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Abstract of the Dissertation 

 

Fluorescence Molecular Tomography for Small Animal Imaging 

by 

Yue Zhao 

 

Doctor of Philosophy in Biological Engineering and Small-Scale Technologies 

University of California, Merced, 2018 

Professor Changqing Li, Chair 

 

Fluorescence Molecular Tomography (FMT) is a novel optical imaging approach 
which has been investigated for about two decades. Motivations of FMT are low cost, non-
ionization, high sensitivity and wide availability of the contrast agents. In vivo FMT 
imaging allows 3D visualization of molecular activities in the tissues of live small animals. 
Typical applications of FMT include protease activity detection, cancer detection, bone 
regeneration imaging, drug delivery study and so on.  

Our lab has developed a prototype FMT imaging system with a conical mirror for 
whole surface measurement. With this prototype imaging system, we studied 
systematically the performance of the conical mirror-based FMT imaging system. In the 
FMT imaging system, the object is placed inside a conical mirror and scanned with a line 
pattern laser that is mounted on the rotary stage. The rotary laser scanning approach was 
introduced into the imaging system for casting the excitation laser pattern conveniently. 
After being reflected by the conical mirror, the emitted fluorescence photons pass through 
central hole of the rotation stage and then the band pass filters in a motorized filter wheel, 
and finally are collected by a CCD camera. To improve the measurement dynamic range, 
we applied different neutral density filters. We also tested different measuring modes to 
compare their effects on the FMT reconstruction accuracy. Experimental results indicate 
that the conical mirror based FMT system can reconstruct targets with high accuracy after 
its optimization. 

Another optimization of the FMT imaging system is the application of 3D optical 
profilometry for obtaining the object geometry. We utilized a phase shifting method to 
extract the mouse surface geometry. Nine fringe patterns with a phase shifting of 2π/9 are 
projected onto the mouse surface by a pico-projector. The fringe patterns are captured using 
a webcam to calculate a phase map that is converted to the geometry of the mouse surface 
with the algorithms. We used a DigiWarp approach to warp a finite element mesh of a 
standard digital mouse to the measured mouse surface so that the tedious and time-
consuming procedure from a point cloud to a finite element mesh is removed. Experimental 
results indicated that the proposed method is accurate with errors less than 0.5 mm.  



 
 

xvii 
 

Phantom experimental results have demonstrated that the proposed new FMT imaging 
system can reconstruct the target accurately. 

Moreover, we applied Monte Carlo raytracing to study the multiple reflection effect of 
the conical mirror. Conical mirror is a preferred choice for FMT imaging systems because 
of its ability to collect fluorescent emission photons from the whole surface of the imaged 
object. However, the conical mirror might have a fraction of photons to be reflected back 
to the mice surface, including excitation photons and emission photons, which result in 
inaccurate source positions and measurements errors in the forward modeling and the 
reconstruction of FMT. Based on Monte Carlo simulations, we have investigated different 
conical mirror designs to select one design with the minimum multiple reflection. We first 
generated a multiple reflected photon map for each design of the conical mirror, and then 
we applied Monte Carlo simulations to model photon propagation inside tissues. Finally, 
we evaluated the ratio of the multiple reflected photons to the total photons and figured out 
the optimized size of the conical mirror. Our simulations demonstrated that a single conical 
mirror configuration could minimize the multiple reflection issues while keep the imaging 
system setup simple when its small aperture radius is larger than 5 centimeters. We then 
fabricated a conical mirror with the optimized size and performed phantom experiments 
with both the optimized conical mirror and the non-optimized one. Phantom experiment 
results show that noises in the reconstructed images are reduced with the optimized conical 
mirror and the reconstruction accuracy is improved as well. Other mirror setups, such as 
pyramid mirror and two-side flat mirror setups for bioluminescence optical tomography 
and Cerenkov luminescence imaging were studies by simulations as well. 

Finally, we performed euthanized mice imaging to validate the optimized FMT 
imaging system. To reduce the effect of autofluorescence from mice skin, we compared a 
point laser with the line laser to scan the mouse surface. Soft prior obtained from MicroCT 
images was utilized to guide the FMT reconstruction. The reconstructed FMT images with 
both the point laser and the line laser were compared. We found that the line laser 
performed better than the point laser. Moreover, we applied a demixing method with 
measurements at four different emission wavelengths and used the demixed measurements 
at 720 nm as the input for the FMT reconstruction. The soft prior method was adopted as 
well. Reconstruction results show that the demixing method improves the accuracy of the 
reconstructed FMT images. 

In the future, we will perform mice imaging using a laser at longer wavelengths (such 
as 780 nm) because the autofluorecence from longer wavelength lasers is weaker. We will 
incorporate a MicroCT imaging system into the FMT imaging system as well so that the 
anatomical guidance extracted from CT images can be used to guide the FMT 
reconstruction precisely and conveniently. We will also perform in vivo mice experiments 
with the optimized FMT imaging system and evaluate the quality of the reconstruction 
results. 
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Chapter 1                                                        

Introduction of biomedical imaging and 

fluorescence molecular tomography 

(FMT) 

1.1. Overview of biomedical imaging 

Biomedical imaging is one of important biomedical research fields, which focuses on 
the physiological and/or anatomical images of biological organs, tissues or cells. Related 
research areas involve physical principles, instrumentation design, image acquisition and 
processing, reconstruction algorithm development and clinical study [1]. Mainstream 
biomedical imaging technologies include x-ray imaging, ultrasound imaging, nuclear 
medicine imaging and optical imaging[1, 2, 3]. Brief introductions of several well-known 
imaging modalities are listed as below. 

Ultrasound imaging: Ultrasound imaging is a non-invasive, non-ionized radiation and 
inexpensive imaging modality [1] that is widely used in clinical studies involving obstetrics 
[4], intra-abdominal imaging of organs such as liver [5], spleen [6] and kidney [7], guiding 
needle biopsy [8] and detections of blood flow [9]. During the ultrasound imaging, an 
ultrasound transducer produces a short ultrasound beam which transmits into the body 
tissues through a layer of matching material. When the ultrasound wave reaches boundaries 
of the tissues, part of the ultrasound energy is scattered back and received by the transducer. 
The depth and the shape of tissues can be calculated according to the time delay among the 
echoed ultrasound beams [1, 10].  

X-ray computed tomography (CT): X-ray CT was introduced to clinical applications in 
1972 [11] and obtained wide acceptance because of its properties of high resolution and 
deep imaging depth. Some clinical applications include cerebral scans for head trauma [12], 
bone structure scans for lumbar vertebra diseases [13, 14], lung scans for pulmonary 
diseases [15, 16] and abdominal imaging for detection and staging of tumors [17, 18]. 
During a CT scan, the X-ray beam is emitted from an X-ray source transmits through the 
human body and then received by an X-ray detector. The signal intensities received by the 
detector varies according to the different attenuation coefficients of different tissues. Then 
the source and detector pair rotates around and translate along the human body. The image 
can be reconstructed through the filtered back projection (FBP) method or the iterative 
method [1, 19]. 

Magnetic resonance imaging (MRI): MRI is a popular medical imaging modality 
because of excellent contrast, high resolution, and non-ionized radiation. The major 
applications of MRI are brain diseases assessing [20, 21], angiography [22], muscle and 
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bone damage evaluation [23, 24], spinal disease imaging [25], and cardiac function 
monitoring [26]. To perform a MRI scan, the strong magnet inside an MRI scanner 
provides a magnetic field with a proper radio frequency (RF). The patient is placed in the 
magnet. Protons in the body are excited by a RF coil which also receives the RF signals 
generated during the proton relaxation. A gradient coil is used to encode the positions of 
the RF signals so that the protons inside the patient body can be localized [1, 27, 28]. 

Positron emission tomography (PET): PET is developed rapidly in modern clinical 
studies. PET is mainly applied in neurology [29], oncology [30, 31] and cardiology [32]. 
Different from structural imaging modalities such as ultrasound, CT and MRI, PET is a 
functional imaging modality which measures the physiological function of the object [1]. 
To perform a PET imaging, patients intake radioactive tracers such as fluorodeoxyglucose 
(FDG) which emits positrons during the decay process. A pair of γ-rays is generated when 
a positron annihilates with an electron. The two γ-rays are emitted to opposite positions 
with an angle of 180° approximately and are detected by PET detectors coincidentally. 
Then the PET image can be reconstructed through filtered back projection or statistically 
based iterative reconstruction algorithms [1, 33, 34, 35]. 

Multiple model imaging: structural imaging modalities and function imaging 
modalities are always combined together for high resolution as well as physiological and 
metabolic information. The development of hybrid PET-CT imaging system [36, 37, 38] 
is a great success in clinical diagnosis as it provides biochemical activity information with 
precise structure positions, which improves the diagnose accuracy significantly. Other 
hybrid imaging modalities include PET-MRI [39, 40], CT-MRI [41, 42], optical-CT [43, 
44] and optical-PET [45], of which the optical tomography is introduced in section 1.2.  
 

