therefore gives a high-resolution image if scattered photons are negli-
gible, there is a problem when a high NA objective is used to image through a
turbid medium. Scattered photons propagating at higher angles through such an
objective result in longer path lengths that the photons traverse, which effectively
increases the average number of scattering events, n, experienced by the photons.
Therefore, the number of photons maintaining the initial degree of polarization, γ,
can be reduced if a high NA objective is used (see Fig. 5.17). A lower NA objective
rejects more scattered photons traveling at higher angles and as a result, image
resolution is higher. Therefore, for a high NA objective, the degradation of image
resolution caused by scattering photons is severe if no other gating mechanism is
used. This effect is further demonstrated in Fig. 6.3a, b, which shows that an
objective of NA = 0.25 gives higher resolution than an objective of NA = 0.75
when the optical thickness, n, is small and the depolarization for each scattering
event is strong. A comparison of the resolution improvement between DPG and
CPG reveals that

P3jNA¼0:25 [P3jNA¼0:75:

Thus, using a smaller NA objective in differential polarization-gating leads to a
stronger improvement.

Another example of demonstrating the effect of the NA on DPG is depicted in
Figs. 6.11 and 6.12, in which sample6 (see Table 6.2) is imaged. Figures 6.11 and
6.12 show typical images of an embedded 48-μm bar for conventional polarization
gating (Figs. 6.11a and 6.12a), PPG (Figs. 6.11b and 6.12b) and DPG (Figs. 6.11c
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and 6.12c) mechanisms for NA = 0.25 and NA = 0.75, respectively. Figures 6.11d
and 6.12d give corresponding cross-sections and fitted SDS curves. In this example,
the depolarization for each scattering event is weak because the anisotropy value, g,
is 0.92, resulting in the degree of polarization, γ, of 0.52 and 0.41 for NA = 0.25 and
NA = 0.75, respectively. The measured transverse resolution for NA = 0.25
(Fig. 6.11d) is 46.6, 52.1 and 36.6 μm for CPG (αp), PPG (αs), and DPG (αp−s),
respectively. The measured transverse resolution of an embedded bar for NA = 0.75
(Fig. 6.12d) is 61.9, 64.4, and 47.5 μm, for CPG (αp), PPG (αs), and DPG (αp−s),
respectively. It is clearly seen that using an objective of NA 0.25 gives higher
transverse resolution than using an objective of NA 0.75 for all polarization-gating
mechanisms. In particular, when DPG (Ip−s) is used, the overall shape of the
transverse edge response is closer to that of the embedded bar, indicated by the flat
top in Fig. 6.11d. This property results from the suppression of scattered photons by
DPG. Unlike Fig. 6.3a, b, it is found that the resolution improvement between DPG
and CPG for a high NA objective is stronger than that for a low NA objective, i.e.,

P3jNA¼0:25\P3jNA¼0:75:

It should be also noted that the signal-to-noise ratio (SNR) of the edge responses
for the objective of NA 0.25 (Fig. 6.11d) (in this chapter SNR is quantified by the
ratio of the peak-to-peak signal level to the peak-to-peak noise level) is clearly
higher than that for the objective of NA 0.75 (Fig. 6.12d). This property is another
indication that highly scattered photons are suppressed more efficiently in the
former case. Due to the random noise associated with the scattering process, the
edge response by PPG (Is) has a lower SNR than that by CPG (Ip) since more
scattered photons are collected in the former case. Therefore, even though the
transverse resolution for differential polarization-gating (αp−s) is higher than
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Fig. 6.12 Measured images for sample6 for CPG (a), PPG (b), and DPG (c) techniques. The
intensity of the images is normalized to unity. d Includes the measured edge responses
corresponding to CPG (Ιp), PPG (Ιs), and DPG (Ιp−s) techniques. The vertical gray line represents
the ideal edge position. The NA of the imaging objective is 0.75. Reprinted with permission from
[2], 1998, Elsevier
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conventional polarization-gating (αp), the differential polarization-gated signal
(Ip−s) has a lower SNR, since the SNR for the differential polarization-gated signal
(Ip−s) is mainly determined by that of the signal by PPG (Is). However, this effect
can be minimized if an average process is taken over many sample traces for signals
obtained by CPG and PPG, before the differential polarization-gated signal is
calculated.

6.3 Monte Carlo Simulation in a Reflection
Optical Microscope

Based on the Monte Carlo simulation method detailed in Sects. 3.1–3.3, one can
simulate some of the observed features presented in Sect. 6.2. Consider a turbid slab
[3], illuminated by an objective (see Fig. 3.3b) of NA 0.25. The turbid medium
consists of polystyrene beads (n = 1.59) suspended in water (n = 1.33). Three types
of polystyrene beads of diameters 0.202, 0.48 and 1.056 μm are used as scattering
particles in the turbid medium, respectively. This range of the bead size is close to
that in biological tissue. The anisotropy values g (scattering mean free path ls)
corresponding to 0.202, 0.48 and 1.056 μm polystyrene beads are given in Table 2.
1 for a He–Ne laser at wavelength 0.633 μm.

6.3.1 Degree of Polarization

Under these conditions, the degree of polarization as a function of the optical
thickness n which is the sample thickness d divided by the scattering mean free path
length ls, is shown in Fig. 6.13. It is noticed that for a turbid medium consisting of
small scattering particles, the depolarization of the scattered light is much faster
than that for large scattering particles. For example, if the light propagates through a
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sample of optical thickness n = 5, the degree of polarization drops to 4 and 99 % for
a turbid medium consisting of 0.202 μm beads and 1.056 μm beads, respectively.

It should be pointed out that for a given value of n ðn 6¼ 0Þ the value of the
degree of polarization is contributed from unscattered photons and scattered pho-
tons. Even for scattered photons which are scattered the same times, the degree of
polarization is different because their propagation paths are different.

The speed of depolarization of scattered photons is related to the anisotropy
value g, which reflects a directional change of photon propagation after each
scattering event. For small particles, the directional change of a scattered photon is
large at each scattering event due to the small value of g, which results in a
significant change in the polarization state of the scattered light. For example, in the
case of a turbid medium consisting of 0.202 μm beads, the light signal collected by
a detector is almost totally depolarized (γ → 0) for n > 5. Thus the differential
polarization-gated signal approaches zero for a thick sample. On the other hand, the
speed of depolarization of scattered photons for a turbid medium consisting of
1.056 μm beads is quite slow because of the large anisotropy value and thus
differential polarization gating may not be efficient. For these reasons, image
simulation in this section is performed only for 0.48 μm beads.

6.3.2 Image Resolution with Polarization-Gating Methods

In order to characterize image resolution, we assume that a high reflective edge
object is embedded in a scattering slab scanned in the x direction (Fig. 3.3b). From
the image intensity of the sharp reflective edge, the transverse resolution, Γ, is
defined as the distance between the 90 and 10 % intensity points.

The transverse resolution for the edge object as a function of the optical
thickness n is illustrated in Fig. 6.14a for different polarization-gating methods
without pinhole involved. Γp and Γs are, respectively, the transverse resolution
obtained with the analyser parallel and perpendicular to the polariser. Γp−s and Γp+s
are, respectively, the transverse resolution obtained with the differential polariza-
tion-gating method and without any polarization-gating method. It is noticed from
Fig. 6.14a that for a given NA of the objectives (NA = 0.25), Γp−s is better than Γp
and that the differential polarization-gating method offers the highest resolution
among all. The improvement becomes pronounced when n is large. This feature can
be understood as follows. First since unscattered photons have a higher degree of
polarization than multiply scattered photons (Fig. 6.13), more contribution from
these photons can be ensured in forming an image through the use of the polari-
zation-gating methods. Second, as explained above, scattered photons have dif-
ferent values of the degree of polarization for a given optical thickness n. The
weighting of the scattered photons which have a lower degree of polarization can be
reduced by utilizing polarization-gating methods. These two processes lead to
higher resolution when the parallel and differential polarization-gating methods are
used (Fig. 6.14b). However, the number of unscattered photons can be negligible in

6.3 Monte Carlo Simulation in a Reflection Optical Microscope 109

http://dx.doi.org/10.1007/978-3-662-46397-0_3


the total photons collected when n > 4. In that region, the contribution from a large
number of scattered photons which have a higher degree of polarization is dominant
and thus the improvement in resolution becomes pronounced.

In Fig. 6.14b, the improvement in image resolution is illustrated as a function of
the optical thickness, where Dd=n¼ðCpþs � Cp�sÞ=Cpþs; Dd=p ¼ ðCp � Cp�sÞ=Cp;

and Δp/n = (Γp − Γp+s)/Γp+s. Δd/n, Δd/p, and Δp/n are, respectively, the improvements
in image resolution between the differential polarization-gating method and the no
polarization-gating method, between the differential polarization-gating method and
the parallel polarization-gating method, between the parallel polarization-gating
method and the no polarization-gating method. It is seen from Fig. 6.14 that as the
optical thickness of a turbid medium increases, Δd/n, Δd/p and Δp/n first increase and
then start to saturate. There are two effects that determine the saturation of the
resolution improvement. For a thicker turbid medium, on the one hand, the degree
of polarization of the collected light becomes lower and more highly scattered
photons can be removed by using polarization-gating methods. On the other hand,
the difference of the transverse resolution between the two orthogonal states of
polarization becomes less pronounced. The balance of the two effects leads to the
saturation of the resolution improvement. If the turbid medium is too thick, i.e., n is
too large, the resolution improvement approaches zero as the second effect becomes
dominant.

Figure 6.14b shows that the resolution improvement of the differential polari-
zation-gating method, Δd/n, is approximately 47 % at n = 20. Because the speed of
depolarization depends on the size of scattering particles (Fig. 6.13), the maximum
improvement in image resolution with the differential polarization-gating method
for a thick turbid medium (e.g. n = 20) including particles of a diameter larger or
smaller than 0.48 μm may be smaller than 47 %. For example, the range of the
particle size in milk suspension is from 0.1 to 1 μm and the resolution improvement
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Δd/n measured for an edge embedded in a milk suspension is only 30 % (see
Sect. 6.2.3).

In Fig. 6.15a, the transverse resolution as a function of the optical thickness n is
shown for an edge object embedded in a turbid medium, when the diameter of the
pinhole is set to vd = 150 μm. Compared with Fig. 6.14a, in which case no pinhole
is used, the transverse resolution in Fig. 6.15a is improved significantly. This
improvement is because the polarization-gating methods and the pinhole-gating
method are based on different aspects of randomization of the incident light. The
pinhole gating method is based on the directional change of a scattered photon
while polarization-gating methods are based on the polarization change due to
scattering. Thus multiply scattered photons which sneak through a pinhole can be
removed by polarization-gating methods, leading to a further improvement in
resolution.

However, it is noticed that the difference between Γp+s, Γp, Γs and Γp−s becomes
less significant, when a pinhole is used. This behavior is clearly shown in the
improvement in image resolution as a function of the optical thickness (Fig. 6.15b).
For example, at n = 20, the resolution improvement Δd/n drops from 47 to 23 % if a
150 μm pinhole is used. This feature can be explained as follows. It is found from
the simulation that the intensity Is of the perpendicular polarization component is
reduced greatly by using the pinhole. In other words, a pinhole has already removed
a large amount of multiply scattered photons which have a lower degree of
polarization, and thus leads to the increase of the degree of polarization (Fig. 6.16a).
Therefore when the polarization-gating methods are applied, the resolution
improvement is not large.

The Monte Carlo simulation predictions shown in Figs. 6.14a, 6.15a, and 6.16a
are confirmed by the experimental results obtained used the method detailed in
Sect. 6.2. The measured degree of polarization as a function of the optical thickness
is illustrated in Fig. 6.16b. As expected, when a pinhole is used, the degree of
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polarization increases, which confirms the theoretical prediction in Fig. 6.4a. The
degree of polarization in the experiments is slightly higher than the theoretical
prediction when n is large, because there is 4 % reflection from the glass surface of
the cell used to contain turbid medium. Figures 6.6a and 6.9a qualitatively confirms
that (i) using polarization-gating methods, in particular using the differential gating
method, improves transverse resolution, (ii) the combination of polarization-gating
and pinhole gating methods improves the image resolution further, and (iii) the
resolution improvement without pinhole gating is larger than that with pinhole
gating. Although Figs. 6.6a and 6.9a are obtained by an objective of NA = 0.25,
these features held for NA = 0.25 [3].

6.3.3 Trade-off Between Signal Strength
and Image Resolution

Polarization gating and pinhole gating can play an independent role in microscopic
imaging through turbid media. One may ask which one is more efficient. Another
issue related to differential polarization gating is that signal strength may be reduced
significantly for a thick turbid medium. To understand these problems, we devel-
oped the criterion in Sect. 5.4 [13], which states that the efficiency of an optical
gating method can be determined by the resolution at a given value of signal
strength is used to compare the pinhole gating and polarization-gating methods.

The curves in Fig. 6.17 represent the relationship between transverse resolution
and signal strength detected by a confocal pinhole of different sizes. Each curve
terminates at point when a pinhole of vd = 4,000 μm is used for detection, which is
approximately 1,000 times larger than the airy spot of an lens on the detection
plane. The signal strength here is defined as the number of detected photons divided
by the total number of the incident photons propagating into the turbid medium.
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In Fig. 6.17a, the relationship between signal strength and transverse resolution is
shown for differential polarization-gating, parallel polarization gating, and no
polarization gating when n = 9. In this situation, the degree of polarization is 62 %
for vd = 4,000 μm, which means that the signal strength detected with parallel
polarization gating is significantly stronger than that detected with the perpendicular
polarization gating. As a result, the difference of the curves between no polarization
gating and parallel polarization gating is not pronounced even for vd = 4,000 μm.

It is noticed from Fig. 6.17a that the transverse resolution can be improved at the
expense of signal strength. When the detected signal is strong, corresponding to a
large confocal pinhole, the situation without any polarization-gating methods gives
highest image resolution at a given signal strength. This phenomenon means that
using a pinhole only to reduce the number of scattered photons is better than the
combination of polarization gating and pinhole gating methods. However, when the
detected signal is weak, i.e., when a small confocal pinhole is used, the curves
representing parallel and differential polarization-gating methods give a better
trade-off between the signal strength and the transverse resolution. In particular, the
differential polarization-gating method gives the best trade-off among all. In other
words, instead of using a small pinhole, a larger size pinhole can be used together
with polarization-gating methods to maintain resolution and in the meantime to
retain higher signal strength to overcome the noise. Another feature in Fig. 6.17a is
that the gradient of the curves changes quickly near the origin where a small pinhole
(5 μm) is used. In this situation, the detected signal is weak because of the removal
of a large portion of scattered photons. Therefore, the weighting of the contribution
from ballistic light becomes significant, and leads to a significant improvement in
image resolution which causes the change of the gradient.

In Fig. 6.5b, a turbid sample of optical thickness n = 15 is chosen, in which case
the degree of polarization is only 23 % for vd = 4,000 μm. Comparing the curves in
Fig. 6.5b with those shown in Fig. 6.5a, we can see that the difference of the curves
between polarization gating and no polarization-gating methods are more signifi-
cant in the latter situation when the pinhole size increase. This feature can be
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Fig. 6.17 Transverse resolution as a function of signal strength for a turbid medium consisting of
0.48 μm beads (NA = 0.25). a n = 9; b n = 15. Reprinted with permission from [3], 1999, Optical
Society of America
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expected from the fact that a lower degree of polarization leads to more efficient
polarization-gating methods. As a result, the advantage of using polarization-gating
methods, particularly using the differential polarization-gating method, becomes
more significant even when signal strength is weak.

6.4 Monte Carlo Simulation in a Transmission
Optical Microscope

In this section, with the use of theMonte Carlo simulation model (see Sects. 3.1–3.3),
we simulate image resolution in a transmission optical microscope illustrated in Fig.
3.3a for turbid sample set C (see Table 6.2).

Figure 6.18a demonstrates the transverse resolution as a function of the optical
thickness, n, for NG (αp+s), CPG (αp), PPG (αs), and DPG (αp−s). Figure 6.18b
demonstrates the resolution improvement between CPG and NG (P1), DPG, and
NG (P2) and DPG and CPG (P3) when an infinitely large detector is employed.
Figure 6.19a demonstrates the theoretically improved transverse resolution as a
function of the optical thickness, n, with the introduction of a 100 μm pinhole, for
NG (αp+s), CPG (αp), PPG (αs) and DPG (αp−s). Figure 6.19b demonstrates the
resolution improvement between CPG and NG (P1), DPG and NG (P2), and DPG
and CPG (P3) when a 100 μm pinhole is placed in front of the detector.