1.2. Overview of optical tomography 

Optical tomography is a three-dimensional (3-D) reconstruction imaging technology of 
tissues, in which the absorption and scattering properties of optical photons are considered 
or reconstructed [46, 47, 48]. Compared with structural tomography technologies such as 
CT [49] and MRI [50], optical tomography is a functional imaging technology which 
provides the important functional status and molecular information of tissues [47].  

When optical photons travel through tissues, they are absorbed and scattered by the 
turbid media, which can be quantitatively indicated by the absorption (µ𝑎) and scattering 
coefficients (µ𝑠) [51]. To measure optical signals successfully, photons must be able to 
penetrate the tissues and propagate to the tissue surface. Optical photons in the near infrared 
range (NIR) with the wavelength of 650-900 nm can pass through animal tissues efficiently 
because tissues have low absorption coefficients in this wavelength range [52]. Because of 
this, optical tomography mainly utilizes NIR photons for higher detection sensitivity and 
better contrast [53]. 

Optical tomography technologies have non-ionizing radiation which is safe to imaged 
objects such as small animals [54, 55] because NIR photons have soft energies. 
Furthermore, optical tomography techniques are not expensive compared with MRI and 
PET. Optical imaging systems usually employ one or more lasers, optical detectors and a 
series of filters [44, 56, 57, 58, 59], which are less pricey than the super-conducting magnet 
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which is an important component of MRI scanners [60]. Because of these advantages of 
optical tomography, this technology has been widely investigated in medical areas of 
cancer detection [61, 62], brain activity studies [63, 64], bone and joint repair monitoring 
[65] and other relevant fields [66, 67]. 

However, due to the strong scattering and absorption of optical photons in tissues, 
optical tomography has disadvantages as well. As optical photons have limited penetration 
depth inside tissues, the imaging depth usually limited to several centimeters, which is 
much less than structural imaging modalities [3, 68]. The spatial resolution of optical 
tomography is degraded significantly by the strong optical scattering [68, 69]. Many 
methods have been proposed to improve the reconstruction results of optical tomography 
from imaging system configuration optimizations [53, 70, 71] to reconstruction algorithm 
optimizations [72, 73, 74, 75]. Table 1-1 lists the spatial resolution, measurement 
sensitivity, radiation, and cost of optical imaging, PET, MRI, ultrasound and CT to 
compare their advantages and disadvantages [2, 3, 76]. Figure 1.1 plots the performances 
(spatial resolution versus sensitivity) of above imaging modalities for a more intuitional 
comparison. 

 
Table 1-1: The spatial resolution, measurement sensitivity, radiation, and cost of each 
imaging modality 

 Optical PET MRI Ultrasound CT 

Resolution Good 
(1~2 mm) 

Good 
(~1 mm) 

Excellent 
(25-100 μm) 

Excellent 
(50-500 μm) 

Excellent 
(50-200 μm) 

Sensitivity 
(mol/L) 

Good 
(nM – pM) 

Excellent 
(pM) 

Poor 
(μM – nM) 

Poor 
(μM) 

Poor 
(mM – μM) 

Radioactivity No High No No High 

Cost Low High High Low 
Medium-

High 
 

 
Figure 1.1 : Performances of each imaging modality. 

Various imaging modalities of optical tomography have been developed. Each has 
different imaging methods and principles. Below is a brief introduction of the important 
ones: 
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Diffuse optical tomography (DOT): DOT is mainly used to image breast cancer [44] 
and brain function [77]. The principle behind DOT is that the lesion tissues such as tumors 
usually have more blood vessels accumulated inside them so that the optical absorption of 
optical photons are much higher than surrounding tissues [77]. By reconstructing the 
optical properties of tissues, DOT can differentiate tumors from normal tissues. The spatial 
resolution of DOT is about 20% of the imaging depth [78]. 

Optical coherence tomography (OCT): OCT is a practical tool for imaging retina and 
detect macular lesions in human eyes [79, 80, 81]. The maximum imaging depth of OCT 
is 2-3 mm with a high spatial resolution of 1 to 2 μm [82], which makes it a competitive 
tool for human eye imaging. OCT is based on low coherence interferometry, where the 
light source is split into two beams, in which one is reflected by the reference mirror while 
the other one is reflected by the imaged sample. The two reflected beams are combined 
and received by a detector. The amplitude of the mixed beam can provide the information 
about the imaged tissue structures [83]. Functional OCT imaging has become an active 
research area as well to satisfy clinical needs, such as, to measure the intraluminal flow 
[84], changes in blood perfusion, and tissue birefringence [82, 85]. 

X-ray luminescence computed tomography (XLCT): XLCT is a multi-model imaging 
modality which incorporates the advantages of high resolution from x-ray imaging and 
high sensitivity from optical imaging [86]. In XLCT, nanophosphors are excited by x-ray 
beams to emit NIR optical photons which can be measured for optical tomography [87]. 
Recent study shows that a target with a low concentration (0.01mg/mL) at a significant 
depth (21 mm) can be reconstructed successfully [88], which demonstrates the absolute 
advantage of XLCT imaging.  

Ultrasound-modulated optical tomography (UOT): In UOT, a small portion of optical 
photons propagated in biological tissues is modulated by ultrasonic waves and carries the 
ultrasonic frequency. Such modulated optical photons can be easily distinguished from 
background unmodulated photons. As the position of the ultrasonic wave is known, the 
optical property of that position can be reconstructed from the modulated photon intensity 
[89]. Ultrasound waves can penetrate deeper and scatter less than optical photons. Because 
of this property, UOT overcomes the problem of low spatial resolution caused by strong 
scattering, while retains the advantage of high optical contrast [89, 90]. 

Photoacoustic tomography (PAT): PAT utilizes the photoacoustic effect of biological 
tissues. When tissues are irradiated by a short laser pulse, the absorbed energy of optical 
photons is converted to heat. The heated tissues expand quickly to induce pressure changes 
[91]. The pressure changes propagate inside the tissue in the form of ultrasound waves, 
which are detected by the ultrasound transducer for image reconstruction [92]. Similar as 
UOT, PAT combines the strengths of high resolution from ultrasound imaging and high 
contrast from optical imaging. PAT can achieve a high spatial resolution on the order of 
1/200 of the imaging depth [67, 92]. 

Fluorescence molecular tomography (FMT): FMT is a novel imaging modality which 
utilizes NIR fluorescent photons to measure the biological properties. Because of the 
advantages of non-invasive measurement, non-ionized radiation, low cost, high sensitivity, 
high contrast, and diversified choices of agents, FMT is an attractive imaging modality and 
is developing rapidly in recent years. FMT has been applied to tumor detection [54], drug 
delivery study [93], cancer therapy guidance [94] and monitoring [66, 95] in small animals. 
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This dissertation mainly focuses on FMT, for which the detailed introduction can be found 
in section 1.3.  

1.3. FMT for small animal imaging 

FMT has made significant progress during recent years because of the increasing 
availability of different new fluorescent agents and the fast development of FMT imaging 
methods [69]. As fluorescent photons can only penetrate several centimeters inside tissues 
[96], FMT mainly focuses on small animal imaging. This section gives an introduction of 
FMT imaging method, and then discusses the development of FMT from aspects of widely 
used FMT agents, imaging systems, and reconstruction algorithms. 

1.3.1. FMT imaging 

To perform FMT imaging, a fluorescent agent is injected into small animals firstly.  
After a specific time, the fluorescent dye accumulates in the targeted tissues such as tumors 
due to the specific targeting property of fluorescent agents [97, 98, 99]. Thus, the 
concentration of the fluorescent agent in targets is much higher than background tissues. A 
laser with a wavelength in the excitation wavelength range of the dye is projected to the 
small animal surface. The excitation photons propagate inside tissues and some of them 
reach the targets to excite the fluorescent dye inside the target. The dye then emits 
fluorescent photons, which usually has a longer wavelength than the excitation photons. 
The emission photons travel through the tissues, some of which propagate to the small 
animal surface to be measured by the optical detectors with proper filters. Afterwards, the 
laser is directed to different locations on the small animal surface so that different 
fluorescent measurements are obtained. Finally, the 3-D distribution of the fluorescent dye 
inside the small animal tissues can be reconstructed from these measurements with proper 
reconstruction algorithms [69, 74, 75, 100]. Figure 1.2 shows the schematic of a typical 
FMT imaging system. 

 
Figure 1.2: Schematic of FMT imaging. 
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1.3.2. Fluorescent agents 

There are two kinds of fluorescent agents approved by the US Food and Drug 
Administration (FDA) for clinical use: Indocyanine green (ICG) and methylene blue (MB) 
[101]. Both of them have been widely utilized in image-guided oncologic surgeries [102, 
103, 104, 105, 106], while MB also applied as a photosensitizer for photodynamic therapy 
(PDT) [107, 108].  The general class of cyanine dyes (CyX) is currently at the pre-clinical 
stage [101] and is proved to be effective in localizing tumor cells [109]. Some other 
fluorescent agents include Alexa Fluor series [110], IRDye series [111], Rhodamine (Rh) 
series [112, 113] and so on. As each fluorescent dye has different excitation and emission 
spectrums with various applications in targeting antibodies or tumor cells, flexible choice 
of fluorescent agents is an absolute advantage of FMT.  Table 1-2 lists the excitation and 
emission wavelengths of several popular fluorescent agents [101, 109, 110, 111, 114].  
 
Table 1-2: Excitation and emission wavelengths of several popular fluorescent agents. 

 
Fluorescent agent 

Excitation wavelength 
(nm) 

Emission wavelength 
(nm) 

Indocyanine green (ICG) 780 830 

Methylene blue (MB) 665 686 

Cy3 550 570 

Cy5 649 670 

Cy7 743 767 

Alexa Fluor 680 679 702 

Alexa Fluor 700 702 723 

IRDye 680 680 709 

IRDye 800CW 774 805 

Rh 800  682 712 

 

1.3.3. FMT imaging systems 

FMT imaging systems usually include excitation lasers, emission photon detectors and 
a couple of optical filters. FMT imaging systems can be classified into several categories 
based on the excitation mechanisms, detector types and measurement modes. The 
following sub-sections introduce different categories of FMT imaging systems. 

 

1.3.3.1. FMT imaging systems by excitation mechanisms 

There are three excitation mechanisms: 1) continuous wave (CW), also called steady 
state which employs excitation sources with constant intensities [115]; 2) time domain (TD) 
which utilizes short laser pulses together with time resolved detection [116, 117] and 3), 
frequency domain (FD) which uses frequency modulated light sources [118, 119]. The CW 
domain requires simple and low-cost optical components, and has higher signal-to-noise 
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ratio (SNR) as the noise level in the sources and detectors is lower than TD and FD [120]. 
However, unlike TD and FD, CW is not able to resolve fluorescence lifetime so that CW 
is mainly used for measuring the fluorescence biodistribution. Our lab mainly focuses on 
the CW method because of the simplicity of its system design and operation. A steady state 
FMT experimental system has been developed in our lab with an electron multiplying 
charge coupled device (EMCCD) camera and a conical mirror [57]. 
 

1.3.3.2. FMT imaging systems by measurement modes 

There are three measurement modes: transmission, reflection and whole surface 
measurement [121]. Transmission mode has been widely used for small animal FMT 
imaging [70, 122], for which the laser excitation is operated at one side of the small animal 
and the measurements are performed at the opposite side. Transmission mode loses 
measurements on the other half surface. For the reflection mode, the laser excitation and 
emission photons measurements are performed at the same side [53], so it also lacks half 
of the measurements at the opposite side of the laser excitation. To obtain more 
measurements data, a conical mirror based FMT imaging system [45, 57] was developed 
and is able to observe emission photons from the entire object surface. This kind of conical 
mirror-based measurement is called whole surface measurement.  

1.3.3.3. FMT imaging systems by detector types 

FMT imaging systems can be divided into contact measurement systems with optical 
fibers [54],  for which each fiber serves as a detector, and non-contact measurement 
systems with CCD cameras [70, 123], for which each CCD pixel serves as one detector. 
As the number of fibers is always limited by the surface area of the object, CCD usually 
can provide much more measurements so that the spatial resolution improves significantly.   

1.3.4. FMT reconstruction algorithms 

FMT reconstruction includes two parts: forward modeling and inverse problem. 
Forward modeling is to model the light propagation inside tissues thus to obtain a system 
matrix of the imaging system, then a linear equation is built with the system matrix and the 
measurements, while the unknown term is the fluorophore concentration inside tissues. The 
inverse problem is to solve this equation and reconstruct the 3-D distribution of the 
fluorescent agent. 

1.3.4.1. Forward modeling 

Light propagation can be accurately modeled by radiative transport equation (RTE) 
[124] but it is hard to be solved [69]. For simplicity purpose, diffusion equation is an 
alternative way to approximate light propagation inside small animal tissues [46]. The 
diffusion equation has different expressions for various excitation mechanisms [46]. In this 
dissertation, we mainly focus on the diffusion equation in the continuous wave (CW) 
domain.   

Light propagation in the CW domain can be described as [69]: 
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where ∇ denotes the gradient operator, 𝒓 means the location of one specific point,  𝐷(𝒓) ={3[𝜇𝑎(𝒓) + 𝜇𝑠′ (𝒓)]}−1  shows the optical property of the tissue, in which 𝜇𝑎(𝒓)  is the 
absorption coefficient, and 𝜇𝑠′ (𝒓)  is the reduced scattering coefficient which is an 
incorporated property of the scattering coefficient 𝜇𝑠 and the anisotropy 𝑔  by  𝜇𝑠 ′ =𝜇𝑠(1 − 𝑔) [125]. ( )kS r  means the kth source term determined by the source pattern. For 

example, for a point source located at 𝑟𝑠, it would be 𝛿(𝑟 − 𝑟𝑠) . The subscript ex means 
the excitation wavelength and em means the emission wavelength. ( ) r means the photon 

density at location 𝒓. n  is the outward unit normal vector of the boundary.  the Robin 
boundary coefficient. ( )x r  means the product of the unknown fluorescent agent 

concentration and the quantum yield to be reconstructed at location 𝒓 [69]. 
The diffusion equations in Eq. (1.1) can be solved with the finite element method (FEM) 

numerically [126, 127]. FEM is widely adopted for solving engineering problems, which 
divides the complex whole domain into simpler subdomains named finite elements. The 
models of all the subdomains are assembled together to describe the whole domain [128]. 
With FEM, Eq. (1.1) can be discretized to a linear equations as [129]:                                       [𝐾𝑒𝑥][Φ𝑒𝑥] = [𝑆𝑘(𝒓)]  [𝐾𝑒𝑚][Φ𝑒𝑚] = [Φ𝑒𝑥][𝒙]  (1.2) 
where 𝐾𝑒𝑥 and 𝐾𝑒𝑚 are stiffness matrices. From Eq. (1.2) we obtain:                                                      [Φ𝑒𝑚] = [𝐾𝑒𝑚−1] ⊗ [𝐾𝑒𝑥−1][𝒙]  (1.3) 
where ⊗ indicates the tensor product. Eq. (1.3) can be further rewritten as 

                                                             𝐴𝒙 =  𝑏  (1.4) 

where 𝐴 = (𝑎𝑖𝑗) ∈ 𝑅𝑁𝑚×𝑁𝑛 , 𝑎𝑖𝑗 > 0 is the system matrix obtained from the sensitivity 

matrix [𝐾𝑒𝑚−1] and the excitation matrix [𝐾𝑒𝑥−1], where 𝑁𝑚 and 𝑁𝑛 denote the measurement 
number and FEM nodes number, respectively. 𝑁𝑚 = 𝑁𝑑 × 𝑁𝑠  where 𝑁𝑑 is the detector 

node number and 𝑁𝑠 is the source position number [69]. 𝑥 = (𝑥𝑗) ∈ 𝑅𝑁𝑛×1 is the desired 

fluorescent agent distribution to be solved. 𝑏 = (𝑏𝑖) ∈ 𝑅𝑁𝑚×1 is the measurement vector 
[100]. 

1.3.4.2. Inverse problem 

Inverse problem is to solve the unknown 𝒙 in Eq. (1.4). The inverse problem of FMT 
is well-known as ill-posed because of the relatively small amount of measurements and 
strong optical scattering of tissues. Regularization methods are employed to stabilize the 
reconstruction process [74]. Eq. (1.4) can be rewritten as a regularized least square problem 
as 

                                      2

2

0

1
min ( ) : ( )

2 Lx
A


    x x x b R x   (1.5) 

where λ  is the regularization parameter and ( )R x  is the regularization term. Various 

regularization terms are available as listed below [69]: 
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𝐿1 norm: 

                                                         ||𝑥||𝐿1 =
1

n

j

j

x

  (1.6) 𝐿2 norm:  

                                                          ||𝑥||𝐿22 = 2

1j

j

n

x

        (1.7) 

Total Variation (TV) norm: 

                                                  ||𝑥||𝑇𝑉 =
( )1 j

n

i nb xj

ij xx


      (1.8) 

where 𝑛𝑏(𝑥𝑗) means all the neighboring points to node 𝑥𝑗. 