Figure 6.19 theoretically confirms that a finite-sized pinhole can significantly
improve the transverse resolution, α, achievable when employed in conjunction
with polarization-gating and that the resolution improvement achieved with
polarization-gating is reduced with the introduction of the spatial pinhole.
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Fig. 6.18 Resolution performance for sample set C at NA = 0.25. a Calculated transverse
resolution as a function of the optical thickness, n, for NG (αp+s), CPG (αp), PPG (αs), and DPG (αp
−s). b Resolution improvement and the degree of polarization, γ, as a function of the optical
thickness, n. A comparison is given between CPG and NG (P1), DPG and NG (P2), and DPG and
CPG (P3)
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Figures 6.18b and 6.19b also confirm the additional suppression of scattered
photons with a finite-sized pinhole which is indicated by an increase in the degree
of polarization, γ.

6.5 Effective Point Spread Function

In Chap. 4, the concept of the effective point spread function (EPSF) has been
introduced. As a result, the image of an object can be calculated by the convolution
of an object function and the EPSF.

6.5.1 Effective Point Spread Function for Polarization Gating

For transmission optical microscope [16], consider a turbid slab, illuminated by an
objective (Fig. 3.3a) of NA 0.25. The turbid medium consists of polystyrene beads
(n = 1.59) suspended in water (n = 1.33). Two types of polystyrene beads of
diameters 0.35 and 0.48 μm are used as scattering particles in the turbid medium,
respectively. The anisotropy values g corresponding to 0.35 and 0.48 μm poly-
styrene beads are 0.72 and 0.81, respectively, for a He–Ne laser at wavelength of
0.633 μm. The scattering mean free path length ls, is assumed to be 20 μm for all
cases and the thickness of the turbid slab is considered as twice of the focal depth
d. 40,000,000 illumination photons are used in the Monte Carlo simulation to
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Fig. 6.19 Resolution performance for sample set C at NA = 0.25 and a pinhole of diameter
100 μm. a Calculated transverse resolution as a function of the optical thickness, n, for NG (αp+s),
CPG (αp), PPG (αs) and DPG (αp−s). b Resolution improvement and the degree of polarization, γ,
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ensure the accuracy of an EPSF for a transmission-mode scanning optical
microscope.

The EPSFs at the depth of 100 μm in the medium consisting of 0.48 μm beads
under different polarization-gating methods are shown in Fig. 6.20. The results
show an improvement of image resolution under polarization-gating methods. The
improvement is not only reflected on the narrowing of the EPSF under polarization-
gating methods, but also on the significant reduction of the tail of the EPSF, which
indicates an efficient suppression of highly scattered photons. It should also be
pointed out that the improvement is particularly significant under the differential
polarization-gating method.

6.5.2 Image Resolution and Signal Level
with Polarization-Gating Methods

In order to characterize image resolution, we assume that a high absorption edge
object is embedded in the middle of a scattering slab scanned in the x direction.
From the image intensity of the sharp absorption edge, the transverse resolution, Γ,
is defined as the distance between the 90 and 10 % intensity points.

The transverse resolution as a function of the focal depth in a medium consisting
of 0.48 μm beads is illustrated in Fig. 6.21a for different polarization-gating
methods, Γp and Γs are, respectively, the transverse resolution obtained with the
analyzer parallel and perpendicular to the polarizer. Γp−s and Γp+s are, respectively,
the transverse resolution obtained with the differential polarization-gating method
and without any polarization-gating method. It is shown that Γp−s is better than Γp
and that the differential polarization-gating method offers the highest resolution
among all. This feature can be understood from the difference in the degree of
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polarization between unscattered and scattered photons. Since unscattered and/or
less scattered photons have a higher degree of polarization than multiply scattered
photons, more contribution from these photons can be ensured in forming an image
through the use of the polarization-gating methods. The weighting of the scattered
photons can be reduced accordingly by utilizing polarization-gating methods,
which leads to high resolution when the parallel and differential polarization-gating
methods are used (Fig. 6.21a). It is noticed from Fig. 6.21a that the difference of
transverse resolution between Γp and Γs, under two polarization states p and s,
decreases with increasing the focus depth d. When γ → 0, the two curves repre-
senting Γp and Γs approach toward each other. Because of the difference of the
transverse resolution between the two orthogonal states of polarization becomes
less pronounced, the resolution improvement by utilizing polarization-gating
methods becomes less effective.

The transverse resolution as a function of the focal depth in a medium consisting
of 0.35 μm beads is illustrated in Fig. 6.21b. The improvement of the transverse
resolution under polarization-gating methods is similar to what has been demon-
strated in a turbid medium with large scatterers (Fig. 6.21a). However, it is noticed
that the differential polarization-gating method is only valid up to the focal depth of
120 μm. Because of the fast depolarization speed for small scatterers, the collected
signal at the focal depth larger than 120 μm becomes totally unpolarized. Therefore,
no differential image can be measured beyond this focal depth.

Figure 6.22a shows the dependence of the measured signal level on the sample
thickness d in a medium consisting of 0.48 μm beads under different polarization-
gating methods. The signal level η has been normalized by the signal measured
without the turbid medium (d = 0) and any polarization-gating methods. It is
noticed that the reduction in the signal level under parallel polarization gating is
insignificant. However, the reduction in the signal level under differential polari-
zation becomes significant when γ → 0, which indicates the collect light becomes
totally unpolarized. The signal level as a function of the focal depth d for a turbid
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medium consisting of 0.48 μm beads. b Image resolution as a function of the focal depth d for an
edge embedded in a turbid medium consisting of 0.35 μm beads. Reprinted with permission from
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medium with small scatterers (0.35 μm beads) is illustrated in Fig. 6.22b. The
comparison between Fig. 6.22a, b shows that at a given focal depth, the signal
strength, especially the signal strength under the differential polarization-gating
method, is lower in a turbid medium with small scatterers. For example, at the focal
depth of 100 μm, the signal strength is five times higher in a turbid medium
consisting of 0.48 μm beads than that in a turbid medium consisting of 0.35 μm
beads. This is due to the faster depolarization effect in a turbid medium with smaller
scatterers.
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Chapter 7
Fluorescence-Gating Mechanism

Abstract The gating methods discussed in Chaps. 5 and 6 are based on the use of
different optical devices or elements. Fluorescence-gating is based on the fact the
wavelength of the fluorescence signal, which comes from a specific part within a
turbid medium, is different from that of the excitation and the scattered signal if
scattering is elastic. Therefore, selecting fluorescence signal is an effective way of
removing the effect of multiple scattering in a turbid medium. In this chapter,
single-photon (1p) excited fluorescence microscopy through turbid media is stud-
ied, in which, one incident photon is absorbed to excite an electron to an excited
state (Pawley, Handbook of biological confocal microscopy. Plenum, New York,
1995; Gu, Principles of three-dimensional imaging in confocal microscopes. World
Scientific, Singapore, 1996). We will focus the Monte Carlo simulation in this
chapter, while experimental investigation will be given in Chap. 8 together with
comparisons with two-photon (2p) and three-photon (3p) fluorescence microscopy.
In Sect. 7.1, we define resolution and signal level since these two parameters are
critical for imaging through a thick turbid medium. In Sects. 7.2 and 7.3, we study
the image quality in a single-layer homogeneous and inhomogeneous turbid media,
respectively. Double-layer turbid media in which a fluorescent object is embedded
is investigated in Sect. 7.4. The effect of spherical scattering aggregates on the
focusing of an objective through a turbid medium is presented in Sect. 7.5.

7.1 Transverse Resolution and Signal Level

Two parameters used in Chaps. 5 and 6 for evaluating the imaging performance of
a microscope in a turbid medium are transverse resolution (Γ) and signal level (η).
To characterize image resolution, we consider a thin fluorescent sharp edge
embedded in a turbid slab of thickness d (Fig. 7.1a). The edge is modeled at a given
depth fd where the geometry focus of an imaging objective is located [1, 2]. From
the fluorescence image intensity of the sharp edge scanned in the x direction,
transverse resolution Γ is defined as the distance between the 90 and 10 % intensity
points (Fig. 7.1b).
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The signal level η is defined as the number of fluorescence photons generated
from a fluorescent sheet and collected by a detector. Usually, the signal level is
normalized by the fluorescence signal strength when no scattering exists. This
normalization process eliminates the difference of the strength of the excitation
process, and thus allows a unique comparison of the relative decay rate of the
fluorescence strength along the depth of a turbid medium. According to the defi-
nition of the signal level, the signal level represents the total contribution of fluo-
rescence photons collected by the detector which contains the fluorescence photons
excited by ballistic photons, snake photons, and scattered photons.

This definition of the signal level does not provide the direct information of the
image resolution; however, it is important to determine the achievable resolution of
the reconstructed image in imaging processing through a turbid medium. In this
process, the object information is extracted through a deconvolution operation
based on the concept of the effective point spread function (EPSF) introduced in
Chap. 4 (see Chap. 9); the more the object information is extracted, the higher the
image resolution. Though ballistic and snake photons carry the object information
of high resolution, scattered photons also carry the object information but just in a
complicated way. To achieve a stable deconvolution operation, an input image with
strong strength is necessary. Otherwise, the noise signal from sources other than a
turbid sample can lead to pronounced artifacts in a deconvolved image. Therefore,
these parameters, the image resolution Γ and the signal level η, provide the com-
plemental information of the image performance in a turbid medium.

The microscope considered in this chapter is a reflection system (see Fig. 3.3b)
in which L1 and L2 are two identical objectives used for illumination and detection,
respectively, and a finite-sized pinhole of diameter vd is placed in front of the
detector. The detail of the Monte Carlo simulation is given in Sect. 3.9. The
imaging modeling is based on the convolution of the EPSF and a fluorescent object,
as introduced in Chap. 4. Totally, 10,000,000 illumination photons are used in the
Monte Carlo simulation to ensure the accuracy of an EPSF for a reflection-mode

90%

10%

100%

(a) (b)

or Γ
Δx

Fig. 7.1 Schematic diagram of modelling the image of a fluorescent edge and the definition of
transverse resolution
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scanning optical microscope. It is assumed that under single photon excitation, the
wavelength of the excitation beam and fluorescence beam is 400 nm.

7.2 Image Performance Through Single-Layer
Homogeneous Turbid Media

One way to improve the image quality in imaging through a turbid medium is to
suppress the contribution of highly scattered photons by using optical gating ele-
ments. As discussed in Chaps. 5 and 6, one of the most efficient optical gating
devices used in microscopic imaging is the pinhole gating method. However, before
a pinhole mask starts to play its role, photons emerging from a turbid medium go
through a preselection process determined by the aperture of objectives. In this
section, we will demonstrate the influence of the numerical aperture (NA) of
objectives, pinhole and scatter size on 1p fluorescence image quality in a single
homogeneous turbid layer [3].

The scattering medium consists of either spherical particles of diameter (ρ)
0.48 μm or spherical particles of diameter 0.202 μm, suspended in water. We
assume that the particle concentration in the turbid medium consisting of 0.48 μm
particles is 0.87 × 109/mm3. According to Mie Scattering theory (Chap. 2), the
corresponding scattering mean free path length (SMFPL) is 3.68 and 15 μm for
wavelengths 400 and 800 nm, respectively. The optical thickness n is defined as the
sample thickness d divided by the SMFPL. For example, if a sample is embedded at
a depth of 30 μm, the corresponding optical thickness is 8.14 for wavelength
400 nm. In order to demonstrate the effect of particle size, the SMFPL in a turbid
medium consisting of 0.202 μm particles is also assumed to be 3.68 and 15 μm,
respectively, for wavelength 400 and 800 nm. The parameters associated with the
two turbid media are summarized in Table 7.1.

7.2.1 Effect of the Numerical Aperture of an Objective

The EPSF at a depth of 30 μm for 1p fluorescence imaging in a turbid medium
consisting of 0.48 μm scatterers is shown in Fig. 7.2a for different values of the
numerical aperture of an objective. It is found that a small central peak becomes
visible at the focal center for high NA objectives (NA = 1.25). The central peak is

Table 7.1 Parameters
associated with scattering
media

k ¼ 400 nm

ρ (μm) g SMFPL (μm)

0.48 (L) 0.89 3.68

0.202 (S) 0.69 3.68
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mainly contributed by ballistic photons which suffer no scattering effect on their
way propagating to the focal center. These ballistic photons form a diffraction-
limited spot. For high numerical aperture objectives, the focal spot is small which
leads to a high intensity at the focal center. However, the other components in the
EPSF, contributed by scattered photons, form a broad distribution for high NA
objectives. This is because a high NA objective collects scattered photons travels at
high angles and these scattered photons statistically experience more scattering
events and contribute to a broader distribution in the EPSF.

In Fig. 7.2b, the corresponding transverse resolution as a function of the focal
depths is illustrated for different values of the numerical aperture of an objective.
It is shown that for a higher NA objective, the transverse resolution is slight poorer
after a given focal depth if fd [ 5 lm. This is because the scattered components in
the EPSF are dominant in forming an image. In this case, more scattered photons
are collected by the objective, and the corresponding distribution in the EPSF is
broad (see Fig. 7.2a) which leads to a poorer transverse resolution. However,
a higher NA objective also gives a sharper distribution in the EPSF for ballistic
component (see Fig. 7.2a), which gives a better resolution, when fd [ 5 lm. But the
strength of such component is weaker compared with scattered component for a
thicker turbid medium. As the result, using a higher NA objective without other
gating methods, such as pinhole gating in 1p fluorescence imaging gives a poorer
transverse resolution. However, the effect is not significant.

The normalized signal level as a function of the focal depth is demonstrated in
Fig. 7.3a. It is noticed that a high NA objective results in a relatively quick deg-
radation in the signal level as the focal depth increases. However, the relative signal
level, which is the collected fluorescence photons out of the incident photons, at a
given focal depth is high when a high NA objective is used (Fig. 7.3b). This is
because that a high NA objective has a high collected angle thus more scattered
photons away from the paths of ballistic photons are collected.
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7.2.2 Effect of Pinhole

To demonstrate the effect of pinhole gating on fluorescence microscopic imaging,
we show the EPSF at a depth of 30 μm for different sizes of pinhole in Fig. 7.4. It is
noted that with the utilization of a confocal pinhole, the EPSF becomes slightly
narrower; the smaller the size of the pinhole, the narrower the EPSF. It is also
noticed that the tail of the EPSF drops quickly when a pinhole is used. This feature
shows that pinhole gating is particularly efficient in suppressing highly scattered
photons which deviate further from the path of ballistic photons. The elimination of
the long tail may significantly reduce the blurring of an image caused by the
scattering effect. In Fig. 7.5a, the transverse resolution as a function of the focal
depth is illustrated for different sizes of pinhole. As expected, the transverse res-
olution improves when a pinhole is used. For example, at a depth of 45 μm, the
transverse resolution is 62 μm when no confocal pinhole is used, but becomes 42.8
and 27.1 μm, respectively, for a pinhole of diameters md ¼ 100 lm and md ¼ 50 lm.
The ratio of improvement is 31 and 56 % in these two cases, respectively. The
degradation of the signal level as the function of the focal depths is demonstrated in
Fig. 7.5b. The smaller the pinhole size, the quick drop the signal level as the focal
depth increases. This phenomenon can be well explained by the fact that for deeper
focal depths, fluorescence phones suffer more scattering and deviate further, and
consequently are suppressed by the pinhole.

7.2.3 Effect of Scatterer Size

Now let us turn to the effect of scatter size. The scattering medium consists of either
spherical particles of diameter (ρ) 0.48 μm or spherical particles of diameter
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0.202 μm, suspended in water. A comparison of the EPSFs for 1p fluorescence
imaging of the turbid medium consisting of either 0.48 or 0.202 μm particles at
depths of 10 and 30 μm is shown in Fig. 7.6. It is demonstrated that the EPSF is
broader for a turbid medium consisting of small scattering particles. This feature is
due to the fact that the anisotropy value g is smaller for smaller scatterers (see
Table 7.1). Therefore, a scattered photon statistically deviates further from the paths
of ballistic photons after each scattering event which leads to a broader EPSF.
The difference of the EPSFs between large particle and small particle turbid media
becomes larger as the focal depth becomes deeper.
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Transverse image resolution and signal level of an edge object embedded in a
turbid medium consisting of either particles of diameter 0.48 μm or particles of
diameter 0.202 μm is illustrated in Fig. 7.12a, b, respectively. It is shown that the
transverse resolution degrades when a turbid medium becomes thick and that
the resolution becomes worse if a turbid medium consists of smaller scatterers as
the result of a broader EPSF shown in Fig. 7.7a.

As the imaging depth becomes thicker, the signal level also decreases
(Fig. 7.7b). It is also noticed that the degradation of the signal level is much quicker
as the function of the focal depths in the turbid medium consisting of the smaller
scatterers due to the smaller anisotropic value g, which results in further deviation
from the collection paths.
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7.3 Image Performance Through Single-Layer
Inhomogeneous Turbid Media

In this section, 1p fluorescence microscopy through turbid media that consist of
multisized scattering particles is investigated. It is known that the scattering features
of a medium can be described by two parameters, the anisotropy value (g) and
scattering cross-section (σ) of the scattering particles. In fact, the concentration of
the particles of a given size in a turbid medium also plays an important role in the
determination of the scattering features of the medium. Combined with the cross-
section, it determines the total cross-section of the turbid medium through an
effective mean free path length as introduced in Sect. 3.7. Therefore, the investi-
gation into the size effect actually includes the effect of the size distribution and the
effect of the concentration distribution [4].