Log norm: 

                                   ||𝑥||𝐿𝑜𝑔 =
1

n

j
 [𝑙𝑜𝑔(|𝑥𝑗| + 𝛿𝑙𝑜𝑔) − 𝑙𝑜𝑔𝛿𝑙𝑜𝑔]     (1.9) 𝐿𝑞 norm (0<1<q): 

                                            ||𝑥||𝐿𝑞𝑞 =
1

n

j
 (|𝑥𝑗| + 𝛿𝑞)𝑞

     (1.10) 

where 𝛿𝑙𝑜𝑔 and 𝛿𝑞  are small constants added to 𝑥𝑗  to avoid singularities when 𝑥𝑗 

approaches 0 for Eqs (1.9) and (1.10), respectively. 
Eq. (1.5) can be solved by preconditioned conjugate gradient (PCG) method, which is 

to take the first order gradient of ( ) x and then solve ( ) 0 x [130]. However, as the 

system matrix is usually very large for FMT, PCG method suffers very expensive 
backtracking line search to solve the inverse problem [74]. So Majorization-minimization 
(MM) method was studied to speed up the reconstruction. 

1.3.4.3. Majorization-minimization (MM) method 

MM algorithms are also called optimization transfer algorithms, which are chosen to 
solve Eq. (1.5) because of its ability to increase the updating speed [74]. Following the 
separable quadratic surrogates (SQS) algorithm [131], which is a special case of MM 
algorithms, the least squares fitting term can be majorized as below: 
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where k means the iteration number. Only 
jx  is the unknown variable, while k

jx and k
x  

are known from previous iterations. ( )k

j jg x  is independent of 
jx  and can be treated as a 

constant. 
ija  is the element from matrix A, 0ij  and  

1
1

n

ijj
   [75]. 

ij can be written 

as /ij ij ijj
a a   [132]. 

 Set the first order derivative of the righthand side of Eq. (1.11) to 0, we have: 

                                        
2

1 1

( ) ( ( ) ) 0
m m

ijk k

j j ij i i

i iij

a
x x a b Ax

 

   
     (1.12) 

From Eq. (1.12) the ordinary least squares (ols) solution is obtained in the below matrix 
form: 

                                                      1 1
( ( ))k k t k

olsx x A b Ax


  


  (1.13) 

where 2

1
( / )

m

j ij iji
a


   , and the function 𝑢+ =  𝑚𝑎𝑥(0, 𝑢) . Then the regularized 

solution is obtained as:  

                                                       1 1
, ( )

spk k

j sp ols

j

x x
 




 


  (1.14) 

where 
sp varies according to different regularization terms shown in Eq. (1.6) to Eq. (1.10) 

[74]. 

1.3.5. Evaluation metrics of FMT reconstruction results 

We mainly focus on four metrics as described below to evaluate the quality of 
reconstructed FMT images: 

Volume ration (VR), which measures the sparsity of the reconstructed target. VR is 
defined as: 

                                                                  
ROI

VR
tROI

      (1.15) 

where ROI means the region of target, tROI means true target locations. VR closer to 1 is 
better. 

Dice similarity coefficient (Dice), which measures shape and location accuracy. Dice 
is defined as: 

                                                  
2 ROI tROI

Dice
ROI tROI

 



     (1.16) 

Dice closer to 1 is better. 
Contrast to noise ratio (CNR), for which the definition is: 

                                      
( ) ( )

( ) (1 ) ( )
ROI ROB

ROI ROI ROI ROB

Mean x Mean x
CNR

Var x Var x 



 

  (1.17) 
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where x denotes reconstructed image intensity and 𝑥0 means true image intensity. ROB is 
regions of background, and 𝜔𝑅𝑂𝐼 =|ROI|/|Total image|. Higher CNR is better. 

Mean squared error (MSE), which is defined as: 

                                                     2
0

1

1
( )

N

j j

j

MSE x x
N 

      (1.18) 

where N is the total number of FEM nodes. Smaller MSE is better. 

1.3.6. Challenges in FMT imaging 

FMT has attracted a lot of interests and has been studied well in recent years, however, 
challenges still exist in FMT imaging as listed below: 

1. Long measurement time. Due to the scattering property of NIR photons in the turbid 
media, the measured photons number is very limited, so the inverse problem of FMT 
reconstruction is always ill-posed, which means more measurements are desired during the 
FMT imaging process. So, more laser source positions are required to reconstruct the 
fluorescent target accurately. Usually the laser source positions should be more enough to 
cover the whole target area around the object surface. Based on our experiences, with the 
commonly used point laser source, more than 50 source positions are required for imaging 
a 20 mm long target which takes a long time to illuminate the object with enough source 
positions. To solve this problem, the point laser source can be substituted with a line laser 
source which is able to cover more surface area at each source position so that the 
measurement time can be reduced. 

2. Tedious and time-consuming mesh generation process. In the reconstruction of 
FMT, finite element method (FEM) is utilized to solve the diffusion equations of photon 
propagation, in which a finite element mesh is required. Previous mesh generation methods 
include generating the surface geometry firstly and then use TIGHT COCONE and Tetgen 
for a 3D mesh [57, 133]. The surface geometry can be obtained from line laser scans or be 
extracted from CT images. The latter is tedious because the intensity segmentation is time-
consuming, especially for real mouse CT images in which all the bones and organs have 
contrast except for the surface boundary. Also, the 3D mesh generation from TIGHT 
COCONE and Tetgen is challenging and easy to fail for a complicated object surface like 
a mouse. Because of this problem, more convenient mesh generation method for a mouse 
shape is desired. 

3. The multiple reflection issue for a mirror-based FMT imaging system. Mirrors are 
widely used in FMT imaging systems to direct emission photons to the camera. However, 
mirrors may also reflect the photons back to the object surface, which may contaminate 
both the excitation pattern and emission measurement data. This problem is more obvious 
in the conical mirror-based imaging system than the flat mirror-based imaging system. In 
order to maintain the advantage of whole surface measurement of the conical mirror, 
multiple reflection effects should be investigated systematically to figure out the optimized 
size of the conical mirror, which can reduce the reflected photon number with a reasonable 
field of view.  

Some other challenges of FMT imaging exist as well, such as the reconstruction 
algorithm optimization, autofluorescence effect of real animal tissues and relatively low 
resolution for deep targets.  
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1.4. Dissertation outline 

In this dissertation, I summarized the development and optimizations of the FMT 
imaging system developed in our lab. The improvement of the optimized FMT imaging is 
validated by numerical simulations, phantom experiments and euthanized mice 
experiments. 

In Chapter 1, an overview of biomedical imaging technologies is provided. Different 
imaging modalities such as CT, MRI, PET, ultrasound and optical tomography are 
discussed from the basic principles to their applications. Then more optical tomography 
technologies are introduced, including DOT, OCT, XLCT, UOT, PAT and FMT. Different 
imaging modalities are compared in terms of spatial resolution, sensitivity, radiation effect 
and cost. Additionally, FMT, the focus of this dissertation, is introduced from the aspects 
of the imaging technology, fluorescent agents, imaging systems and reconstruction 
algorithms. The challenges and current issues in FMT imaging are also discussed. 

In Chapter 2, an updated FMT imaging system with a rotary scanning scheme for line 
laser projection is introduced. With this rotary scheme, the line laser can scan the object 
surface sequentially and reduce the measurement time. Three measurement modes 
(transmission, reflection, whole surface) can be implemented in the single imaging system. 
Neutral density (ND) filters are applied and studied to solve the dynamic range problem. 
Phantom experiments show that the fluorescent target can be reconstructed successfully 
with proper measurement mode, which proves the feasibility of the FMT imaging system. 

In Chapter 3, a novel mouse surface extraction method is introduced. Inspired by the 
optical profilometry technology, a nine-step phase shifting method is applied in the FMT 
imaging system to obtain the mouse surface with two pairs of pico-projector and webcam. 
After the mouse surface point cloud is extracted, a Digiwarp method is utilized for the mesh 
generation of the mouse geometry. The result of the mouse-shape phantom experiment 
indicates that the proposed method can generate accurate meshes for a complicate shape 
and the fluorescent target can be reconstructed successfully. 

In Chapter 4, an optimized conical mirror size is obtained from Monte Carlo ray tracing 
method. We use a lab-programmed Monte Carlo ray tracing code to model photon 
propagation inside tissues, and use the LightTools, a commercial optical design software, 
to model the photon reflection between the object surface and the conical mirror. A 
multiple reflection map is generated. The ratios, which indicate the effects of multiple 
reflected photons for both excitation and emission wavelengths, are calculated afterwards. 
Based on the ratios of different mirror sizes, an optimized conical mirror was designed and 
fabricated for phantom imaging. Phantom experiments validate the advantages of the 
optimized conical mirror. Moreover, the ray tracing simulation has also been applied to 
other mirror configurations such as the pyramid flat mirrors and two-side flat mirror setups. 