7.3.1 Scattering Property of a Multi-sized Turbid Layer

According to the size distribution of small organelles and nuclei in a cell [5], three
groups of inhomogeneous turbid media are considered for understanding image
formation. Groups S and L, which attempt to investigate the scattering features from
small organelles and large nuclei in cells, contain nine types of scattering particles.
Their diameter (ρ) covers from 0.1 to 0.9 μm and from 2.6 to 3.4 μm, respectively,
with a diameter interval of 0.1 μm. The mean size of these two groups is 0.5 and
3.0 μm, respectively. The third group of the turbid media (M) is a mixture of groups
S and L, which can be used to simulate the situation where small scattering
organelles and large nuclei both exist. Based on Mie theory, the corresponding
anisotropy value (gi) and scattering cross-section (rsi) of each type of particles are
shown in Table 7.2.

Two types of the concentration distributions, the uniform and Gaussian distri-
bution, are also to be investigated, which are, respectively, represented by U or G. All
concentration distributions discussed in this section are centrally symmetrical
through the mean size particle. Each turbid medium is labeled by two letters followed
by two digitals. The first letter represents the type of particle group, while the second
letter denotes the type of the concentration distribution. The two digitals correspond
to a width parameter δ. The width parameter δ in the medium with a uniform
distribution is dp=2ðdp ¼ qmax � qminÞ where qmax and qmin are the maximum and
minimum particle sizes included in the medium, respectively. In the medium with a
Gaussian distribution, the width parameter δ is defined as the full width at half
maximum of the concentration distribution. For example, the SG01 medium contains
a small group of particles with a Gaussian distribution and δ = 0.1 μm.

The parameters used in the Monte Carlo simulation are as follows. 107 illumi-
nation photons are used to ensure the accuracy of simulation results. The numerical
aperture of the objective is chosen to be 0.25. It is assumed that the wavelength of
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the excitation and fluorescence beams, λex and λfluo under 1p excitation is both
400 nm. To keep the consistent simulation conditions, we assume that the averaged
total geometrical cross-section (σ) is constant in all media, which can be mathe-
matically expressed as

Z
pðq=2Þ2 cðqÞdq ¼ pðq0=2Þ2c0 ð7:1Þ

where ρ is the diameter for a particle type existing in an inhomogeneous medium
and cðqÞ is the corresponding concentration. Here q0 refers to the scattering particle
size in a homogeneous medium with concentration c0. In our calculation, q0 ¼
0:5 lm and c0 ¼ 0:6=lm3 for the uniform S group. Accordingly, in the uniform L
group, q0 ¼ 3 lm and c0 ¼ 0:0167=lm3.

According to the concentration distributions and the scattering cross-section at
different excitation wavelengths (Table 7.2), the effective mean free path length (l0)
(see Sect. 3.7) of the various inhomogeneous media can be calculated and are
summarized in Table 7.3.

7.3.2 Effect of Size Distributions

In order to investigate the effect of the size distribution, all the scatterers in a
medium are supposed to have the same concentration which corresponds to the
uniform distribution U. As an example, EPSFs for turbid media SU00 and SU04 at
different focal depths under 1p excitation are demonstrated in Fig. 7.8. The sharp
peak shown in Fig. 7.8 demonstrates the existence of ballistic and less scattering

Table 7.3 Effective scattering mean free path length (l0) of the investigated turbid media
(Reprinted with permission from [4], 2003, SPIE)

Type of medium l0 (μm) Type of
medium

l0 (μm)

400 nm (1p excitation)
(fluorescence)

400 nm (1p excitation)
(fluorescence)

SU SU00/SG00 4.6296 LU LU00/
LG00

3.6029

SU01 4.2699 LU01 3.6850

SU02 3.7832 LU02 3.6863

SU03 3.3224 LU03 3.7573

SU04 2.9837 LU04 3.8000

SG SG01 4.5736 LG LG01 3.5956

SG02 4.3182 LG02 3.6360

SG03 3.9779 LG03 3.7065

SG04 3.6824 LG04 3.6324

M SG04 + LU02 1.8422
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snake photons. It is noticed that as the focal depth increases, the EPSF becomes
broad and the peak value decreases. This is because as the focal depth increases, the
scattering events increase, which leads to the broadening of the EPSF. Due to strong
scattering, the number of the ballistic and snake photons that undergo fewer scat-
tering events around the center of the focus region decreases. As a result, the peak
value reduces. A comparison of the EPSFs between SU00 and SU04 media dem-
onstrate that at a given focal depth, the EPSFs are narrower in the homogeneous
SU00 media.

The transverse image resolution and signal level in a series of SU media are
demonstrated in Fig. 7.9. Although the total geometrical cross-sections of the size
distributed turbid media are equal, optical microscopic image formation in those
media is affected differently due to the different scattering features of the scatterers
of various sizes. The more types of particles around the mean size of 0.5 μm
are included, the worse the image performance on resolution and signal level.

-250
0

250

500

-3

-2

-1

0

1

2

3

4

5(a) (b)

0
10

20
30

40
50

1p
SU00

Lo
g 

(E
P

S
F

)

250
0

250
500

-3

-2

-1

0

1

2

3

4

5

0

10
20

30
40

50

1p
SU04

Lo
g 

(E
P

S
F

)

r (μm)r (μm)

f d (
μm)

Fig. 7.8 EPSFs for fluorescence imaging at different focal depths in SU00 and SG04 turbid
media. Reprinted with permission from [4], 2003, SPIE

0

10

20

30

40

50

60

70(a) (b)

T
ra

ns
ve

rs
e 

re
so

lu
tio

n 

1p
SU00
SU01
SU02
SU03
SU04

0 10 20 30 40 50 0 10 20 30 40 50

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

N
or

m
al

is
ed

 S
ig

na
l l

ev
el

 (
lo

g 
)

1p
SU00
SU01
SU02
SU03
SU04

 (
μm

)

fd (μm) fd (μm)

Fig. 7.9 Transverse image resolution (a) and signal level (b) as a function of the focal depth in the
SU media. Reprinted with permission from [4], 2003, SPIE

7.3 Image Performance Through Single-Layer Inhomogeneous Turbid Media 131



However, under 1p excitation, the effect of the size distribution is not as obvious.
This situation may be explained by the effective mean free path length (l0) shown in
Table 7.3 which clearly shows that in the medium which has the δ value of 0.4 μm
(SU04), l0 has the shortest value.

Figure 7.10 shows the transverse resolution and signal level in a series of the LU
media. Like the situation in the SU media, the difference of the transverse resolution
and signal level between different types of the media is also not significant.
However, it is furthermore noticed that the LU00 medium presents the worst
imaging performance rather than LU04 in particular under 1p excitation. This
phenomenon is expected from the shorter l0 value in Table 7.3.

7.3.3 Effect of Concentration Distributions

For comparison, turbid media of a Gaussian concentration distribution and of a
mixed uniform and Gaussian concentration distribution are investigated.

Figure 7.11 shows the transverse resolution and signal level in the SG media.
Compared with those in the SU media (Fig. 7.9), under 1p excitation, the difference
of transverse resolution and signal level is not obvious. Similarly for the L group
media of a Gaussian concentration distribution, the transverse resolution and signal
level are shown in Fig. 7.12. There is little difference of transverse resolution
and signal level between the LG and LU media under 1p excitation. Comparison of
Figs. 7.9, 7.10, 7.11 and 7.12 shows that the image resolution and signal level in the
media with a Guassian concentration distribution are better than those in the media
with a uniform distribution. However, the impact of the size and concentration
distributions in the L media is not significant.

Another comparison of Figs. 7.9, 7.10, 7.11 and 7.12 indicates that the effect
of the size and concentration distributions on image performance is significant. The
S and L media exhibit dramatic different features of image formation; the variation
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of the size distribution in the L media has a slight impact on image resolution and
signal level, while the corresponding influence in the S media is obvious. It is also
noticed that at a given focal depth, imaging in the S media exhibits better transverse
resolution and signal level than that in the L media.

These phenomena can be explained from the relationship of the scattering
efficiency Q and the anisotropy g value to a scattering parameter (a=k) (Fig. 7.13).
According to Chap. 2, the scattering efficiency Q is defined as the ratio of the
scattering cross-section (rs) to the geometrical cross-section (σ) and a is the radius
size of a scattering particle. The smaller scattering efficiency implies a reduction
of multiple scattering events which leads to high image resolution and signal level.
In our case, the S media include particles which have relative sizes, a=k, within
the ranges from 0.125 to 1.125 under 1p excitation. While the L media
include the relative particles sizes within the ranges from 3.25 to 4.25 under 1p
excitation. Thus the scattering Q changes significantly as a=k falls within the range
of 0.125–1.125 in the S media and shows a slight variation while a=k falls within
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Fig. 7.11 Transverse image resolution (a) and signal level (b) as a function of the focal depth in
the SG media. Reprinted with permission from [4], 2003, SPIE
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the range of 3.25–4.25 in the L media, as indicated in Fig. 7.14. This feature
provides an understanding of the significant influence of the scattering features in
the S media.

Finally, let us consider a mixture medium to simulate the combined effect of the
size distribution and the concentration distribution. In this simulation, it is supposed
that there is a diverse distribution of particles of small sizes and a relatively con-
centrated distribution of particles of large sizes. This condition corresponds to the
situation in cells where small scatterers (such as small organelles) distribute
diversely while the size of the scattering particles like nuclei has a relatively small
variation. It is noticed from Figs. 7.10 and 7.12 that for the L group, the imaging
performance between the uniform and Gaussian distribution is not significant and
the effect of the size distribution is not pronounced. Therefore, in the mixture
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medium M, we arbitrarily choose LU02 to be a simulation medium of nuclei.
On the other hand, SG04 is selected to simulate the maximum effect of the size
distribution of small scatterers. However, in order to keep the equality of the total
geometrical cross-section, this mixture medium M has half of the concentration
values for each of its corresponding constitution scatterers compared to those in the
media SG04 and LU02.

Figure 7.14 demonstrates the image transverse resolution and signal level under
1p excitation in this mixture medium M. For comparison, transverse resolution and
signal level in the SG04 and LU02 media are also demonstrated in the same plots. It
is noticed that image performance in a mixture medium M (either transverse res-
olution or signal level) falls in between two extreme cases in which turbid medium
only consists either small or large particles and the image performance is more
affected by the LU02 medium than the SG04 medium.

7.4 Image Performance Through Double-Layer
Turbid Media

So far, the turbid media considered are a single-layer structure. However, biological
tissue usually exhibits a complex layer structure such as skin tissue [6]. The detail
of the Monte Carlo simulation model for fluorescence microscopic imaging through
double-layer turbid media has been given in Sect. 3.6. A schematic diagram of a
reflection fluorescence microscope for imaging through a double-layer turbid
medium is shown in Fig. 7.15. The top and bottom layers of thicknesses d1 and d2
are labeled with L1 and L2, respectively. The focal depth fd is defined as the distance
between the medium surface and the focal plane.

7.4.1 Image Performance Through Double-Layer
Homogeneous Turbid Media

To compare the results of a double-layer turbid medium with those from a single-
layer turbid medium, we choose two kinds of spherical scattering particles sus-
pended in water. The first kind, called large particles (L), has a diameter ρ of
0.48 μm, and the second one, called small particles (S), has a diameter of 0.202 μm.
Each layer in the double-layer structure consists of either large particles or small
particles. If the top layer (L1) includes large particles and the bottom layer (L2)
includes small particles, the double-layer turbid structure is called the LS medium.
Otherwise, it is called the SL medium. The thickness of each of the two layers of
the media is assumed to be 60 μm. The numerical aperture of the objective was
chosen to be 0.25. It is assumed that the wavelength of the excitation beam, kex, is
400 nm and that the fluorescence wavelength kf is also 400 nm. According to Mie
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Scattering theory, the corresponding anisotropy value g and the SMFPL ls are
shown in Table 7.1.

In the Monte Carlo simulation, 107 illumination photons were used to ensure the
accuracy of an EPSF. The EPSFs for 1p fluorescence imaging at three focal depths
in the LS and SL scattering media are shown in Fig. 7.16a, b, respectively. The
focal depths of 40, 60, and 80 μm mean that the focus is within the top layer, at the
boundary, and within the bottom layer, respectively. As expected, when the focal
depth increases, the EPSF becomes broader in both LS and SL media because of the
increase of the scattering events.

A comparison of the EPSFs between the LS and SL media shows two physical
features. First, at a given focal depth (Fig. 7.17), the EPSF in the LS case is
narrower than that in the SL case. Second, the difference of the EPSF between LS
and SL media in the bottom layer is smaller than that in the top layer. These
properties can be understood from the change in the anisotropy value g in the LS
and SL media. According to Sect. 5.4, a smaller scattering particle with a lower
anisotropy value g results in a larger scattering angle and thus a broader distribution
of scattered photons. Consequently, when the focal depth is moved into the bottom
layer, the broadening of the EPSF in the SL medium becomes slower, whereas that
in the LS medium becomes more quick, which leads to the behavior in Fig. 7.17b.

Based on the EPSF, we can investigate image quality in the double-layer turbid
medium in terms of image resolution and signal level. The transverse image res-
olution and the signal level as a function of the focal depth in the LS and SL media
under 1p excitation are shown in Fig. 7.18a, b, respectively. In general, as the focal
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Fig. 7.15 Schematic diagram of a reflection fluorescence microscope for imaging through a
double-layer turbid medium. S source; D detector; DM dichromic mirror; L1 and L2 top and bottom
layers; d1 and d2 the thickness of L1 and L2; fd the focal depth; λex and λf the wavelength for
excitation and fluorescence. Reprinted with permission from [7], 2002, American Institution of
Physics
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depth increases, the transverse resolution becomes poor and the signal level is
reduced. Within the top layer, the transverse resolution in the LS medium is better
than that in the SL medium. This result is consistent with the behavior of the EPSF
shown in Fig. 7.16.

To understand the behavior near the interface, we define the rate of resolution
degradation, β, as b ¼ dC=dðfdÞ. It can be seen from Fig. 7.18a that β below the
interface in the SL and LS media is slightly slower and larger than that above the
interface, respectively. This feature can be explained by the change in the anisot-
ropy value g in the two layers. In general, photons in the S layer (smaller anisotropy
value g) are statistically scattered into a larger angle than those in the L layer (larger
anisotropy value g). It has been demonstrated in Sect. 5.4 that the photons scattered
at a larger angle lead to lower resolution than the photons scattered at a smaller
angle. As a result, the increase of the anisotropy value g from the S layer to the
L layer in the SL medium results in the decrease of β near the interface. In LS
medium, the situation is just reserved. This feature implies that the two resolution
curves may lead to a cross point at a certain focal depth in the bottom layer, as
demonstrated in Fig. 7.18a.

In the top layer, the signal level in the LS medium drops more slowly than that in
the SL medium, as may be expected from the anisotropy value g in the corre-
sponding layers. The larger the anisotropy value g, the smaller the scattered angle
and thus the higher the signal level. Once the focal depth is within the bottom layer,
the signal level of the LS medium drops more quickly than that in the SL medium.
Because the anisotropy value g in the bottom layer of the LS and SL media reduces
and increases, respectively. As a result, the signal level in the SL medium is lower
than that in the LS medium for the given thickness of the media.

7.4.2 Image Performance Through Double-Layer
Skin Media

As a demonstration of the significance of the double-layer turbid medium model,
we use it to calculate resolution and signal level in human skin tissue under 1p
excitation [7]. Human skin tissue is a complex and highly scattering thick tissue. It
can be considered to be a double-layer structure mainly consisting of epidermis and
dermis [8]. We assume that the wavelength is 365 and 450 nm for 1p excitation and
fluorescence, respectively. The absorption and scattering parameters of skin tissue
at these wavelengths are summarized in Table 7.4 [6–8]. According to the

Table 7.4 Scattering parameters of the turbid media under 1p, 2p and 3p excitation

Skin layers Epidermis Dermis

μa (cm
−1) g ls (μm) μa (cm

−1) g ls (μm)

1p Excitation (λex = 365 nm) 100 0.72 9.1 7 0.72 21.8

Fluorescence (λfluo = 450 nm) 58 0.75 14.3 4.1 0.75 35.1
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anatomical structure of human skin [7, 8], it can be assumed that the thickness of
the epidermis and dermis layers is 50 and 450 μm, respectively.