In Chapter 5, we performed euthanized mice imaging to validate the optimized FMT 
imaging system. During the experiments we have observed strong autofluorescence from 
mice skin. To reduce the effects of autofluorescence, we switched the line laser to a point 
laser, which covers a smaller area on the mice surface. Transmission mode measurement 
was performed to improve the dynamic range. We also used a demixing method with 
measurements at four emission wavelengths to separate the measurements of the 
fluorescent target from the autofluorescent signals. Structural guidance was extracted from 
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MicroCT images to guide the FMT reconstruction. Our experiment results show that the 
line laser performs better than the point lase and the demixing method improves the 
reconstruction results. As expected, we found that the reconstruction accuracy has been 
significantly enhanced with the structural guidance.  

Chapter 6 concludes the dissertation and discusses future work of FMT imaging. 
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Chapter 2                                          

Conical mirror-based FMT imaging 

system with a rotary scanning scheme  

 

2.1. Introduction 

FMT is a novel imaging modality which provides three-dimensional information of 
molecular activities inside small animals. For FMT imaging, fluorescent dyes are injected 
into small animals, then the small animals are scanned by near-infrared (NIR) laser beams 
on the surface. Fluorescent dyes are excited by the excitation photons to emit fluorescent 
photons, some of which propagate to the surface of the small animal and can be recorded 
by detectors such as charge-coupled device (CCD) cameras [57]. And the fluorophore 
concentration within the tissues can be reconstructed with proper reconstruction algorithms 
[69]. 

There are two types of FMT systems based on detector types: contact measurements 
with optical fibers [54] and noncontact measurements with CCD cameras [134]. For the 
latter systems each CCD pixel can serve as one detector, thus the spatial resolution 
improves significantly with much more measurements than the fiber-based systems in 
which each fiber serves as a detector. Besides, there are three measurement modes for FMT 
imaging: transmission, reflection and whole surface measurement. Most CCD camera 
based FMT systems adopt the transmission measurement mode [70, 122], in which the 
mouse surface opposite to the laser beam is measured and the measurements on another 
half mouse surface are lost. To overcome this problem, a conical mirror based FMT 
imaging system [57] was developed to collect the whole-body surface measurements. This 
imaging system has been validated with phantom and in vivo experiments. 

 In this paper we update the approach to cast laser beams to desired positions on the 
object surface. Previously the laser beam was scanned by motorized reflection mirrors, 
during which the accurate adjustment and control of the laser locations were not easy. Here, 
we have developed a rotary scanning scheme to replace the scanning mirrors. The laser is 
fixed on a motorized rotation stage, which is mounted on a motorized linear stage to control 
its distance to the small animal. Then by controlling the rotation and the position of the 
rotary scheme, the laser beam can easily scan the whole animal surface sequentially. 

We have also studied the possibility of performing three measurement modes with the 
one single imaging system. The whole surface measurement mode can obtain more 
measurements than half surface measurement modes, however, it might suffer from 
dynamic range problem. This is because the positions on the surface close to the target 
have much more emitted fluorescent photons than other positions and these brighter 
positions dominate the CCD camera to make its exposure time small, resulting in low signal 
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to noise ratio in other regions with low fluorescent photon intensity. For this reason, we 
need to explore the possibility of increasing the dynamic range of the whole surface 
measurement in the FMT imaging system with neutral density (ND) filters. Also, we need 
to perform experiments using all three measurement modes with the conical mirror and 
compare their reconstruction results. 

This chapter is organized as follows. In section 2.2, the method and materials are 
introduced, including the FMT imaging system configuration and calibration, phantom 
fabrication, the implementation of different measurement modes and measurements with 
ND filters. In section 2.3 we show and compare the FMT reconstruction results with a 
cylinder phantom. Section 2.4 concludes this section and discusses the future work. 

2.2. Method and materials 

2.2.1. Conical mirror based FMT imaging system 

Figure 2.1 and 2.2 show the schematic and photograph of the FMT imaging system. A 
643 nm line laser (Stocker Yale Canada Inc.) is mounted on a birdcage frame which is 
fixed on a rotation stage. The rotation stage is controlled by a LSCV2 stepper motor 
controller (Lexitec Inc.) and is mounted on a motorized linear stage. The linear stage is 
controlled by the VXM Stepping Motor Control (VELMEX Inc.). This configuration 
allows the laser beam to scan rotationally across the small animal surface. A bandpass filter 
(636FS10-12.5, Andover Corporation) is fixed at the laser emission terminal to remove the 
unwanted laser photons outside the excitation bandwidth. A motorized filter wheel 
(Lambda 10-3, Sutter Instrument, Novato, CA), which can be controlled by the computer, 
is utilized to select fluorescent emission wavelengths.  A Cambridge (CRI) Nuance camera 
(Advanced Molecular Vision, Inc.) is used to measure the emitted fluorescence photons, 
and in front of the lens there is a long pass filter (695FG07-50, Andover Corporation) to 
minimize the excitation laser photon spillover at the emission wavelengths. A conical 
mirror is used to collect photons across the whole animal surface. A transparent half tube 
is placed at the center of the conical mirror to place the calibration bar, for which the 
diameter is same as the inner diameter of the tube. After the calibration, a small animal or 
a phantom is placed inside the tube for FMT imaging.  

2.2.2. FMT system calibration and image mapping 

As measurements taken by the camera are fluorescence photons reflected from the 
conical mirror which distorts the measurement surface, we need to map the 2D surface seen 
by the camera to the 3D surface of the small animal. We must calibrate the systematic 
parameters [57], including the distance between the conical mirror and the camera imaging 
plane, the position of the conical mirror center on the camera image, and the orientation 
between the conical mirror central axis to the imaging plane. We use a calibration bar, as  
shown in Figure 2.3(a), to calibrate these parameters. The calibration bar is a cylinder 
which was fabricated using a 3D printer (MakerBot Replicator 2X, MakerBot Industries, 
LLC), and we sticked a piece of square check board around the cylinder. The check board 
has a length of 11.7 mm and the diameter of the cylinder is 22 mm. There are 5 and 6 
squares, respectively, so totally there are 24 intersections on the surface of the calibration 
bar. During the calibration, the bar is placed inside the transparent half tube as shown in 
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Figure 2.2. The end surface of the bar with half white and half black pattern is viewed by 
the camera directly. After estimating the axial orientation of the bar, we can predict the 3D 
coordinates of all 24 intersections. Meanwhile, we can extract the 2D coordinates of the 24 
intersections on the camera image directly from the image. Then we perform a least square 
fitting by matching the prediction with the measurement to figure out the optimal 
systematic parameters. Figure 2.3(b) shows the mapping points (white dots) of the 24 
intersections on the camera image with the optimal calibration parameters, from which we 
can see that the predicted points map the intersections well. 

 
Figure 2.1: Schematic of the FMT imaging system 

 
Figure 2.2 Photograph of the FMT imaging system 
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(a)                                                                   (b) 

Figure 2.3: (a) The calibration bar; (b) The mapping points with the optimal calibration 
parameters. 

2.2.3. Phantom fabrication and target setup 

We prepared an 80 mm long cylindrical phantom with a diameter of 22 mm. The 
phantom was consisted of water, 1% intralipid, 2% agar, 20 µM bovine hemoglobin 
(H2625, Sigma-Aldrich Inc., St. Louis, MO), 0.1% sodium azide (Sigma-Aldrich Inc., St. 
Louis, MO) and tri-buffered saline (BupHTM, Thermo Fisher Scientific Inc., Waltham, 
MA).  We poured agar into water firstly, and heated them up to 95°C. When the solution 
was cooled down to 70° C we added sodium azide and tri-buffered saline. At 60° C we 
added intralipid solution and at 50° C added bovine hemoglobin powder. At 40° C, we 
filled a cylindrical mold with the phantom solution and placed it in a refrigerator for 
solidification. Then we prepared a 20 mm long capillary tube, and filled it with 10µM Cy5 
(Lumiprobe Corporation, Hallandale Beach, Florida) solution. The ends of the capillary 
tube were sealed with a glue gun. We cut off 1/4 of the phantom along the red dot line and 
embedded the target to the desired position, as shown in Figure 2.4. The capillary tube was 
embedded 15.2 mm away from one end of the cylinderical phantom and 5.3mm below the 
phantom surface. Then we placed the phantom with the target inside the cylindrical mold 
and filled the mold with additional phantom solution. The optical properties of the phantom 
under the emission wavelength of 720 nm were obtained by a least square fitting algorithm 

[135], and we found that 0.014a  1
mm

 , ' 0.82s  1
mm

 . We created a finite element 

mesh of 24,963 nodes for this phantom, among which 9,528 nodes were surface nodes. 
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Figure 2.4: Schematic of the phantom and target. 

2.2.4. Implementation of different measurement modes 

We took measurements at transmission mode, reflection mode and whole surface mode 
using the FMT imaging system described in section 2.2.1. For the transmission mode, we 
used a piece of black paper to cover half aperture of the rotary scheme in Figure 2.2 so that 
the half surface illuminated by the excitation laser beam could not be measured by the CRI 
camera and only the transmitted emission photons could be recorded. For reflection mode, 
we used the black paper to cover the other half aperture of the rotary scheme, such that 
only the reflected photons could be measured.  Figure 2.5 (a), (b) and (c) show an example 
of FMT measurement image for the whole surface measurement mode, the transmission 
mode and the reflection mode, respectively. For each FMT scan, 30 line laser positions 
were used to scan the phantom surface sequentially with a step angle of 12°. 