The image resolution Γ and the signal level η of the human skin double layers
under three excitation situations are shown in Fig. 7.19a, b, respectively. It is
noticed that, even within the epidermis layer, the resolution is worse than that of the
diffraction-limited value. The signal level in the epidermis layer (Fig. 7.19b) decays
more quickly than that in the dermis layer.

7.4.3 Image Performance Through Double-Layer
Human Cortex Media

Cortex is one of the most important parts of brain tissue, which is involved in
almost all functions of a brain such as perception, motor coordination, thought,
emotion, intellect, memory, and so on. Brain cortex, especially gray matter, is a
basic research object when brain functions and diseases are studied. Imaging
through brain cortex tissue can be achieved by many modalities, such as magnetic
resonance imaging (MRI) and positron emission tomography (PET). However,
optical microscopy offers the only way of achieving micrometer spatial resolution.
In particular, fluorescence microscopy provides an effective way of investigating
biological microstructures, monitoring biological activities, and diagnosing human
disease.

Brain cortex has a double-layer structure that is composed of gray matter and
white matter, with gray matter lying on top. Gray matter contains neurons and
provides the actual processing capacity while white matter provides communica-
tions between different gray matter areas and between gray matter and the rest of
tissue. Recently, scattering parameters in human brain cortex have been thoroughly
investigated [9]. It is, therefore, possible and meaningful to investigate the

Fig. 7.19 Transverse image resolution (a) and signal level (b) in skin tissue under 1p excitation.
Reprinted with permission from [7], 2002, American Institution of Physics
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penetration depth through human brain cortex under multiphoton microscopy,
which is important for studying human brain disease in biopsy and autopsy [10].

According to the recent MRI study [11], the thickness of the gray matter layer is
between 1,000 and 4,500 μm, and its average thickness is approximately 2,500 μm.
Therefore, the thickness of the gray and white matter layers is assumed to be
1,000 μm for a thorough investigation of the effect of the boundary between gray
matter and white matter on image performance. This human cortex structure is
named Cortex. The excitation and fluorescence wavelengths are assumed to be
400 nm. Optical parameters of gray matter and white matter in human cortex [9]
adopted in the simulation are summarized in Table 7.5. It should be pointed out that
the assumed fluorescence wavelength does not affect the conclusion of the inves-
tigation, as the scattering parameters do not vary appreciably in the region near this
wavelength [9].

The 1p fluorescence EPSFs at the focal depths of 800, 1,000, and 1,200 μm in
Cortex are shown in Fig. 7.20 for an objective of numerical aperture 0.25. The focal
depth fd is defined to be the distance between the surface of the gray matter layer to
the focal plane. It is clear that the focal depths of 800, 1,000, and 1,200 μm mean
that the focus is within the gray matter layer, at the boundary and within the white
matter layer. It is seen that when the focus moves into the white matter layer, the
EPSF dramatically becomes broad. The reason for this feature is that the white
matter layer has a shorter scattering mean free path length (l) compared with that in
the gray matter layer, which results in a stronger scattering effect and accordingly a
dominant contribution of scattered photons in image formation.

Image resolution Γ and signal level η along the entire Cortex thickness for the
numerical aperture of 0.25 and 0.75 are shown in Fig. 7.21a, b, respectively. It is
understandable from Fig. 7.21a that only within a shallow depth in the gray matter
(fd < 250 μm), image resolution is better than 100 μm for NA = 0.25. For signal
level in Cortex (Fig. 7.21b), it is noticed that the decrease in signal level in the gray
matter layer is slower than that in the white matter layer.

Table 7.5 Absorption and scattering parameters of human cortex under 1p excitation
(μa absorption coefficient, μs scattering coefficient, l scattering mean free path length; g anisotropy
value)

Human cortex Optical parameters Excitation and fluorescence wavelength 400 nm

Gray matter μa (1/mm) 0.25

μs (1/mm) 12.5

l (μm) 78.5

g 0.85

White matter μa (1/mm) 0.3

μs (1/mm) 42

l (μm) 23.6

g 0.75
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It should be pointed out that an image is formed in two steps in an image system.
The first step is excitation and the second is collection. It should be also pointed out
that both ballistic and scattered photons in the excitation process can result in
fluorescence emission. Only ballistic photons are confined to the focal region, while
scattered photons in the excitation process are distributed away from the focal
region. In the collection process, these two types of photons behave differently
because of multiple scattering. Both processes are affected by the value of
numerical aperture, as demonstrated in Fig. 7.21a, b. It is noticed that Γ is distinctly
poorer as a higher NA objective is used. Beer’s law indicates that scattered photons

Fig. 7.20 1p fluorescence EPSFs in Cortex (numerical aperture is 0.25) at the focal depths of
800 μm (within the gray matter layer), 1000 μm (on the boundary) and 1200 μm (within the white
matter layer). Reprinted with permission from [10], 2003, Optical Society of America

Fig. 7.21 Transverse resolution Γ (a) and signal level (b) as a function of the focal depth in
Cortex for different values of the numerical aperture. Reprinted with permission from [10], 2003,
Optical Society of America
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are dominant in image formation when the focal depth of the turbid medium is
larger than a few scattering mean free-path length. Even when the number of
scattering events is one, i.e., fd = 1, approximately 64 % of the incident photons are
scattered. Therefore accordingly to Table 7.5, the contribution of scattered photon is
dominant in the excitation and collection processes in the case of Cortex when the
focal depth is longer than 100 μm. Compared with the lower numerical aperture
objective, the higher numerical aperture objective has a larger angle of conver-
gence, and thus more scattered photons that deviate from the ballistic path may be
collected by the objective. These scattering components do not satisfy the
diffraction theory and make a significant contribution to image formation, leading to
the degradation of the image resolution. However, the larger the NA of an objec-
tive, the slower the dropping speed in the signal level (Fig. 7.21b).

7.5 Effect of Aggregation

In Sect. 3.8, an effective Mie scattering (EMS) model has been established for
the investigation into a fractal aggregate as a single scatterer. According to the
Monte Carlo simulation method, the scattering parameters of a spherical aggregate,
the scattering efficiency Qa, and the anisotropy ga value, are shown in Fig. 3.9 to
reveal their dependence on the physical size D and the effective mean free path
length lm of the aggregate. The significance of the scattering efficiency Qa and
the anisotropy value ga derived from the EMS model is that they allow for the
Monte Carlo simulation of photon migration through a complex turbid medium
made up of aggregates [12].

To demonstrate this, we simulate the focusing feature of an objective
(NA = 0.25) through such a complex turbid medium using these two parameters. To
this we use the following conditions. The excitation wavelength λ is 400 nm. The
diameter of the aggregate D is 5 μm and the diameter of the scattering particles,
suspended in air, which constitute the aggregate with a fractal dimension of m = 25
is d = 0.2 μm and have no absorption. The refractive index n of the scattering
particles is 1.59.

Figure 7.22 shows the logarithmic representation of the focal spot of an objective
as a function of the focal depth fd in a homogeneous turbid medium of fractal
aggregates. Here r is the radial distance in the focal plane. It is seen from Fig. 7.22
that as the focal depth fd increases, the narrow central peak disappears and the focal
spot becomes broad, which means that the ballistic or snake photons around the
focus decrease and that the scattering photons that deviate from the center path
increase. Figure 7.22 implies that image quality, such as image resolution and
signal level, of an object embedded in an aggregate-distributed layered turbid
medium where a fluorescent object is embedded can be studied using the methods
in Sects. 7.2–7.4.
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Chapter 8
Multiphoton Fluorescence Imaging

Abstract As has been discussed in the previous chapter, the trade-off between
image resolution and signal level plays a crucial role in determining the efficiency of
optical gating methods under single-photon (1p) fluorescence imaging. Another
important development in fluorescence imaging is the two-photon (2p) scanning
fluorescence microscopy because of its advantages over 1p scanning fluorescence
optical microscopy (Denk et al. Science 248:73–76, 1990; Schilders and Gu Appl
Opt 38:720–722, 1999; Guo et al. Appl Opt 36:968–970, 1997). First, 2p excitation
is a nonlinear process and therefore the fluorescence intensity is directly proportional
to the square of the excitation intensity. Due to this quadratic dependence, the 2p
imaging technique provides a pinpoint excitation/detection method at a deep posi-
tion within thick samples. Second, if an infrared laser beam is employed for 2p
excitation, 2p fluorescence microscopy offers access to ultraviolet (UV) excitation
without using UV lasers, and reduces Rayleigh scattering appreciably, provided that
the size of scatterers in tissue is smaller than the illumination wavelength. According
to these properties of 2p excitation, it has been claimed that 2p excitation results in a
deeper penetration depth than 1p excitation (Denk et al. Science 248:73–76, 1990;
Guo et al. Appl Opt 36:968–970, 1997). The trade-off between image resolution and
signal level for 2p fluorescence imaging is discussed in Sect. 8.1, which determines
the penetration depth. The effects of various parameters on 2p fluorescence imaging
are discussed in Sect. 8.2. Section 8.3 discusses the Monte Carlo simulation of 2p
fluorescence imaging through various complex modeling structures. Section 8.4
presents the comparison of 1p and 2p imaging with three-photon (3p) imaging
through skin and human cortex media.

8.1 Image Resolution and Signal Level

In this section, a detailed investigation into image resolution and signal level under
two-photon (2p) excitation is presented [1–3]. A simulation model for developing the
effective point spread function for multiphoton fluorescence imaging is proposed.

© Springer-Verlag Berlin Heidelberg 2015
M. Gu et al., Microscopic Imaging Through Turbid Media,
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8.1.1 Monte Carlo Simulation Model and Effective
Point Spread Function

The Monte Carlo simulation model developed for 2p fluorescence imaging is
similar to that for single-photon (1p) fluorescence imaging [4] described in the
previous chapter. A parameter p is assigned to each photon to represent its
weighting in signal strength. 1p fluorescence excitation is a linear process in which
the excited fluorescence intensity is proportional to the incident intensity. There-
fore, the weighting of an emitted fluorescence photon is linearly proportional to the
weighting of the incident photon. However, 2p fluorescence is a nonlinear process
in which the excited fluorescence light intensity has a quadratic response to the
excitation light intensity:

I2p ¼ a2pI
2
ex; ð8:1Þ

where α2p is a 2p fluorescence coefficient, and I2p and Iex are, respectively, the
intensity of the incident and the fluorescence light at the focal region. Because of
the nonlinear process, the implementation of (8.1) in the Monte Carlo simulation
model under 2p excitation is not as straightforward as that under 1p excitation. The
execution of the Monte Carlo simulation for 2p excitation is divided into two
stages. In the first stage, the intensity distribution of the excitation light at the focal
plane, Iex(r), where r is the radial coordinate, is calculated and stored in the data-
base. In the second stage, the simulation starts at the focal plane, and fluorescence
photons are generated by a uniform random generator. However, the weighting
factor for a fluorescence photon at a distance r is determined according to the square
of the local intensity of excitation light:

p2pðrÞ ¼ a2pI
2
exðrÞ: ð8:2Þ

When scattering is strong in a turbid medium, the illumination light distributed
outside the focal region becomes more significant, which weakens the optical
sectioning property of a 2p fluorescence microscope. Recent experimental research
[5, 6] has demonstrated this phenomenon and an approximate theoretical model,
which is based on the attenuation of ballistic light by scattering, has been developed
to estimate the three-dimensional (3-D) fluorescence intensity distribution in a
turbid medium under 2p excitation [7, 8]. The 3-D fluorescence intensity distri-
bution is important to study 3-D image formation in turbid media. However,
ignoring the scattered component that is usually stronger than the ballistic com-
ponent may lead to significant discrepancies in predicting such a 3-D spatial dis-
tribution. To overcome this problem, we use the Monte Carlo simulation method to
study 1p and 2p fluorescence imaging under a microscope with a particular interest
in their 3-D fluorescence light distribution [9].

Here we use a simple approach to extend this model to study the 3-D fluores-
cence intensity distribution within a turbid medium. First, a stack of planes is
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identified within a sample volume. By recording the number of photons and their
transverse locations where they pass through a given plane, a two-dimensional
(2-D) transverse excitation intensity distribution Iex(x, y) can be obtained. Then
combining all the 2-D intensity distributions from the stack of planes results in a
3-D excitation intensity distribution Iex(x, y, z). Unlike the model described in [9],
which only considers the contribution of fluorescence excitation by ballistic light,
the approach used here takes the contribution of fluorescence excitation by both
ballistic and scattered photons into consideration. This treatment becomes possible
because the Monte Carlo simulation method predicts the behavior of scattered
photons as well as ballistic photons.

Consider a turbid medium, illuminated by an objective of numerical aperture
(NA) 0.25, and assume that the geometric focal plane is 600 μm beneath the
surface. The turbid medium consists of polystyrene beads (reflective index
ni = 1.59) suspended in a fluorescence solution such as Rhodamine 590 Tetra-
fluoroborate dye solution. We assume the illumination wavelength for 1p and 2p
excitation is 0.532 and 1.064 μm respectively. Polystyrene beads have a diameter of
0.304 μm, and its corresponding anisotropy values g is 0.25 and 0.72, according to
Mie scattering theory, for illumination wavelengths 1.064 and 0.532 μm respec-
tively. The most significant advantage of using 2p excitation instead of 1p exci-
tation is that the illumination wavelength used in 2p excitation is much longer,
which results in a smaller scattering cross-section σs. For a spherical scattering
particle (ni = 1.59) of diameter 0.304 μm suspended in water (ni = 1.33), the
scattering cross-section σs is 0.0042 and 0.026 μm2, respectively, for illumination
wavelengths 1.064 and 0.532 μm. For a given turbid medium, the scattering-mean-
free-path-length (SMFPL) under 2p excitation is more than six times longer than
that under 1p excitation.

The 3-D fluorescence intensity distribution for 1p excitation I1p(x, y, z) is shown
in Fig. 8.1. Notice that the emission of fluorescence light is limited in the focal
region when scattering is weak in a turbid medium (Fig. 8.1a). However, when
the turbid medium becomes denser, the amount of fluorescence light excited outside
the focal region becomes more significant (Fig. 8.1b, c). It is also seen that the

Fig. 8.1 3-D fluorescence intensity distribution I1p(x, y, z) for 1p excitation (Numerical
Aperture = 0.25): a n = 2, b n = 4, c n = 6, d n = 8. Reprinted with permission from [9], 2000,
Optical Society of American
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maximum intensity point in I1p(x, y, z) may shift from the geometric focal region
toward the sample surface if the ballistic component in the focal region is negligible
(Fig. 8.1d). To explain the features demonstrated in Fig. 8.1, we need to understand
the property of two components of photons, the ballistic photon component and the
scattered photon component, in the propagation of an illumination beam through a
turbid medium. The distribution of ballistic photons depends on the distance
between the observation plane and focal plane; the closer the observation plane to
the focal region, the narrower the distribution may be formed. Due to the multiple
scattering effect, scattered photons deviate from the ballistic path and form a
broader distribution in a turbid medium. The ballistic component is dominant in the
region close to the sample surface where multiple scattering is insignificant. With
the increasing depth into a turbid medium, the scattered component becomes
dominant at the focal plane. However, the intensity in the focal region shows a
noticeable peak if the turbid medium is not dense (Fig. 8.1a–c), due to the con-
tribution from the ballistic component. Although the total number of ballistic
photons is insignificant at a depth of 600 mm, they are concentrated in the focal
center, and therefore show a noticeable peak. The ballistic peak becomes weaker
when the turbid medium becomes denser, in which situation the total number of
ballistic photons becomes negligible (Fig. 8.1d).

The 3-D fluorescence intensity distribution I2p(x, y, z) for 2p excitation is shown
in Fig. 8.2. It should be pointed out that 2p excitation has a much deeper penetration
in a given medium due to the fact that longer wavelength illumination light is used.
In order to further demonstrate the difference between 1p and 2p excitation, we use
the same set of optical thickness in Fig. 8.2. A comparison of Figs. 8.1 and 8.2
shows that for 2p excitation, the fluorescence intensity is significantly stronger in
the focal region in relation to the surrounding area (Fig. 8.2a–c) until the scattering
is too strong to have a non-negligible ballistic component in the focal region
(Fig. 8.2d). The difference between Figs. 8.1 and 8.2 arises from the quadratic
intensity dependence in 2p excitation, which efficiently enhances the fluorescence
light excited by the ballistic peak in the focal region.

Fig. 8.2 3-D fluorescence intensity distribution I2p(x, y, z) for 2p excitation (NA = 0.25): a n = 2,
b n = 4, c n = 6, d n = 8. Reprinted with permission from [9], 2000, Optical Society of American
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To simulate the image of a fluorescence object embedded in turbid media, we
introduce an EPSF under 2p excitation. The EPSF is derived from the product of the
probability of an excitation photon reaching the focal plane and the probability of a
fluorescence photon reaching the detector and the detail of the derivation has been
discussed in Chap. 4. The significance of an EPSF is that it enables us to separate
the information about an object from a surrounding turbid medium and an imaging
system. It is assumed that the excitation and fluorescence wavelengths are 800 and
400 nm, respectively, under 2p excitation. The scattering medium consists of either
spherical particles of diameter (ρ) 0.48 μm or spherical particles of diameter 0.
202 μm, suspended in water. We assume that the particle concentration in the turbid
medium consisting of 0.48 μm particles is 0.87 × 109/mm3. According to Mie
Scattering theory, the corresponding SMFPL is 3.68 and 15 μm, respectively, for
wavelengths 400 and 800 nm. The optical thickness n is defined as the sample
thickness d divided by the SMFPL. For example, if a sample is embedded at a depth
of 30 μm, the corresponding optical thickness is 8.14 for wavelength 400 nm. In
order to demonstrate the effect of particle size, the SMFPL in a turbid medium
consisting of 0.202 μm particles is also assumed to be 3.68 and 15 μm, respectively,
for wavelengths 400 and 800 nm. The parameters associated with the two turbid
media are summarized in Table 8.1.

The EPSF for 2p fluorescence imaging is shown in Fig. 8.3. It is seen that a peak is
shown near the focal center. With increasing the focal depth, the peak becomes less
significant and may eventually disappear if the scattering medium is thick enough.
The peak is contributed by the fluorescence light excited by ballistic photons that
experience no scattering event on their way to the focal plane. The total number of
these ballistic photons may be insignificant compared with scattered photons; how-
ever, their contribution to the intensity near focal region may still be significant, since
these ballistic photons are only distributed near the focal region. Their contribution to
the intensity is enhanced due to the quadratic intensity dependence under 2p exci-
tation. If a photon experiences some scattering events, it deviates from the path of
ballistic photon and forms a broad distribution on the focal plane.

The EPSF at a depth of 120 μm in a turbid medium consisting of 0.202 μm
particles is also illustrated in Fig. 8.3. The EPSF has a stronger central peak, but is
more widely distributed in this case, compared with the EPSF at the same depth in a
turbid medium consisting of 0.48 μm particles. It is understood that the anisotropy
value g is less for smaller scattering particles, which results in a broader distribution
of the scattered photons in the EPSF. As a result of this property, the intensity
outside the focal region is relatively low in a turbid medium consisting of small
scattering particles. Therefore, the central peak becomes more significant due to the
quadratic intensity response under 2p excitation.

Table 8.1 Parameters
associated with scattering
media

ρ (μm) λ = 400 nm λ = 800 nm

g SMFPL (μm) g SMFPL (μm)

0.48 0.89 3.68 0.73 15

0.202 0.69 3.68 0.2 15
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8.1.2 Image Resolution

The transverse resolution of an edge object embedded in a turbid medium con-
sisting of either 0.48 μm particles or 0.202 μm particles is illustrated in Fig. 8.4. It is
demonstrated in Fig. 8.4 that 2p fluorescence imaging is vastly superior to 1p
fluorescence imaging in terms of image resolution if the depth is less than 60 μm.
For 2p fluorescence imaging, the transverse resolution stays nearly at the diffrac-
tion-limited resolution when d < 60 μm, and then quickly deteriorates. The dete-
rioration rate eventually drops approximately after d = 90 μm. When d < 60 μm, the
fluorescence light excited by ballistic light is dominant over that excited by scat-
tered light, and therefore a near-diffraction-limited image resolution can be
achieved. In the range of 60 μm < d < 90 μm, the weighting of the fluorescence
light excited by ballistic photons drops quickly and the fluorescence light excited by
scattered photons becomes strong, thus leading to poor transverse resolution. In this
region, the deterioration rate of transverse resolution depends on the decaying rate
of ballistic photons. When d > 90 μm, the scattered component in the EPSF is
dominant in building an image. In this situation, the transverse resolution is decided
by the broadness of the EPSF contributed by scattered photons.

A comparison of the two image resolution curves in Fig. 8.4 shows that the
transverse resolution in a turbid medium consisting of 0.48 μm particles is better
only when d > 75 μm, in which case scattered photons dominate the imaging
process. In the region d < 75 μm, where the central peak in the EPSF dominates the
image formation, the resolution is almost the same for the two turbid media.

Fig. 8.3 EPSF for 2p fluorescence imaging at different depths d for scatterers of diameters 0.48
and 0.202 mm, respectively, (vd ! 1, NA = 0.25). Reprinted with permission from [10], 2000,
American Institution of Physics
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8.1.3 Signal Level

A comparison of the signal level as a function of the focal depth for 1p and 2p
fluorescence imaging is shown in Fig. 8.5. It is shown in Fig. 8.5 that the signal
level under 2p excitation drops significantly when the focal depth increases. For
example, the signal level drops to only 3 % at d = 30 μm. The signal level for 2p
fluorescence imaging decreases faster, compared with the signal level for 1p
fluorescence imaging. It is also noticed that the signal level under 2p excitation is
more than three orders of magnitude smaller than that under 1p excitation when
d = 60 μm. In this situation, the 2p fluorescence signal may be too weak to
overcome a noise level from an imaging system. Interestingly, the 2p fluorescence
light excited by ballistic photons is still dominant and a near-diffraction-limited
resolution can still be obtained at d = 60 μm. Therefore, we may draw the con-
clusion that 2p fluorescence imaging is mainly determined by ballistic photons, and
that the penetration depth is limited by the signal level.

8.1.4 Penetration Depth

To demonstrate the limiting factor on the penetration depth under 2p and 1p
excitation, we consider a turbid medium consisting of scattering particles (diameter
0.202 μm) suspended in water. The turbid medium was placed in a glass cell with
lateral dimensions of 2 cm × 1 cm. The thickness of the glass cell, d, was varied
from 25 up to 250 μm.

A uniform fluorescent polymer bar was embedded at the bottom wall of the glass
cell. The fluorescent bar can be excited under 1p (λs = 488 nm) and 2p (λt = 800 nm)
excitation to give a peak fluorescence wavelength of approximately 520 nm. Due to
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Fig. 8.4 Transverse resolution of a thin edge image as a function of the focal depth for different
sizes of scattering particles in 2p fluorescence imaging (vd ! 1, NA = 0.25). Reprinted with
permission from [10], 2000, American Institution of Physics
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the different wavelengths associated with 1p excitation, 2p excitation, and
fluorescence the scattering cross-section σs, the SMFPL ls and the anisotropy value
g are different and can be calculated using Mie scattering theory [14] (Table 8.2).

The prepared sample cell was placed under an Olympus confocal scanning
microscope: Fluoview. For 1p excitation, an Ar ion laser at wavelength 488 nm was
used. A Spectra-Physics ultrashort pulsed laser: Tsunami, which had a pulse width
of 80 fs, was employed for 2p excitation at wavelength 800 nm. To avoid the effect
of the refractive-index mismatching between the turbid medium and the cover glass
of the cell, a water-immersion objective (Olympus UplanApo 60×, ∞/1.13–0.21,
NA = 1.2, working distance = 250 μm) was used. In the case of 1p excitation, a
pinhole of 300 μm in diameter was placed in front of the detector to produce an
optical sectioning effect with strength similar to that under 2p excitation without
using pinhole. The dependence of the signal level and the resolution α on the cell
thickness d is depicted in Figs. 8.6 and 8.7 which also includes the Monte Carlo
simulation results corresponding to the experimental condition. A good agreement
between experiments and theoretical predictions is observed. For the turbid medium
we used, the image resolution under 2p excitation is two orders of magnitude higher
than that under 1p excitation, while the signal strength attenuates much faster with
increasing depth.

Although the above results were obtained for a given size of scatterers, the
conclusion regarding the effect of Mie scatterers on 2p excitation holds for other
sized Mie scatterers. In particular, the smaller the scatterer size, the smaller the
anisotropy value and the larger the SMFPL. Based on this property, we can con-
clude that for a real tissue medium consisting of different size of Mie scatterers, the
2p fluorescence signal level is lower than 1p signal level at a deep depth. This
conclusion is demonstrated in Figs. 8.8 and 8.9. The penetration depth of 2p
excitation in imaging through a tissue medium is smaller than that of 1p excitation
because of the lower signal level in the former case. However, within the depth of
detectable signal, 2p excitation leads to image resolution significantly higher than
that under 1p excitation.
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Fig. 8.5 Signal level as a
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Table 8.2 Calculated values of the scattering cross-section σs, the scattering mean free path length
ls, and the anisotropy value g for polystyrene beads of diameter 0.202 μm at wavelengths 488, 520,
and 800 nm, respectively, for a given particle weight concentration of 2.5 %

Wavelength
(nm)

Relative
particle
size, A (a/λ)

Scattering
efficiency,
Qs = σs/σg

Scattering
cross-section,
σs (μm

2)

SMFPL,
ls (μm)

Anisotropy
value, g

488 0.2069 0.1586 5.07 × 10−3 35.7 0.54

520 0.1942 0.1356 4.34 × 10−3 41.8 0.482

800 0.1263 0.0389 1.24 × 10−3 145.38 0.20

The geometric cross-section of the scatterers is 0.032 μm2
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Fig. 8.6 Signal level under 2p and 1p excitation as a function of the penetration depth of a turbid
medium consisting of scatterers of diameter 0.202 μm. Reprinted with permission from [11], 2000,
American Institution of Physics
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Fig. 8.7 Image resolution under 2p and 1p excitation as a function of the penetration depth of a
turbid medium consisting of scatterers of diameter 0.202 μm. Reprinted with permission from [11],
2000, American Institution of Physics
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8.2 Influence of System Parameters

Commonly, the performance of an imaging system is governed by the point spread
function which is determined by system parameters such as the NA of the objective
lens, the size of a confocal pinhole, etc. In this section, the influence of various
parameters associated with a microscopic imaging system under the 2p excitation is
discussed in detail.

(a) (b) (c) (d) 

(e) (f) (g) (h) 

100 μm

Fig. 8.8 Measured transverse (x–y) images through a thick muscle tissue sample under 2p and 1p
excitation. a–d 2p fluorescence images at depths of 10, 30, 50, 70 μm; e–h 1p fluorescence images
at depths of 10, 30, 50, 70 μm. Reprinted with permission from [11], 2000, American Institution of
Physics

100μ

100 μm 

m 

(a) (b)

Fig. 8.9 Measured axial (x–z) images through a thick muscle tissue sample under 2p (a) and 1p
(b) excitation. Reprinted with permission from [11], 2000, American Institution of Physics
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8.2.1 Numerical Aperture

For the same scattering media described in Sects. 8.1.1–8.1.3, the EPSF at a depth
of 120 μm for 2p fluorescence imaging is shown in Fig. 8.10 for different values of
the NA of an objective. The EPSF for 2p excitation is not necessarily poorer if a
higher NA objective is used. In fact, in this situation, the central peak is more
pronounced, but the EPSF appears to be broader.

In Fig. 8.11, the transverse resolution as a function of the focal depth is illus-
trated for different values of the NA of an objective. It is noted that for d < 60 μm,
the image resolution is slightly better if a higher Na objective is used. In this region,
the central peak in the EPSF is dominant in forming an image. The central peak in
the EPSF is mainly contributed by fluorescence excited by ballistic photons.
Therefore, a near-diffraction-limited resolution can be achieved in this situation.
Since a higher NA objective produces a narrower diffraction spot, the corre-
sponding transverse resolution is better. In the region where d > 90 μm, the
transverse resolution is better when a lower NA objective is used. In this region, the
broad distribution in the EPSF, contributed by scattered photons, is dominant in
image formation. In this situation, a high NA objective collects more scattered
photons, which results in a broader distribution in the EPSF, and therefore leads to
poorer resolution. It is in the region of 60 μm < d < 90 μm where the central peak in
the EPSF starts to lose its dominance that a quicker degradation in image resolution
occurs for a higher NA objective.

In conclusion, when the ballistic peak in the EPSF is dominant in forming an
image, a higher NA objective offers a better resolution. When the broad distribution
contributed by scattered photons is dominant, a lower NA objective gives better
transverse resolution.

Fig. 8.10 EPSF for different values of the numerical aperture of an objective in 2p fluorescence
imaging (vd ! 1, ρ = 0.48 μm). Reprinted with permission from [10], 2000, American Institution
of Physics
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8.2.2 Confocal Pinhole

Now we consider the effect of a pinhole on 2p fluorescence imaging. It has been
demonstrated in Chap. 7 that a confocal pinhole is efficient in suppressing highly
scattered photons, and as a result, it provides a significant improvement in the 1p
fluorescence imaging. The EPSF for a pinhole of diameter 100 μm at a depth of
120 μm is illustrated in Fig. 8.12a. It is noted that the utilization of a finite sized
pinhole makes little difference in the central peak of the EPSF. However, it does
reduce the contribution of scattered photons in the region outside the focal center.
This feature implies that a pinhole may not be efficient in improving image quality
in 2p fluorescence imaging through turbid media if the central peak is dominant in
the EPSF. In Fig. 8.12b, the transverse resolution as a function of the focal depth is
illustrated. As expected, the resolution improvement by utilization of a finite sized
pinhole is not significant until a turbid medium becomes thicker, d > 75 μm, in
which case the fluorescence excited by scattered photons is dominant.

The utilization of a pinhole offers little improvement in 2p fluorescence imaging
in terms of image resolution (Fig. 8.12b). Moreover, using a pinhole significantly
reduces signal strength (Fig. 8.12c), which can be a serious problem in 2p fluo-
rescence imaging through turbid media. For example, at d = 60 μm, the
improvement in transverse resolution is only 9.5 % when a pinhole of diameter
100 μm is used. However, the signal strength drops to only 31 % of the signal level
when no pinhole is used. It appears that using a pinhole in 2p fluorescence imaging
through turbid media is unwise.
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8.3 Two-Photon Imaging Through Complex Scattering
Medium Structure

In this section, a detailed investigation into the image resolution and signal level
under 2p excitation in scattering media with multiple layer structure is presented.

8.3.1 Multiple Sizes

In Sect. 3.7, the effect of multi-sized scatters has been included in the Monte Carlo
method. In this section, a modified Monte Carlo simulation model considering
inhomogeneous turbid media with scatterers of multiple sizes is established for
studying multi-photon fluorescence microscopy [10–13].

A real biological tissue medium may be complicated [14–18]. Here a single-layer
inhomogeneous turbid medium consisting of n types of spherical scatterers is
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considered. Each type of scatterer has a given size (diameter) qi and concentration ci.
A SMFPL (li) for each type of scatterer is determined by its concentration (ci) and its
corresponding scattering cross-section (rsi), based on Mie theory:

li ¼ 1=ðcirsiÞ ð8:3Þ

To determine the scattering step length between each two consecutive scattering
events of a photon in a turbid medium with multi-size scattering particles, we first
independently calculate the scattering step length (si) from each type of particles
according to the following equation:

si ¼ �li ln ðnÞ i ¼ 1; 2; . . .; nð Þ ð8:4Þ

where 0 < ξ < 1 is a randomly produced uniform distribution number. Then the
shortest step length (sm) is taken to be the length within which a photon propagates
freely. The anisotropy value (gm) corresponding to the m-th type of particles, which
is also calculated based on Mie theory [19], is used to determine the scattering
direction of the photon. The accuracy of this method has been verified by our
previous model when there exists only one type of particles [10, 12].

For understanding image performance of a turbid medium of multi-size scat-
tering particles, a parameter, the effective mean free path length (l0), is introduced as
a measure of the randomness in such an inhomogeneous medium

1=l0 ¼
Xn
i¼1

1=li ð8:5Þ

The effective mean free path length (l0) weights the contributions of scattering
cross-sections from different types of particles to the scattering features of the turbid
medium. It is an analogous parameter to the mean free path length (l) in a homo-
geneous medium which has scattering particles of one size.

According to the size distribution of small organelles and nuclei, three groups of
inhomogeneous turbid media are considered for understanding image formation.
Groups S and L, which attempt to investigate the scattering features from small
organelles and large nuclei in cells, contain nine types of scattering particles. Their
diameter (ρ) covers from 0.1 to 0.9 µm and from 2.6 to 3.4 µm, respectively, with a
diameter interval of 0.1 µm and the mean size of these two groups is 0.5 and
3.0 µm, respectively. The third group of the turbid media (M) is a mixture of groups
S and L to simulate the situation where small scattering organelles and large nuclei
both exist. Based on Mie theory, the corresponding anisotropy value (gi) and
scattering cross-section (rsi) of each type of particles under 2p excitation are shown
in Table 8.3.