 
(a)                                   (b)                                    (c) 

Figure 2.5: Measurement images of (a) the whole surface measurement mode, (b) the 
transmission mode, and (c) the reflection mode. 

2.2.5. Different ND filters 

      The dynamic range can be improved by applying ND filters. We fixed the ND filter to 
cover the area that was illuminated by the laser beam, so that we could use longer exposure 
time to measure photons when the laser beam rotated to the positions near the target.  The 
measurements in the pixels covered by the ND filter were calibrated according to the 
passing rate of the ND filter.  In this study we tested two different ND filters: a 50% pass 
ND filter and a 10% pass ND filter.  Figure 2.6 (a) and (b) show a typical measurement 
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image and its calibrated measurement image when we used the 50% pass ND filter. The 
measurement errors in the pixels corresponding to the ND filter boundary (as shown in 
Figure 2.6 b) could be removed with post-processing. 30 line laser positions were used in 
each FMT scan. 
 

                
(a)                                                      (b)   

Figure 2.6: (a) A measurement image with a 50% pass ND filter and (b) the corresponding 
calibrated measurement image. 

2.3. Experimental results 

The ground truth and the reconstruction results of the experiments are shown in Figure 
2.7, including the results from the whole surface measurement mode, the reflection mode, 
the transmission mode, measurements with the 50% pass ND filter and measurements with 
the 10% pass ND filter. Each blue circular section presents the reconstructed FMT image 
at a transverse section of the phantom, and the distance between two adjacent sections is 5 
mm. The small red circles indicate the true target position. To analyze the data 
quantitatively, we plotted the profiles across the target center position as indicated in Figure  
2.7 (a) using yellow dotted lines, and the profiles are shown in Figure 2.8. And we extracted 
the target nodes which had 60% or higher concentration of the maximum reconstructed 
concentration, calculated the target center on the y-z plane (as shown in Figure 2.4), and 
computed its distance to the true target center. The target position errors are listed in Table 
2-1. From Figures 2.7, 2.8 and Table 2-1 we can see that the whole surface measurement 
mode, the reflection mode and the whole surface measurements with ND filters can achieve 
the accuracy less than 1 mm.  And whole surface measurements could obtain the best 
reconstruction result with the target position error being around 0.6 mm. 

2.4.    Conclusion 

We proposed a new rotation scheme with line pattern laser configuration. Our 
experiment results have shown that the rotary system can scan the whole surface 
sequentially easily for FMT imaging. From the experimental results we can see that the 
conical mirror based FMT imaging system can achieve satisfying reconstruction results 
with proper measurement mode and excitation patterns.  
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(a)                                (b)                                   (c) 

        
 (d)                                         (e)                                     (f) 

Figure 2.7: (a) Ground truth FMT image.  Reconstruction results for (b) the whole surface 
measurement, (c) the reflection mode, (d) the transmission mode, (e) the whole surface 
measurements with 50% pass ND filter and (f) the whole surface measurements with 10% 
pass ND filter. 

           

(a) (b) 

Figure 2.8: Profile plots of the reconstructed FMT images for simulations at (a) x = 56 
mm, z = 5.6 mm and (b) x = 56 mm, y = 0 mm. 

Table 2-1: Target position errors of phantom experiments. 

 
 

Whole 

surface 
Reflection 

mode 

Transmission 

mode 

50% pass 

ND filter 

10% pass 

ND filter 

Target position 
error (mm) 

0.6003 0.6405 1.9106 0.7701 0.8365 
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Our experiment results show that the transmission mode has larger error than other 

measurement modes. This might be due to the reason that the camera used in this study is 
a CRI camera, which has lower sensitivity than the EMCCD camera. In the transmission 
mode, the positions of the laser excitation are blocked and only the photons transmit 
through the tissue are measured, so the images are darker when the laser projects to the 
positions close to the target. If the camera is not able to detect enough photons, large 
reconstruction error is introduced.  

The whole surface measurement can obtain more measurement data, and for phantom 
studies where there’s no autofluorescence problem, the dynamic range is not an issue, and 
the target can be reconstructed successfully and accurately. However, for real animal 
studies where the autofluorescence of animal tissues would affect the dynamic range of the 
whole surface measurement, transmission mode measurement might be desired. To 
perform accurate transmission mode measurement in the future, we will substitute the CRI 
camera with a high sensitivity EMCCD camera. We can also adopt ND filters to reduce the 
effects of the dynamic range problem. 

In summary, the proposed FMT imaging system enables us to investigate FMT more 
systematically and comprehensively. We can reconstruct the target from all three 
measurement modes and utilize ND filters to overcome the possible dynamic range 
problems. In the future, we will use an EMCCD camera with higher sensitivity to perform 
the imaging, develop a novel method to obtain the object geometry, and study the multiple 
reflection effects of the conical mirror to both excitation and emission photons.  
 

 

  



22 
 

 

Chapter 3                                                   

3D mouse shape reconstruction based on 

phase shifting algorithm for fluorescence 

molecular tomography imaging system 

3.1. Introduction 

Fluorescent molecular tomography (FMT) has been used widely in biomedical research 
labs for almost two decades because of its unique features such as non-ionized radiation, 
low cost, and the wide availability of molecular probes [53, 136]. Typical FMT 
applications include protease activity detection [54], cancer detection [66], bone 
regeneration imaging [65], and drug delivery monitoring [137]. In FMT, the fluorophores 
are injected inside a mouse body intravenously and then excited with lasers to emit 
fluorescence photons, some of which will propagate to the mouse surface and be measured 
[57]. Then three-dimensional (3D) distribution of the fluorophores inside the mouse body 
can be reconstructed iteratively from the surface measurements [75]. 

Most FMT imaging systems use a charge-coupled device (CCD) camera to measure 
fluorescence photon intensity on the mouse surface with a noncontact mode because the 
CCD camera can provide more measurements compared to fiber-based detectors [136]. 
The forward modeling and the reconstruction of FMT are based on a finite element mesh, 
which is used to discretize the mouse body. To use an FMT imaging system, we must first 
obtain the geometry of the mouse surface before we can construct the finite element mesh. 
Different methods have been used to extract the mouse surface. In one study, the mouse 
was hung and rotated so it could be viewed at different angles by a camera and the 3D 
geometry could be reconstructed [134, 138]. In another study, the researchers used a 
photogrammetric camera to acquire the 3D mouse shape [53, 122]. Other studies have used 
line lasers to extract the mouse surface by scanning the surface sequentially. For example, 
Li et al. used a three-line laser method [57] to extract the mouse profile, while Gaind et al. 
employed a single line laser scanner [139]. Recently, Lee et al. used line lasers and David 
laser scanner software [123] in their FMT system. All these techniques can extract 
reasonable 3D mouse geometry. However, they are either expensive, complicated, or time-
consuming. Aside from the above optical methods, a CT scan [140, 141] also can 
reconstruct a 3D mouse surface accurately, but it introduces ionized radiation and is very 
expensive.  

In this chapter, we present a phase-shifting method to extract the mouse surface. This 
method is based on the fringe pattern projection technique [142], which has been developed 
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in recent years because of its high resolution, high accuracy, and simple system 
configuration. Various reconstruction algorithms have been developed, such as three-step 
phase-shifting algorithm [143], Fourier transform profilometry [144], and wavelet 
transform profilometry [145]. In this paper we propose to build a system using two pico-
projector/webcam pairs with nine-step phase-shifting algorithm because of the system’s 
high accuracy and simplicity. Particularly, our mouse surface extraction system is 
extremely inexpensive because the pico-projectors and webcams are affordable. We only 
need 10 images to reconstruct the mouse surface for each pico-projector/webcam pair, and 
the picture acquisition and surface reconstruction take less than 30 seconds. 

It is nontrivial to generate a finite element mesh from the reconstructed mouse surface 
point cloud. In former studies, we first generated a watertight surface mesh. Then we used 
Tetgen [133] to make a 3D mesh from the surface mesh [57]. It is very challenging to create 
a watertight surface mesh considering the complicated mouse geometry. To simplify the 
finite element mesh generation, Joshi et al. have proposed a Digiwarp algorithm to warp 
an established mesh onto the point cloud and it has been proven to be effective [146]. 
Furthermore, the internal organs of the mouse also can be warped to reasonable positions. 
In this chapter, we applied the Digiwarp algorithm to successfully generate a finite element 
mesh onto the point cloud we obtained from a mouse-shaped phantom. With the warped 
finite element mesh, we reconstructed a fluorescence target successfully using the 
measurements obtained from an FMT experiment. 