The NA of the objective is chosen to be 0.25. It is assumed that the wavelength
of the excitation beam, λex, under 2p excitation is 800 nm and the fluorescence
wavelength λfluo is 400 nm.
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For a comprehensive understanding of the effect of the particle concentration ci,
two types of the concentration distributions, the uniform and Gaussian distribution,
are investigated, represented by U or G. All concentration distributions discussed in
this paper are centrally symmetrical through the mean size particle. Each turbid
medium is labelled by two letters followed by two digitals. The first letter represents
the type of particle group, while the second letter denotes the type of the concen-
tration distribution. The two digitals correspond to a width parameter d. The width
parameter d in the medium with a uniform distribution is dp=2(dp ¼ qmax � qmin)
where qmax and qmin are the maximum and minimum particle sizes, respectively. In
the medium with a Gaussian distribution, the width parameter d is defined as the
full width at half maximum of the concentration distribution. For example, the
SG01 medium contains a small group of particles with a Gaussian distribution and
d = 0.1 µm.

In order to observe scattering features of different concentrations, it is assumed
that the averaged total geometrical cross-section (σ) is constant in all media, which
can be mathematically expressed as

Z
pðq=2Þ2 cðqÞdq ¼ pðq0=2Þ2c0 ð8:6Þ

where q is the diameter for a particle type existing in an inhomogeneous medium
and cðqÞ is the corresponding concentration. Here q0 refers to the scattering particle
size in a homogeneous medium with concentration c0. In our calculation, q0 ¼ 0:5
μm and c0 ¼ 0.6/μm3 are selected for the uniform S group, while for the uniform L
group, q0 ¼ 3 μm and c0 ¼ 0.0167/μm3 are chosen.

According to the concentration distributions and the scattering cross-section at
different excitation wavelengths (Table 8.5), the effective mean free path length (l0)
of the various inhomogeneous media under 1p, 2p, and three-photon (3p) excitation
can be calculated by (8.3) and (8.5) and are summarized in Table 8.4.

The EPSF represents the performance of an imaging system including a turbid
medium. As an example, EPSFs for turbid media SU00, SU04, and SG04 at dif-
ferent focal depths under two-photon (2p) excitation are demonstrated in Fig. 8.13.
The sharp peak shown in Fig. 8.13 demonstrates the existence of ballistic and less
scattered snake photons. It is noticed that as the focal depth increases, the EPSF
becomes broad and the peak value decreases. This is because as the focal depth
increases, the scattering events increase, which leads to the broadening of the EPSF.
Meanwhile, due to strong scattering, the number of ballistic and snake photons that
undergo few scattering events around the center of the focus region decreases
dramatically. As a result, the peak value reduces.

The transverse image resolution and signal level in a series of SU media under
2p excitation are first demonstrated in Fig. 8.14. Although the total geometrical
cross-sections of the size distributed turbid media are equal, optical microscopic
image formation in those media is affected differently due to the different scattering
features of the scatterers of various sizes. The more types of particles around the
mean size of 0.5 μm are included, the worse the image performance on resolution
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and signal level. This situation may be explained by the effective mean free path
length (l0) introduced in this paper. Table 2 clearly shows that in the medium which
has the d value of 0.4 μm (SU04), l0 has the shortest value under 2p excitation.
Figure 8.15 shows the transverse resolution and signal level in a series of the LU
media under 2p excitation. Unlike the situation in the SU media, the difference of
the transverse resolution and signal level between different types of the media is not
significant under three types of excitation. Figure 8.16 shows the transverse reso-
lution and the signal level in the SG media. Compared with those in the SU media
(Fig. 8.14), the transverse resolution and signal level under 2p excitation are better
in the SG media. An explanation can be obtained from the fact that l0 in the SG
media is larger than that in the SU media under multi-photon excitation. This
feature is caused by the suppression of the effect of the large particles in the case of
Gaussian distribution. This feature can also be reflected from the EPSFs shown in
Fig. 8.13. At the same focal depth, the EPSF in SG04 is narrower than that in SU04
under 2p excitations. Similarly, for the L group media of a Gaussian concentration
distribution, the transverse resolution and signal level are shown in Fig. 8.17. There
is little difference in transverse resolution and signal level between the LG and LU
media under 2p excitation.

A mixture medium is investigated to simulate the combined effect of uniform
and Gaussian distributions. In this simulation, it is supposed that there is a diverse
distribution of particles of small sizes and a relatively concentrated distribution of

Table 8.5 Anisotropy value
g and scattering mean free
path length ls for 1p and 2p
excitation and fluorescence
wavelengths

ρ (μm) 1p excitation 2p excitation Fluorescence

λex = 400 nm λex = 800 nm λfluo = 400 nm

g ls (μm) g ls (μm) g ls (μm)

0.48 (L) 0.89 3.68 0.73 15 0.89 3.68

0.202 (S) 0.69 3.68 0.2 15 0.69 3.68

Table 8.4 The effective mean free path length (l0) of the various inhomogeneous media under 1p,
2p and 3p excitation

Type of medium l0 (μm) Type of medium l0 (μm)

400 nm
(1p excitation)
(Fluorescence)

800 nm
(2p excitation)

400 nm
(1p excitation)
(Fluorescence)

800 nm
(2p excitation)

SU SU00/SG00 4.6296 18.3756 LU LU00/LG00 3.6029 3.5664

SU01 4.2699 16.2234 LU01 3.6850 3.5918

SU02 3.7832 13.0401 LU02 3.6863 3.5618

SU03 3.3224 10.3066 LU03 3.7573 3.5907

SU04 2.9837 8.2988 LU04 3.8000 3.6071

SG SG01 4.5736 18.0067 LG LG01 3.5956 3.5501

SG02 4.3182 16.2384 LG02 3.6360 3.5524

SG03 3.9779 13.9597 LG03 3.7065 3.5959

SG04 3.6824 12.0424 LG04 3.6324 3.5029

M SG04 + LU02 1.8422 2.7488

8.3 Two-Photon Imaging Through Complex Scattering Medium Structure 161



0 20 40 60 80 100
0

10

20

30

40

50

60

70

80

T
ra

ns
ve

rs
e 

re
so

lu
tio

n 
Γ 

(μ
m

)

f
d
 (μm)

         2p
 SU00
 SU01
 SU02
 SU03
 SU04

0 20 40 60 80 100
-8

-7

-6

-5

-4

-3

-2

-1

0

S
ig

na
l l

ev
el

 (
lo

g 
η)

f
d
 (μm)

        2p
 SU00
 SU01
 SU02
 SU03
 SU04

(a) (b)

Fig. 8.14 Transverse image resolution and signal level as a function of the focal depth in the SU
media under 2p excitation. Reprinted with permission from [25], 2003, SPIE
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particles of large sizes. This condition corresponds to the situation in cells where
small scatterers (such as small organelles) distribute diversely, while the size of the
scattering particles like nuclei has relatively small variation. It is noticed from
Figs. 8.15 and 8.17 that for the L group, the imaging performance between the
uniform and Gaussian distribution is not significant and the effect of the size
distribution is not pronounced. Therefore, in the mixture medium M, we arbitrarily
choose LU02 to be a simulation medium of nuclei. On the other hand, SG04 is
selected to simulate the maximum effect of the size distribution of small scatterers.
However, in order to keep the equality of the total geometrical cross, this mixture
medium M has half the concentration values for each of its corresponding
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media under 2p excitation. Reprinted with permission from [25], 2003, SPIE
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constitution scatterers compared to those in the media SG04 and LU02. Figure 8.18
demonstrates the image transverse resolution and signal level in this mixture
medium M. For comparison, transverse resolution and signal level in the SG04 and
LU02 media are also demonstrated in the same plots. It is noticed that image
performance in a mixture medium M (either transverse resolution or signal level)
falls in between two extreme cases in which turbid medium only consists of either
small or large particles and the image performance is more affected by the LU02
medium than the SG04 medium under three types of excitation.
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These phenomena can be explained from the relationship of the scattering effi-
ciency Q and the anisotropy g value to a scattering parameter (a=k) (Fig. 8.19). The
scattering efficiency Q is defined as the ratio of the scattering cross-section (rs) to
the geometrical cross-section (r) and a is the radius size of a scattering particle. The
smaller scattering efficiency implies a reduction of multiple scattering events, which
leads to high image resolution and signal level. In our case, the S media include
particles that have relative sizes, a=k, within the ranges from 0.125 to 1.125, 0.0625
to 0.5625 for the illumination and excitation wavelengths, respectively. While the L
media include the relative particles sizes within the ranges from 3.25 to 4.25 and
1.625 to 2.125 the illumination and excitation wavelengths. Thus the scattering
Q changes significantly as a=k falls within the range of 0.0417–1.125 in the S
media and shows a slight variation while a=k falls within the range of 1.083–4.25 in
the L media, as indicated in Fig. 8.19. This feature provides an understanding of the
significant influence of the scattering features in the S media. In the S media, the
Q value of the largest particles (0.9 μm) is about 500 times that of the smallest
particles (0.1 μm) under 2p excitation. This effect results in a significant impact on
the image performance.

8.3.2 Multiple-Layer Structures

So far, the turbid media considered in the current microscopic Monte Carlo sim-
ulation are a single-layer structure. However, biological tissue usually exhibits a
complex layer structure such as skin tissue. Although 2p fluorescence microscopy
has been used to image through skin tissue, the penetration depth and the limit of
image resolution under multi-photon excitation cannot be determined from the
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current Monte Carlo simulation model. In this section, a detailed investigation into
the image resolution and signal level under 2p excitation in scattering media with
multiple layer structure is presented.

To compare the results of a double-layer turbid medium with those from a
single-layer turbid medium, we choose two kinds of spherical scattering particles
suspended in water. The first kind, called large particles (L), has a diameter of
0.48 μm, and the second, called small particles (S), has a diameter of 0.202 μm.
Each layer in the double-layer structure consists of either large particles or small
particles. If the top layer (L1) includes large particles and the bottom layer (L2)
includes small particles, the double-layer turbid structure is called the LS medium.
Otherwise, it is called the SL medium. The thickness of the two layers of the media
is assumed to be 60 μm. According to Mie Scattering theory [19], the corresponding
anisotropy value g and SMFPL ls are shown in Table 8.3.

Figure 8.20 gives the EPSFs for 2p fluorescence imaging at the three focal
depths in the LS and SL turbid media. It can be seen that the EPSF in both LS and
SL media does not change appreciably and that its width is almost close to that
given by the diffraction theory when the focal depth is less than 60 μm. This feature
is caused by the fact that the contribution from ballistic photons to 2p fluorescence
emission may be dominant in the focal region at the depth 4–5 times of the SMFPL.
Figure 8.21 shows the comparison of the EPSFs between LS and SL media at a
given focal depth. It is seen that unlike the situation under 1p excitation, the EPSF
in the SL medium under 2p excitation is slightly narrower than that in the LS
medium. This property is consistent with the previous result in the single-layer
turbid medium under 2p excitation [9]. For the given SMFPL (Table 8.3), the small
anisotropy value g in the S layer results in a broad distribution of scattered photons
and their contribution to intensity is reduced because of the quadratic intensity
dependence under 2p excitation. As a result, the central peak mainly resulting from
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ballistic photons in the SL medium becomes slightly narrower, compared with that
in the LS medium.

Transverse image resolution as a function of the focal depth in the LS and SL
media under 2p excitation is shown in Fig. 8.22. The transverse resolution in the top
layer of the LS and SL media is almost close to the diffraction-limited value, as
expected from Fig. 8.19. Below the interface, the resolution is degraded quickly in
the both cases, which means that the contribution from scattered photons is sig-
nificantly increased. To understand the behavior near the interface, we define the
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rate of resolution degradation, β, as b ¼ dC=dðfdÞ. The rate of resolution degra-
dation β immediately below the interface is caused by two processes. The first one
is the change in the anisotropy value g. In general, photons in the S layer (smaller
anisotropy value g) are statistically scattered into a larger angle than those in the L
layer (larger anisotropy value g) [12]. It has been demonstrated that the photons
scattered at a larger angle lead to lower resolution than the photons scattered at a
smaller angle. As a result, the increase of the anisotropy value g from the S layer to
the L layer in the SL medium results in the decrease of β near the interface. The
second process is a significant contribution from the scattered photons when
the focal depth is approximately 60 μm, which results in the increase of β in both
the media. The combination of these two processes gives rise to the fact that the
degradation of resolution in the LS medium is faster than that in the SL media when
the focal depth moves from the top layer to the bottom layer. It is seen from
Fig. 8.22b that the signal level drops faster in the S medium, however, after
penetrating the same distance in L and S media, the signal level curves representing
the LS and SL structures converges.

8.4 Three-Photon Fluorescence Imaging

In the previous sections, it has been demonstrated that 2p fluorescence imaging
holds advantage over the 1p fluorescence imaging in terms of achieving high res-
olution, because of utilizing longer excitation wavelength and the quadratic
dependence of the fluorescence on the excitation intensity. It is expected that high-
order nonlinear effects, such as 3p excitation can further enhance these advantages.
In this section, 3p fluorescence imaging through highly scattering media is inves-
tigated in detail. Based on the Monte Carlo simulation model developed in Sect. 3.9,
we use it to calculate the resolution and signal level in human skin tissue under 1p,
2p, and 3p excitation. Human skin tissue is a complex and highly scattering thick
tissue. It can be considered to be a double-layer structure mainly consisting of
epidermis and dermis [20]. We assume that the wavelength is 365, 730 and
1,095 nm for 1p, 2p, and 3p excitation, respectively, and that the fluorescence
wavelength is 450 nm. The absorption and scattering parameters of skin tissue at
these wavelengths are summarized in Table 8.6. According to the anatomical

Table 8.6 Absorption and scattering parameters of skin tissue under 1p, 2p, and 3p excitation
(Reprinted with permission from [12], 2002, American Institution of Physics)

Skin layers Epidermis Dermis

μa (cm
−1) g ls (μm) μa (cm

−1) g ls (μm)

1p Excitation (λex = 365 nm) 100 0.72 9.1 7 0.72 21.8

2p Excitation (λex = 730 nm) 39 0.83 23.3 2.4 0.83 55.6

3p Excitation (λex = 1,095 nm) 0.87 [21] 0.9 84.5 [21] 0.87 [21] 0.9 84.5 [21]

Fluorescence (λfluo = 450 nm) 58 0.75 14.3 4.1 0.75 35.1
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structure of the human skin [20], it can be assumed that the thickness of the epi-
dermis and dermis layers is 50 and 450 μm, respectively.

The image resolution C and the signal level g of the human skin double layers
under three excitation situations are shown in Fig. 8.23a, b, respectively. Because of
the big difference in the SMFPL under 1p and 2p and 3p excitation, C and g behave
differently. Figure 8.23a shows that the resolution under 3p excitation is the best; a
diffraction-limited resolution can be kept within the whole thickness of the double-
layer skin structure. However, such a diffraction-limited resolution value can be
maintained only up to a focal depth of 250 μm (corresponding to a depth of 200 μm
in the dermis layer) under 2p excitation. Under 1p excitation, even within the
epidermis layer, the resolution is worse than that of the diffraction-limited value. A
comparison of the signal level under 1p, 2p and 3p excitation (Fig. 8.23b) shows
that the signal level under 3p excitation is between those under 1p and 2p excita-
tion. Within the dermis layer, the 3p signal level is approximately 1–2 orders of
magnitude higher than that of 2p excitation. Consequently, Fig. 8.23 suggests that
3p excitation is a better choice for fluorescence imaging through the human skin
tissue than 2p excitation.

Another example is the human cortex, which aims at investigating neuron
activities. Brain cortex has a double-layer structure that is composed of gray matter
and white matter, with gray matter lying on the top. Gray matter contains neurons
and provides the actual processing capacity, while white matter provides commu-
nications between different gray matter areas and between gray matter and the rest
of the tissue. The investigation of the penetration depth through human brain cortex
under multi-photon microscopy is important for studying human brain disease in
biopsy and autopsy and human brain functions [21–25].

According to a recent MRI study, the thickness of the gray matter layer is between
1,000 and 4,500 μm, and the average thickness is approximately 2,500 μm [26, 27].
In this section, the thickness of the gray and white matter layers is assumed to be
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1,000 μm, respectively, for the thorough investigation of image performance through
both gray matter and white matter. This human cortex structure is named Cortex1.
The excitation wavelength for 1p, 2p and 3p excitation is assumed to be 400, 800,
and 1,200 nm, respectively, and the excited fluorescence wavelength is assumed to
be 400 nm in the three cases. Optical parameters of gray matter and white matter in
human cortex [23] adopted in this simulation are summarized in Table 8.7.

The 1p, 2p, and 3p fluorescence EPSFs at the focal depth of 800, 1,000, and
1,200 µm in Cortex1 are shown in Fig. 8.23 for an objective of NA 0.25. The focal
depth fd is defined as the distance between the surface of the gray matter layer to the
focal plane and r is the radial distance in the focal plane. It is seen that in all the
three cases, the EPSF under 1p excitation is the broadest and its difference from
those under 2p and 3p excitation is significant, especially within the gray matter
layer (Fig. 8.24a) and on the boundary (Fig. 8.24b). The EPSFs under 2p and 3p
excitation within the gray matter layer (Fig. 8.24a) are diffraction-limited and the
difference between them is undistinguishable. At the boundary, the difference in the
EPSF between 2p and 3p excitation gradually becomes large and observable (see
the inset of Fig. 8.24b), showing the narrower EPSF under 3p excitation. When the
focus moves into the white matter layer, the EPSF under 1p, 2p and 3p excitation
dramatically becomes broad especially for those under 2p and 3p excitation
(Fig. 8.24c). The reason for this feature is that the white matter has a shorter mean
free path length (l) and the smaller anisotropy value (g) compared with those in the
gray matter, which results in much stronger scattering and accordingly scattered
photons become dominant in image formation.