In Section 3.2, we discuss the steps of the 3D surface reconstruction method, including 
the basic principles of phase shifting, the selection of the phase-shifting step number, pico-
projector/webcam pair calibration, phase-to-coordinate conversion, the merger of two 
point clouds, the Digiwarp method and briefly describe our FMT imaging system. Section 
3.3 describes the mouse shape extraction results and the FMT reconstruction results. 
Section 3.4 concludes the paper with discussions. 

3.2. Methodology 

Figure 3.1 shows the 3D surface measurement system. There are two pico-projectors 
(AAXA p4x, AAXA Technologies Inc., Tustin, CA) and two webcams (C615, Logitech, 
Apples, Switzerland). Each pico-projector/webcam pair projects/captures fringe patterns 
from different views of the object to extract the object geometry from the top and two side 
views. The pico-projectors project fringe patterns onto the object surface. The patterns are 
deformed due to the modulation of the object surface. The webcams capture the deformed 
fringe patterns. The minimum focal distance of the webcam is 200 mm. The projected 
patterns cover an area of 120 mm by 70 mm, which is sufficient for a mouse. The pico-
projectors and the webcams are small and low cost. These small components can be easily 
mounted inside the FMT imaging system as described in [58]. 
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Figure 3.1: Schematic of the surface extraction system. 

3.2.1. Phase-shifting algorithm 

In the phase-shifting method, N fringe patterns with a phase shifting step of 2 / N  are 
generated by a computer and delivered to the pico-projector for sequential projection onto 
the object surface. The 1D cosinusoid fringe patterns are described as: 

                              𝐹𝑛(𝑢𝑝, 𝑣𝑝) = 𝑐𝑜𝑠 (2𝜋𝑓𝑣𝑝 + (𝑛−1)⋅2𝜋𝑁 ) , 𝑛 =  1,2, ⋯ , 𝑁   (3.1) 

where (𝑢𝑝, 𝑣𝑝) are the image coordinates of the projector, and the patterns along 𝑣𝑝 

direction are the same for each 𝑢𝑝. The phase of each point on the surface is calculated as 

[147]: 

                               𝜙(𝑢𝑐, 𝑣𝑐) = 1
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where ( , )c cu v  are the coordinates in the webcam image, and ( , )n c cI u v  is the nth 

deformed fringe pattern captured by the webcam. The fringe pattern measurement should 
be performed in a dark chamber to reduce the effects of ambient light. It should be noted 
that the phase obtained by Eq. (3.2) is from an arctan function, which means 𝜙(𝑢𝑐, 𝑣𝑐) is 

wrapped between  ,  . A phase-unwrapping method was used after the calculation of 

Eq. (3.2) to obtain continuous phase information. Some phase-unwrapping methods have 
been studied and reported [145, 148, 149]. To warrant the reliability of the unwrapping 
results, we used the multilevel quality guided phase-unwrapping method as described in 
[148]. For this method, the phase map points are divided into several levels according to a 
quality map, which is generated from the gradient of the phase map. The points with best 
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quality are unwrapped first, followed by the points with lower quality until all points are 
unwrapped. Points with very low quality are discarded. A fast scan-line algorithm [148] is 
used within each level to speed up the phase unwrapping process. Thus, this method can 
generate a good phase-unwrapping map quickly. After this process, we used an additional 
centerline image to obtain the absolute phase at each pixel [150]. 

It is worth noting that the spatial frequency of the projected fringe pattern should be 
chosen appropriately. If the spatial frequency is too high, a phase error will appear in 
patches with complex geometry during the phase unwrapping. If the spatial frequency is 
too low, only a small range of phase values can be used, which results in measurement 
errors. In our experiment, we chose the spatial frequency of the projected fringe patterns 
empirically. There are 50 pixels per fringe cycle and the related spatial frequency is about 
138 cycles per meter. These values can be adjusted slightly according to different distances 
between the object surface and the pico-projector. 

3.2.2. Selection of phase shifting step number 

Theoretically, three fringe patterns are enough to calculate the surface geometry of an 
object [143]. In reality, however, due to the nonlinearity of commercial projectors, obvious 
fluctuation shows on the extracted 3D surface if we only use three fringe patterns [151]. 
Phase error compensation methods have been developed to solve this problem [151, 152] 
for real-time measurement systems. It has also been reported that we could reduce the phase 
error caused by the projectors’ nonlinearity by increasing the phase-shifting step number 
[153], although, the measurement time would increase accordingly. We used different 
fringe pattern numbers from 3 to 15 to measure a white plane and analyzed the average 
phase error for each step number. Finally, after analysis, we chose the fringe pattern 
number N in Eqs. (3.1) and (3.2) to be 9. 

3.2.3. Pico-projector/webcam pair calibration 

For each pico-projector/webcam pair, there are three coordinate systems: the webcam 
coordinate system, the pico-projector coordinate system, and the world coordinate system 
[150]. System calibration is required to obtain the intrinsic parameters of the webcam and 
the pico-projector and to create relationships among the three coordinate systems. For our 
FMT imaging systems, there were two pico-projector/webcam pairs, so calibration must 
be performed for each pair. 

Both the webcam and the pico-projector have intrinsic parameter matrices of the form: 

                                                    A = [𝛼 𝛾 𝜇00 𝛽 𝜈00 0 1 ]     (3.3) 

where 𝜇0, 𝜈0 are coordinates of the principle point; 𝛼, 𝛽 are focal lengths along 𝜇 and 𝜈 
axis of the image plane, and 𝛾 is the skewness of 𝜇 and 𝜈 axis. 

The calibration process is similar to the method described in [150]. The MATLAB 
Camera Calibration Toolbox [154] finished the camera calibration. We generated the 
projector checkerboard images by pixel-to-pixel mapping from camera images, where the 
nine-step phase-shifting algorithm was used again. 
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After all the intrinsic parameters were obtained, the extrinsic parameters were 
calibrated to create relationships among the webcam, the pico-projector, and the world 
coordinate systems. The extrinsic 3 × 4 parameter matrix can be written as 
                                                             𝑀 =  [𝑅 𝑡]     (3.4) 

where R is a 3 × 3 rotation matrix and t is a 3 × 1 translation matrix. The MATLAB Toolbox 
also finished the extrinsic calibration. 

3.2.4. Phase to coordinates conversion 

After all the calibration parameter matrices are obtained, the phase map generated in 
section 3.2.1 can be converted to the 3D coordinates in the world coordinate system. These 
equations describe the relationship among different coordinate systems: 

                  𝑆𝑐 [𝑢𝑐𝜈𝑐1 ] =  𝐴𝑐[𝑅𝑐   𝑡𝑐] [𝑋𝑤𝑌𝑤𝑍𝑤1 ] = [𝑚11𝑐  𝑚12𝑐 𝑚13𝑐 𝑚14𝑐𝑚21𝑐 𝑚22𝑐 𝑚23𝑐 𝑚24𝑐𝑚31𝑐 𝑚32𝑐 𝑚33𝑐 𝑚34𝑐 ] [𝑋𝑤𝑌𝑤𝑍𝑤1 ]  (3.5) 

and 

                  𝑆𝑝 [𝑢𝑝𝜈𝑝1 ] =  𝐴𝑝[𝑅𝑝  𝑡𝑝] [𝑋𝑤𝑌𝑤𝑍𝑤1 ] = [𝑚11𝑝  𝑚12𝑝 𝑚13𝑝 𝑚14𝑝𝑚21𝑝 𝑚22𝑝 𝑚23𝑝 𝑚24𝑝𝑚31𝑝 𝑚32𝑝 𝑚33𝑝 𝑚34𝑝 ] [𝑋𝑤𝑌𝑤𝑍𝑤1 ]  (3.6) 

where the subscripts c and p denote the camera and projector, respectively, S is scale 
factor, and (𝑢𝑐, 𝜈𝑐) and (𝑢𝑝, 𝜈𝑝) are image coordinates of the webcam and pico-projector 

that have the same phase value. A is the intrinsic parameter matrix. R means rotation matrix, 
t is translation matrix, and m means the elements of matrix A[R t]. The above parameters 
are known and 𝑋𝑤, 𝑌𝑤, 𝑍𝑤 are the 3D coordinates in the world coordinate system to be 
determined. In Eq. (3.5) and Eq. (3.6), there are six equations but only five unknowns (𝑆𝑐 , 𝑆𝑝, 𝑋𝑤, 𝑌𝑤 and 𝑍𝑤), so we can ignore the information about 𝜈𝑝 to reduce one equation. 𝑆𝑐 

and 𝑆𝑝 can be solved from Eq. (3.5) and Eq. (3.6) as 𝑆𝑐 = 𝑚31𝑐 𝑋𝑤 + 𝑚32𝑐 𝑌𝑤 + 𝑚33𝑐 𝑍𝑤 + 𝑚34𝑐                                               𝑆𝑝 = 𝑚31𝑝 𝑋𝑤 + 𝑚32𝑝 𝑌𝑤 + 𝑚33𝑝 𝑍𝑤 + 𝑚34𝑝
  (3.7) 