Image resolution C and signal level g under 1p, 2p, and 3p excitation along the
entire thickness Cortex1 are shown in Fig. 8.25a, b, respectively. It is under-
standable from Fig. 8.25a that only within very shallow depth in gray matter
(fd < 250 µm), the image resolution under 1p excitation is better than 100 µm. The
resolution under 2p and 3p excitation in the gray matter layer keeps almost the near-
diffraction limit values and has a slight difference. Compared with the mean free
path length under 1p excitation, the mean free path length under 2p and 3p exci-
tation within gray matter is much longer. When the focus moves from the gray
matter into the white matter, the resolution becomes degraded rapidly under both 2p

Table 8.7 Absorption and
scattering parameters of
human cortex under 1p, 2p,
and 3p excitation
(μa absorption coefficient,
μs scattering coefficient,
l scattering mean free path
length; g anisotropy value)
(Reprinted with permission
from [24], 2003, Optical
Society of America)

Human cortex Excitation wavelength

400 nm 800 nm 1,200 nm

Gray matter μa (1/mm−1) 0.25 0.05 0.017

μs (1/mm−1) 12.5 7.8 5.53

l (μm) 78.5 127.4 181

g 0.85 0.87 0.91

White matter μa (1/mm−1) 0.3 0.17 0.1

μs (1/mm−1) 42 38 40.2

l (μm) 23.6 26.2 25

g 0.75 0.86 0.89
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and 3p excitation due to the significant reduction in the mean free path length from
the gray matter to the white matter. 3p excitation results in the best image resolution
along the whole range of the sample thickness, showing the fact that C in 3p
excitation is approximately 1.5 times better than that under 2p excitation. The
diffraction-limited resolution under 3p excitation can be maintained almost up to the
depth of 1,000 μm (the whole range of the gray matter layer). However, under 2p
excitation, the diffraction-limited resolution can be maintained only within a depth
of 750 µm.

For signal level in Cortex1 (Fig. 8.25b), it is noticed that signal level under 1p
excitation keeps the best situation. The signal level under 2p and 3p excitation has
almost the same value until the depth of 1,000 µm (on the boundary), which means
that within whole the gray matter region, 2p and 3p excitation makes no difference
between the signal levels. However, when the focal depth enters the white matter
layer, the signal level under 3p excitation drops muchmore quickly than that under 2p
excitation. This property indicates that the strong scattering due to the short mean free
path length and the small anisotropy value in the white matter has a more significant
impact on the signal level under 3p excitation than that under 2p excitation.
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Chapter 9
Image Reconstruction

Abstract The key problem associated with imaging through a turbid tissue medium
is the strong scattering effect that severely degrades image quality (Anderson et al.,
IEEE J Quantum Electron 23:1798–1805, 1987). In order to overcome this problem,
approaches based either on the reduction of the scattering effect, e.g., two-photon
(2p) fluorescence microscopy (Denk et al., Science 248:73–76, 1990; Saloma et al.,
Phys Med Biol 43:1741–1759, 1998), or on the use of various optical gating
methods, e.g., time gating (Denk et al., Science 248:73–76, 1990; Palmes-Saloma
and Saloma, J. Struct. Biol 131:56–66, 2000; Masters and So, Opt. Express 8:2–10,
2001; Fujimoto et al., Opt Lett 3:150–152, 1986), polarization gating (Mackintosh
et al., Phys Rev B 40:9342–9345, 1989; Gan et al., Microsc Microanal 3:495–503,
1997; Gan et al., J. Opt. Soc. Am. A 16:2052–2058, 1998), coherent gating (Toida,
Appl Opt B 52:391–394, 1991), spatial gating (Fujimoto et al., Opt Lett 3:150–152,
1986), and angle gating methods (Gan et al., Microsc Microanal 3:495–503, 1997),
etc., to reduce the number of scattered photons, have been introduced. However,
both approaches encounter the same difficulty of retaining strong signal strength. It
has been demonstrated that the signal loss due to strong scattered in two-photon (2p)
fluorescence microscopy is far more serious than that in single-photon (1p) fluo-
rescence microscopy and that strong optical gating often results in severe signal loss
(Gu et al., Appl Phys Lett 77:1551–1553, 2000). In this chapter, we use a novel
method for microscopic imaging through turbid media, which allows the collection
of scattered photons as well as ballistic and least scattered photons to ensure strong
signal strength, and the restoration of image resolution is performed through
mathematical image reconstruction.

9.1 Deconvolution

The difficulty of an effective image reconstruction method arises from the fact that
mathematical deconvolution requires an accurate knowledge of a point spread
function (PSF) [1–11]. If an object is not embedded in a highly scattering medium,
a PSF can usually be derived from the setup of an imaging system or be measured
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by the image of a point object. However, if an object is embedded in a highly
scattering medium, situation becomes more complicated due to the fact that the
surrounding medium plays an important role in image formation. Therefore a PSF
without considering surrounding media is an inaccurate measure of image forma-
tion and causes considerable distortion in image reconstruction. Our new recon-
struction method is based on the concept of the effective point spread function
(EPSF), introduced in Chap. 4 [12]. The significance of the EPSF is that it enables
us to separate the information about an object from a surrounding turbid medium
and an imaging system. Due to the fact that it is impossible to measure the EPSF,
the derivation of the EPSF has to rely on mathematical simulation. In this chapter,
we utilize the concept of the EPSF and image reconstruction technique to restore
the imaging qualities degraded by the multiple scattering process [13].

Based on the concept of the EPSF, the image intensity I(r) of a thin object can be
modeled by the convolution of an object function o(r) and the EPSF h(r) (4.1),
where r = (x, y) is the transverse coordinate. 10,000,000 illumination photons have
been used in the Monte Carlo simulation to ensure the accuracy of an EPSF for a
reflection-mode scanning optical microscope. As an example, a turbid medium is
assumed to consist of scattering particles (polystyrene beads of diameter 0.5 μm
suspended in water, with a concentration of 1 %). We also assume that the exci-
tation and fluorescence wavelengths are, respectively, 488 and 510 nm. According
to Mie scattering theory, the corresponding scattering mean free path lengths are 25.
7 and 28.3 μm, and anisotropic values are 0.87 and 0.86, respectively, for excitation
and fluorescence wavelengths. The numerical aperture (NA) of the microscope
object is assumed to be 0.5 in the simulation, and no confocal pinhole is used to
allow the maximum collection of photons.

The simulated images of a thin ring of outer radius 50 μm and inner radius
30 μm at different depths in the turbid medium is illustrated in Fig. 9.1. The reason
for choosing such an object is that it emulates biological cells. It is shown that the
image becomes blurred with increasing depth into the scattering medium and that
the ring structure totally disappears beyond the depth of 150 μm. In order to
improve the image resolution, one way is to apply some optical gating techniques to

200µm

(a) (b) (c) (d)

Fig. 9.1 Images of a circular ring of inner radius 35 μm and outer radius 50 μm at different depths
in the turbid medium: a d = 100 μm; b d = 150 μm; c d = 200 μm; d d = 250 μm. Reprinted with
permission from [13], 2002, Elsevier
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remove scattered photons. However, it would always be a problem in retaining
signal strength if a significant amount of scattered photons is removed.

In this chapter, we use the expectation-maximization (EM) algorithm for max-
imum-likelihood (ML) image restoration [14]. The most basic form of the EM
algorithm can be expressed as follows [14]:

IkðrÞ ¼ hðrÞ �2 s
kðrÞ; ð9:1Þ

where Ik(r) and sk(r) are, respectively, the image intensity and the estimated object
function at kth iteration. The predicated image intensity Ik(r) is compared with the
recorded image intensity:

dkðrÞ ¼ IðrÞ=IkðrÞ: ð9:2Þ

The ratio dk(r) is then projected back to the object space with a normalization
factor H(0):

rkðrÞ ¼ hð�rÞ �2 d
kðrÞ=Hð0Þ; ð9:3Þ

where rk(r) is a correction factor, and the normalization factor H(0) is derived as the
two-dimensional integration of the EPSF. The estimated image intensity of the next
iteration can be derived as:

Ikþ1ðrÞ ¼ IkðrÞ � rkðrÞ: ð9:4Þ

The deconvolved images after different numbers of iterations are shown in
Fig. 9.2. Here we use the image at d = 200 μm depth as an example. Before the
deconvolution process, the image is blurred and ring structure is totally washed out
by the blurring effect. It is shown that the image resolution loss due to multiple
scattering can be partially recovered through the image reconstruction process.
After 200 iterations, the ring structure starts to re-emerge; however, the ring
structure is still quite blurred. With more iterations, blurring on the ring structure
becomes less significant. It is noted that the images after 1,000 and 2,000 iterations
are very similar in terms of sharpness of the image, which indicates that the rate of
convergence becomes significantly small and that the image will not be further
improved through more iterations.

To further demonstrate the resolvability of the method, we designed an object
which consists of two rings. Such an object emulates a biological cell cluster, and
the deconvolution process of this object is demonstrated in Fig. 9.3. Before the
restoration, the image at d = 200 μm is so blurred that not only the two rings cannot
be resolved from each other, but also the individual structure of each ring cannot be
identified. After 500 iterations, the two rings can be resolved from each other;
however, the structure of each ring cannot be clearly identified. It is also noticed
that the spherical symmetry of each ring is poor, which is a common defect
occurring in the deconvolution process [15]. When the iteration number increases,
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(a) (b) (c)

(d) (e)

200µm

Fig. 9.2 Images of a circular ring: a before restoration; b after 200 iterations; c after 500
iterations; d after 1,000 iterations; e after 2,000 iterations. Reprinted with permission from [13],
2002, Elsevier

(a) (b) (c)

(d) (e)

200µm

Fig. 9.3 Images of two circular rings: a before restoration; b after 500 iterations; c after 1,000
iterations; d after 2,000 iterations; e after 4,000 iterations. Reprinted with permission from [13],
2002, Elsevier
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the structure of each ring becomes clear and the spherical symmetry is also
improved slightly. The comparison between Fig. 9.3d, e shows no significant
improvement after 2,000 iterations, which means that numerical stability has been
reached.

9.2 Noise Factor

We have demonstrated that with the accurate knowledge of the EPSF, image res-
olution can be improved significantly by mathematical restoration. However, there
is another factor that has not been taken into consideration. Due to the highly
scattering nature of tissue-like turbid media, the signal strength is usually weak in a
thick sample, which results in poor signal-to-noise ratio. In order to demonstrate
such an effect, a random noise is added to the image:

I 0ðrÞ ¼ IðrÞ þ nðrÞ; ð9:5Þ

where n(r) is the noise function. In Figs. 9.4 and 9.5, the original images and the
restored images of a single ring after 4,000 iterations with random noise of different
magnitudes a are illustrated respectively. It is seen that the restored images become
distorted if noise is included in the image; the poorer the signal-to-noise ratio, the
more severely the image is distorted. Some artifacts also start to appear in the case
of strong noise (Fig. 9.5d, e). Therefore, the noise in the image is the main obstacle
in image restoration.

Here is the question of how to reduce the noise effect in imaging through a turbid
medium. One way to increase signal-to-noise ratio is to increase illumination
power. Theoretically it can be effective; however, increasing illumination power
always increases the risk of damage to the sample, especially in situations of
dealing biological tissues. The other way is to reduce the optical gating effect in an
imaging system and collect more scattered photons to serve the purpose of

(a) (b) (c) (d)

200µm

Fig. 9.4 Images of a circular ring of inner radius 35 μm and outer radius 50 μm with noise of
different magnitudes a: a a = 0 %; b a = 10 %; c a = 20 %; d a = 30 %. Reprinted with permission
from [13], 2002, Elsevier
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increasing signal strength. Although it results in a poor image resolution in this
situation, it can be significantly improved through image restoration process with a
relatively high signal-to-noise ratio. Optical gating techniques also serve the pur-
pose of improving image resolution, but always result in lower signal level, which
brings difficulties in the image restoration process. The results shown in Fig. 9.5
suggest that a sufficient number of scattered photons should be collected to ensure a
low noise image and to use the mathematical reconstruction to recover resolution
loss.

In conclusion, we have demonstrated a novel method in imaging through a
turbid medium. This method is based on the concept of EPSF. With a simulated
EPSF, image restoration has been performed based on EM algorithm. The results
show that image resolution can be significantly improved through mathematical
deconvolution. It is also demonstrated that a high signal-to-noise ratio is crucial in
image reconstruction, which can be achieved by collecting scattered photons to
improve signal strength.

9.3 Image Reconstruction with Optical Gating

As shown in Chap. 6, polarization gating methods can play an important role in
microscopic imaging through turbid media. However, there are some limitations of
polarization gating methods, for example, when the degree of polarization γ → 0,
the improvement by utilizing polarization gating methods becomes less pro-
nounced. 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 make no
positive contribution in building an image? The statistical analysis of scattered
photon distribution shows that scattered photons still carry information about

(a) (b) (c) (d)

422µo

Fig. 9.5 Restored images of a circular ring with noise of different magnitudes a after 4,000
iteration: a a = 0 %; b a = 10 %; c a = 20 %; d a = 30 %. Reprinted with permission from [13],
2002, Elsevier

180 9 Image Reconstruction

http://dx.doi.org/10.1007/978-3-662-46397-0_6


embedded objects. However, they are always treated as noise when high resolution
is pursued. In a thick turbid medium, because of nearly nonexistent ballistic or least
scattered photons, multiple scattered photons have to be taken into account in
building up an image. This inevitably degrades the image resolution. In this cir-
cumstance, the inverse approach (image reconstruction) is regarded as the solution
to the problem [16]. Here we use the EM algorithm for ML image restoration [14].

Here we design an object which consists of three rings. Each ring has an outer
radius of 20 μm and an inner radius of 15 μm. Such an object emulates a biological
cell cluster, and the deconvolution process of this object is demonstrated in Fig. 9.6.
We use the image at d = 120 μm depth and without any polarization gating method
as an example. The turbid medium consists of 0.48 μm beads. The anisotropy
values g is 0.81, for an He–Ne laser at wavelength 0.633 μm. The scattering mean
free path length ls, is assumed to be 20 μm. Before the deconvolution process, the
image is blurred and the ring structure is totally washed out by the blurring effect. It
is shown that the image resolution loss due to multiple scattering can be partially
recovered through the image reconstruction process. After 200 iterations, the ring
structure starts to re-emerge; however, the ring structure is still quite blurred and the
three ring structures cannot be resolved from each other (Fig. 9.6b). With more
iterations, blurring on the ring structure becomes less significant (Fig. 9.6c, d), and
there is also a slight indication of resolving three rings after 400 iterations
(Fig. 9.6d). It should be pointed out that the EPSF is not only much broader
compared with a normal PSF, but also has a significant tail that can affect the image
formed. Therefore the cut-off of the EPSF used for deconvolution process needs to
be carefully determined.

The deconvolution process of this object under parallel and differential polari-
zation gating methods is shown in Figs. 9.7 and 9.8 respectively. Because some
scattered photons have been removed by the optical gating effect, the images before
the deconvolution process are better under parallel and differential gating methods,
with the best image produced under the differential gating method. Under the
parallel polarization gating method, the improvement in image quality is limited,
since the amount of scattered photons removed is insignificant. Therefore, the
deconvolution process on the image recorded under the parallel polarization gating
method has very similar effect compared with that without optical gating methods.

(a) (b) (c) (d)

Fig. 9.6 Reconstruction of images without polarization gating methods: a before restoration;
b after 100 iterations; c after 200 iterations; d after 400 iterations. Reprinted with permission from
[16], 2002, SPIE
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For example, the images after 100, 200, 400 iterations are only slightly better,
compared with those respective images recorded without polarization gating
methods (Fig. 9.7).

The combination of the differential polarization gating and the image recon-
struction methods produces the images with the best quality. It is noticed in
Fig. 9.8a that the three ring structures can be vaguely identified even before the
deconvolution process, which indicates that the image has been improved signifi-
cantly through the differential polarization gating method, due to the removal of a
large amount of highly scattered photons. After only 100 iterations, each ring
structure can be clearly identified (Fig. 9.8b). After 400 iterations, not only the
three-ring structure can be resolved, but also the width of each ring becomes thinner
and approaches its original width (Fig. 9.8d). This phenomenon shows that with the
differential polarization gating method, the deconvolution process can be more
efficient.

The comparison of reconstructed images after 1,000 iterations under different
gating situations is shown in Fig. 9.9. It is demonstrated that with a stronger gating
effect, better reconstructed images can be obtained. It is shown that the width of the
rings in Fig. 9.9c is only 6 μm, which is close to the actual width (5 μm) of the
object. The comparison of the images in Fig. 9.9 and their respective images after

(a) (b) (c) (d)

Fig. 9.7 Reconstruction of images under parallel polarization gating methods: a before
restoration; b after 100 iterations; c after 200 iterations; d after 400 iterations. Reprinted with
permission from [16], 2002, SPIE

(a) (b) (c) (d)

Fig. 9.8 Reconstruction of images under differential gating methods: a before restoration; b after
100 iterations; c after 200 iterations; d after 400 iterations. Reprinted with permission from [16],
2002, SPIE
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400 iterations shows that the images after 400 and 1,000 iterations are very similar
in terms of the width of the rings. This indicates that the rate of convergence
becomes significantly small, and that the image will not be further improved
through more iterations.

References

1. S. Anderson, S. Montan, S. Svanberg, Multispectral system for medical fluorescence imaging.
IEEE J. Quantum Electron. 23, 1798 (1987)

2. W. Denk, J.H. Strickler, W.W. Webb, Two-photon laser scanning fluorescence microscopy.
Science 248, 73 (1990)

3. C. Saloma, C. Palmes-Saloma, H. Kondoh, Site-specific confocal fluorescence imaging of
biological microstructures in a turbid medium. Phys. Med. Biol. 43, 1741 (1998)

4. C. Palmes-Saloma, C. Saloma, Long-depth imaging of specific gene expressions in whole-
mount mouse embryos with single-photon excitation confocal fluorescence microscopy and
FISH. J. Struct. Biol. 131, 56 (2000)

5. B.R. Masters, P.T.C. So, Confocal microscopy and multi-photon excitation microscopy of
human skin in vivo. Opt. Express 8, 2 (2001)

6. J.G. Fujimoto, S. De Silvestri, E.P. Ippen, C.A. Puliafito, R. Margolis, A. Oseroff,
Femtosecond optical ranging in biological systems. Opt. Lett. 3, 150 (1986)

7. F.C. Mackintosh, J.X. Zhu, D.J. Pine, D.A. Weitz, Polarization memory of multiply scattered-
light. Phys. Rev. B 40, 9342 (1989)

8. X. Gan, S. Schilders, M. Gu, Combination of annular aperture and polarization gating methods
for efficient in microscopic imaging through a turbid medium: theoretical analysis. Microsc.
Microanal. 3, 495 (1997)

9. X. Gan, S.P. Schilders, M. Gu, Image formation in turbid media under a microscope. J. Opt.
Soc. Am. A 16, 2052 (1998)

10. M. Toida, M. Kondo, T. Ichimura, H. Inaba, Two-dimensional coherent detection imaging in
multiple scattering media based on the directional resolution capability of the optical
heterodyne method. Appl. Opt. B 52, 391 (1991)

11. M. Gu, X. Gan, A. Kisteman, M.G. Xu, Comparison of penetration depth between two-photon
excitation and single-photon excitation in imaging through turbid tissue media. Appl. Phys.
Lett. 77, 1551 (2000)

12. X. Gan, M. Gu, Effective point-spread function for fast image modeling and processing in
microscopic imaging through turbid media. Opt. Lett. 24, 741 (1999)

(a) (b) (c)

Fig. 9.9 Comparison of reconstructed images after 1,000 iterations: a without polarization gating
methods; b under the parallel polarization method; c under the differential polarization gating
method. Reprinted with permission from [16], 2002, SPIE

9.3 Image Reconstruction with Optical Gating 183



13. X. Gan, M. Gu, Microscopic image reconstruction through tissue like turbid media. Opt.
Commun. 207, 149 (2002)

14. T.J. Holmes, Maximum-likelihood image restoration adapted for noncoherent optical imaging.
J. Opt. Soc. Am. A 5, 666 (1988)

15. J.A. Conchello, E.W. Hansen, Enhanced 3-D reconstruction from confocal scanning
microscope images. 1: deterministic and maximum likelihood reconstructions. Appl. Opt.
29, 3795 (1990)

16. X. Gan, M. Gu, Image reconstruction through turbid media under transmission-model
microscope. J. Biomed. Opt. 7, 372 (2002)

184 9 Image Reconstruction



Index

A
Aggregation, 10, 16, 25, 39, 142
Airy spot, 112
Analyzer, 91
Angle-gating, 5, 57, 58, 60, 63, 66, 77, 88, 103
Angular distribution, 69
Angular resolution, 57
Anisotropy value, 18, 19, 20, 32, 37, 42, 79,

99, 109, 115, 126, 136, 138, 149, 152,
159

Annular, 10
Annular aperture, 58
Annular filter, 59
Annular objective, 59, 60, 63, 71, 72, 74, 75,

80
Artefacts, 179

B
Ballistic light, 113
Ballistic photons, 53, 55, 59, 124, 148, 151
Beer’s law, 34, 94
Born approximation, 7, 51, 55, 75, 82

C
Cartesian coordinate, 35
Central obstruction, 65, 66, 77, 78
Coherence-gating, 5
Coherence Monte Carlo (CMC) simulation, 46
Coherent noise, 88
Concentration, 95, 163
Concentration distribution, 134, 159
Confocal, 152
Confocal pinhole, 52, 125, 156
Conventional polarization-gating, 96, 105, 108
Convolution, 9, 54
Convolution operation, 53
Coordinate rotation transform, 47
Cortex, 139, 140, 170
Cross-section, 130, 131

D
Deconvolution, 122, 175, 177, 180, 181
Degree of polarization, 63, 65, 68, 70, 78, 79,

98, 104, 107, 109
Depolarization, 65, 99, 101, 106, 110, 118
Dermis, 169
Dermis layer, 139
Differential polarization, 109
Differential polarization-gating, 76, 92, 96,

103, 106, 107, 182
Different polarization-gating, 116
Diffraction-limited, 150, 166, 172
Diffraction-limited resolution, 83, 155
Diffusing photons, 60, 68, 70, 105
Double-layer, 135, 138, 166

E
Edge response, 107
Edge sharpness, 102
Effective mean free path length, 128, 132, 158,

161
Effective point spread function (EPSF), 9, 51,

53–55, 115, 122, 124, 136, 145, 149,
155, 159, 166, 170, 176, 181

Embedded object, 30
Epidermis, 169
Epidermis layer, 139
Expectation-maximization, 11, 177

F
Finite-sized pinhole, 87, 115
Fluorescence, 125, 135, 141, 150
Fluorescence coefficients, 44
Fluorescence-gating, 121
Fluorescence microscopy, 166
Fluorescence photons, 146
Focus plane, 45
Forward scattered, 7
Forward scattering, 18, 94

© Springer-Verlag Berlin Heidelberg 2015
M. Gu et al., Microscopic Imaging Through Turbid Media,
Biological and Medical Physics, Biomedical Engineering,
DOI 10.1007/978-3-662-46397-0

185



Fourier optics, 1
Fractal, 16
Fractal dimension, 142
Fractal medium, 40
Free-path-length, 20
Frequency bandwidth, 32
Frequency shift, 3
Fresnel formulae, 28
Full width at half maximum, 159

G
Gaussian concentration distribution, 132
Gaussian distribution, 128, 134, 159, 162
Geometric optics, 30
Geometrical cross section, 41
Gray matter, 140, 170

H
Henyey–Greenstein (H–G) probability

distribution, 26, 30
Henyey and Greenstein function, 34

I
Image contrast, 71, 73, 74
Image reconstruction, 10, 177
Image resolution, 75, 83–85, 87, 140, 156
Inhomogeneous, 128, 157
Inhomogeneous medium, 38
Inverse scattering problem, 5
Isotropic scattering, 15
Iterations, 179

L
Legendre function, 22
Less scattered photons, 101

M
Magnetic resonance imaging, 139
Maximum-likelihood, 177
Mean free path, 41
Mean free path length, 37, 40, 171
Microscopic imaging, 92
Mie scattering, 10, 15, 37, 39, 41
Mie scattering theory, 123, 147, 152, 166, 176
Mie theory, 75, 159
Mixture medium, 135, 164
Monte Carlo, 1, 7, 11, 25, 33, 36, 38, 45
Multi-photon, 11, 44, 158
Multi-photon excitation, 162
Multiple-layer, 166
Multiply scattered, 4
Multiply scattered photons, 98, 103, 111

N
Numerical aperture, 28, 52, 58, 61, 68, 69, 85,

98, 102, 106, 123, 124, 155, 170

O
Optical coherence microscopy, 88
Optical coherent tomography, 45
Optical gating, 175, 179
Optical sectioning, 152
Optical thickness, 68, 83, 94, 99, 110, 149
Orthonormal unit vectors, 46

P
Parallel, 93
Parallel polarisers, 72
Paraxial approximation, 8
Penetration, 148
Penetration depth, 28, 95
Perpendicular, 93
Perpendicular polarization-gating, 96, 103
Phase function, 41
Photobleaching, 43
Photon flux, 2
Pinhole-gating, 111
Pinhole, 30, 113, 122
Pinhole filtering, 103
Pinhole mask, 85
Point spread function, 9, 154
Polarising annular objectives, 81
Polarization-gating, 5, 31, 63, 71, 91, 93, 94,

102, 109, 111, 113, 114, 116, 180
Polarization, 2, 4
Polarization annular objectives, 79
Polarization state, 60, 109, 117
Polarizer, 62
Positron emission tomography, 139
Probability density functions, 34
Probability distribution, 8
Pulse broadening, 3

Q
Quadratic, 148, 149
Quadratic intensity dependence, 166

R
Random migration, 33
Rayleigh, 15
Reconstructed images, 182
Reflection microscope, 77
Refractive-index mismatching, 152
Resolution, 54
Resolution degradation, 167

186 Index



Resolution improvement, 110, 117
Resolvability, 81
Restoration, 175
Ring structure, 176

S
Scatter size, 125
Scattered photons, 62, 66, 74
Scattering-mean-free-path, 19, 25, 38, 62, 63,

123, 152
Scattering-mean-free-path lengths, 20, 26, 52
Scattering angles, 36
Scattering coefficient, 17, 22, 31, 33
Scattering cross-section, 18, 133, 147, 158, 159
Scattering efficiency, 18, 32, 42, 133, 142
Scattering events, 83, 106, 149
Scattering matrix, 21, 30, 47
Scattering parameter, 164
Signal-to-noise ratio, 68, 71, 179
Signal level, 116, 117, 121, 125, 127, 136, 140,

151, 161, 163, 168, 169, 172
Signal strength, 87, 112, 156
Single-photon, 146
Size distribution, 130, 133
Snake photons, 131, 142
Snell’s law, 28, 29, 36
Spatial-gating, 103
Spectral, 2, 3
Spherical aberration, 28

Spherical aggregate, 39, 40
Spherical Bessel functions, 17
Spherical particles, 149
Stochastic, 7
Stokes parameters, 30
Stokes shift, 43
Stokes vector, 20, 21

T
Temporal, 2
Temporal-gating, 103
Temporal width, 57
Three-photon, 168
Time-of-flight, 31
Transillumination, 5, 92
Transmission microscope, 80
Transverse resolution, 75, 81, 83, 86, 95, 99,

102, 107, 109, 112, 114, 116, 121, 132,
138, 150, 161

Turbid medium, 2
Two-dimensional, 147
Two-photon, 43

U
Unscattered photons, 91

W
White matter, 140, 170

Index 187


	Preface
	Contents
	1 Introduction
	Abstract
	1.1 Physical Difference Between Scattered and Unscattered Photons
	1.1.1 Classification of Photons
	1.1.2 Physical Properties of Photons

	1.2 Microscopic Imaging Through Tissue-Like Media
	1.3 Monte Carlo Simulation
	1.4 Direct and Inverse Approaches
	1.5 Overview of the Book
	References

	2 Scattering of Light by Small Particles
	Abstract
	2.1 Rayleigh Scattering and Mie Scattering
	2.2 Mie Scattering Theory
	2.2.1 Scattering Coefficients of a Spherical Particle
	2.2.2 Scattering Cross-Section and Anisotropy Value
	2.2.3 Scattering Mean Free Path Length

	2.3 Stokes Vector
	References

	3 Monte Carlo Simulation for an Optical Microscope
	Abstract
	3.1 Model of Monte Carlo Simulation
	3.2 Microscopic Imaging
	3.3 Effect of Polarization
	3.4 Effect of Pulsed Illumination
	3.5 Photon Migration Through a Layer of a Turbid Medium
	3.6 Effect of Multiple Layers
	3.7 Effect of Multi-sized Scatterers
	3.8 Effect of Particle Aggregation
	3.8.1 Effective Mie Scattering by a Spherical Aggregate
	3.8.2 Numerical Results

	3.9 Effect of Multi-photon Excitation
	3.10 Effect of Coherence
	References

	4 Effective Point Spread Function
	Abstract
	4.1 Concept of Effective Point Spread Function
	4.2 Two Dimensional Case
	References

	5 Angle-Gating Mechanism
	Abstract
	5.1 Principle of Angle-Gating
	5.1.1 Concept of Angle-Gating
	5.1.2 Angle-Gating in a Microscope

	5.2 Angle-Gating in Transmission Optical Microscopy
	5.2.1 Transmission Optical Microscope and Turbid Samples
	5.2.2 Effect of Annular Illumination and Collection Objectives
	5.2.3 Effect of the Numerical Aperture of the Matching Objectives
	5.2.4 Imaging with Circular and Annular Objectives
	5.2.5 Discussion

	5.3 Angle-Gating in a Reflection Optical Microscope
	5.3.1 Reflection Optical Microscope and Turbid Samples
	5.3.2 Effect of an Annular Imaging Objective
	5.3.3 Effect of the Numerical Aperture of an Objective
	5.3.4 Imaging with Circular and Annular Objectives

	5.4 Resolution in an Optical Microscope
	5.4.1 Resolution Contributed by Scattering Photons
	5.4.2 Effects of the Numerical Aperture and the Pinhole Size
	5.4.3 Relationship of Resolution to Signal Level

	References

	6 Polarization-Gating Mechanism
	Abstract
	6.1 Principle of Polarization-Gating
	6.2 Polarization-Gating in a Reflection Optical Microscope
	6.2.1 Experimental Details
	6.2.2 Effect of the Optical Thickness and Scatterer Size on Resolution
	6.2.3 Image Resolution in a Turbid Medium of Milk
	6.2.4 Effect of Pinhole-Gating and Polarization-Gating
	6.2.5 Dependence of the Degree of Polarization on Scatter Size
	6.2.6 Effect of Numerical Aperture

	6.3 Monte Carlo Simulation in a Reflection Optical Microscope
	6.3.1 Degree of Polarization
	6.3.2 Image Resolution with Polarization-Gating Methods
	6.3.3 Trade-off Between Signal Strength and Image Resolution

	6.4 Monte Carlo Simulation in a Transmission Optical Microscope
	6.5 Effective Point Spread Function
	6.5.1 Effective Point Spread Function for Polarization Gating
	6.5.2 Image Resolution and Signal Level with Polarization-Gating Methods

	References

	7 Fluorescence-Gating Mechanism
	Abstract
	7.1 Transverse Resolution and Signal Level
	7.2 Image Performance Through Single-Layer Homogeneous Turbid Media
	7.2.1 Effect of the Numerical Aperture of an Objective
	7.2.2 Effect of Pinhole
	7.2.3 Effect of Scatterer Size

	7.3 Image Performance Through Single-Layer Inhomogeneous Turbid Media
	7.3.1 Scattering Property of a Multi-sized Turbid Layer
	7.3.2 Effect of Size Distributions
	7.3.3 Effect of Concentration Distributions

	7.4 Image Performance Through Double-Layer Turbid Media
	7.4.1 Image Performance Through Double-Layer Homogeneous Turbid Media
	7.4.2 Image Performance Through Double-Layer Skin Media
	7.4.3 Image Performance Through Double-Layer Human Cortex Media

	7.5 Effect of Aggregation
	References

	8 Multiphoton Fluorescence Imaging
	Abstract
	8.1 Image Resolution and Signal Level
	8.1.1 Monte Carlo Simulation Model and Effective Point Spread Function
	8.1.2 Image Resolution
	8.1.3 Signal Level
	8.1.4 Penetration Depth

	8.2 Influence of System Parameters
	8.2.1 Numerical Aperture
	8.2.2 Confocal Pinhole

	8.3 Two-Photon Imaging Through Complex Scattering Medium Structure
	8.3.1 Multiple Sizes
	8.3.2 Multiple-Layer Structures

	8.4 Three-Photon Fluorescence Imaging
	References

	9 Image Reconstruction
	Abstract
	9.1 Deconvolution
	9.2 Noise Factor
	9.3 Image Reconstruction with Optical Gating
	References

	Index