We can cancel 𝑆𝑐  and 𝑆𝑝 by plugging in Eq. (3.7) into Eq. (3.5) and Eq. (3.6), and 

obtain 
     (𝑢𝑐𝑚31𝑐 − 𝑚11𝑐 )𝑋𝑤 + (𝑢𝑐𝑚32𝑐 − 𝑚12𝑐 )𝑌𝑤 + (𝑢𝑐𝑚33𝑐 − 𝑚13𝑐 )𝑍𝑤 = 𝑚14𝑐 − 𝑢𝑐𝑚34𝑐   

     (𝑣𝑐𝑚31𝑐 − 𝑚21𝑐 )𝑋𝑤 + (𝑣𝑐𝑚32𝑐 − 𝑚22𝑐 )𝑌𝑤 + (𝑣𝑐𝑚33𝑐 − 𝑚23𝑐 )𝑍𝑤 = 𝑚24𝑐 − 𝑣𝑐𝑚34𝑐   (3.8) 

     (𝑢𝑝𝑚31𝑝 − 𝑚11𝑝 )𝑋𝑤 + (𝑢𝑝𝑚32𝑝 − 𝑚12𝑝 )𝑌𝑤 + (𝑢𝑝𝑚33𝑝 − 𝑚13𝑝 )𝑍𝑤 = 𝑚14𝑝 − 𝑢𝑝𝑚34𝑝
  

From Eq. (3.8) the 3D world coordinates (𝑋𝑤, 𝑌𝑤, 𝑍𝑤 ) can be calculated. 

3.2.5. Alignment of two point clouds 

Because the two pico-projector/webcam pairs are calibrated independently, they have 
different world coordinate systems, as shown in Figure 3.2 (a). {𝑂1,  𝑥1,  𝑦1,  𝑧1} is the 
world coordinate system for the first pair, while {𝑂2,  𝑥2,  𝑦2,  𝑧2}is the world coordinate 
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system for the second pair. So, we must perform point clouds alignment between the two 
point clouds in two different coordinate systems to merge them inside one point cloud. We 
use a calibration bar as shown in Figure 3.2 (b) to transform both coordinate systems to the 
conical mirror coordinate system {𝑂𝑐𝑜𝑛,  𝑥𝑐𝑜𝑛,  𝑦𝑐𝑜𝑛,  𝑧𝑐𝑜𝑛}. 

 
(a)                                                              (b) 

Figure 3.2: (a) Three coordinate systems in the FMT imaging system and (b) photograph 
of the calibration bar. 

Because the position of the calibration bar in the conical mirror coordinate system is 
known, we can obtain the rotation and translation matrices for each coordinate system, and 
transform them into the conical mirror system, so that the two 3D point clouds can be 
merged. During our experiments we found that the two 3D point clouds of a mouse-shaped 
phantom could not be merged precisely after the alignment. There was a slight 
misalignment about 3° of rotation around the 𝑥𝑐𝑜𝑛 axis, and 1 mm of translation along the 𝑦𝑐𝑜𝑛 axis. This misalignment may come from the slight position errors of the calibration 
bar in the conical mirror system. The rotation and translation matrices that worked well for 
the calibration bar resulted in errors for the mouse-shaped phantom. So, there was an 
additional step of 3D registration as described in [155] to make the two point clouds align 
with each other. In this step, we selected several points from point cloud 1, and tried to find 
the rotation and translation matrices that minimized the distance from these points to point 
cloud 2. 

3.2.6. Digiwarp method 

The Digiwarp algorithm was developed by Joshi et al. [146] and has been used to warp 
an established finite element mesh onto a measured surface with scattered point cloud so 
that the tedious steps from point cloud to finite element mesh are avoided. We applied the 
Digiwarp algorithm to obtain a finite element mesh from our surface measurements. The 
Digiwarping process has three steps: posture correction, surface fitting, and elastic volume 
warping. Posture correction means to reposition the limbs and the head of the Digimouse 
to match those of the mouse surface point cloud obtained from our method. In this step, 
932 corresponding points from the limbs, head, and trunk are picked from both the 
Digimouse and the mouse point cloud. After posture correction, volume warping is 
implemented to warp the internal anatomy of Digimouse. Then the Digimouse surface is 
adjusted to fit the subject mouse point cloud by surface fitting. After that, the volume 
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warping is implemented again to warp the internal anatomy to fit the subject mouse point 
cloud. 

3.2.7. FMT reconstruction 

To validate the FMT reconstruction with the mesh generated from the proposed surface 
extraction method, we performed an FMT experiment with a mouse-shaped phantom 
embedded with a capillary tube that is 20 mm long and 1 mm in diameter. The target was 
filled with 10 μm ICG fluorescence dye solution. The FMT imaging system has been 
described in detail in section 2.2.1. Briefly, the FMT imaging system consisted of a conical 
mirror, a line pattern laser mounted on a rotary stage, and a camera, as shown in Figure 3.3. 
After the surface scan, the object was transported into a conical mirror by a linear stage for 
FMT scan. The conical mirror was used to collect the fluorescence photon information over 
the whole object surface, as described in [57]. A 643 nm line laser (ProPhotonix, Salem, 
New Hampshire) was used to excite the fluorescence photons. The laser beam scanned 
across the object surface sequentially. A Cambridge (CRI) Nuance camera (Advanced 
Molecular Vision, Inc., Colsterworth, U.K.) was used to perform photon measurements, 
and a motorized filter wheel (Lambda 10-3, Sutter Instrument, Novato, CA) was positioned 
in front of the camera lens to select fluorescent emission wavelengths. We used 30 line 
laser source positions and 14,723 detectors. The optical parameters at excitation and 
emission wavelengths were both 𝜇𝑎 = 0.002mm−1 and 𝜇𝑠 = 1.1mm−1. The propagation 
of excited and emitted lights was modeled by the diffusion equation that was solved by the 
finite element method [156]. We followed the reconstruction methods proposed by Zhu et 

al. [74, 75] for the reconstruction of distribution of the fluorescence dye. 

 
Figure 3.3: Photograph of the FMT imaging system with the two pico-projector/webcam 
pairs. 
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3.3. Experiment results 

3.3.1. System calibration 

In our system, the webcam resolution was 640 × 480 and the pico-projector resolution 
was 854 × 480. Figures 3.4 (a) and 3.4 (b) show one example of our camera checkerboard 
image and its corresponding projector checkerboard image generated from the nine-step 
phase-shifting method. The checkerboard images were used to calibrate the webcam and 
the pico-projector. The squares on the checkerboard are 6.8 mm × 6.8 mm. For each pico-
projector/webcam pair, 16 camera pictures were taken, and 16 projector images were 
generated for calibration. The MATLAB Calibration Toolbox [154] calibrated the 
projectors after all projector checkerboard images were generated. Our system calibration 
results are: 

 
(a)                                                                      (b) 

Figure 3.4 (a) Camera checkerboard image and (b) corresponding projector checkerboard 
image. 

Camera intrinsic parameter matrices 𝐴𝑐1 = [1280.3138 0 356.80740 1246.5246 154.27570 0 1 ]    

                               𝐴𝑐2 = [1062.7811 0 368.53650 1058.3372 238.11540 0 1 ]     (3.9) 

Projector intrinsic parameter matrices 

𝐴𝑝1 = [1735.1733 0 492.89610 1704.1114 492.37680 0 1 ]    

                               𝐴𝑝2 = [2123.4733 0 519.36880 2049.854 230.09040 0 1 ]     (3.10) 

Camera extrinsic parameter matrices 
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𝑀𝑐1 = [𝑅𝑐1  𝑡𝑐1]  = [ 0.0312 0.9550 −0.2949 −34.39810.8756 −0.1685 −0.4528 19.0146−0.4821 −0.2441 −0.8414 220.8508] 

              𝑀𝑐2 = [𝑅𝑐2  𝑡𝑐2] = [ 0.0234 0.9896 −0.1419 −43.25710.8246 −0.0994 −0.5568 −7.8332−0.5652 −0.1040 −0.8184 181.9324]    (3.11) 

Projector extrinsic parameter matrices 𝑀𝑝1 = [𝑅𝑝1  𝑡𝑝1] = [ 0.1734 0.9841 −0.0390 −41.63280.9805 −0.1762 −0.0867 −38.7379−0.0922 −0.0232 −0.9955 236.7787] 

              𝑀𝑝2 = [𝑅𝑝2  𝑡𝑝2] = [ 0.1257  0.9880  0.0896 −38.82400.9265 −0.0847 −0.3667 −17.6024−0.3547 0.1291 −0.9260 280.7086]   (3.12) 

3.3.2. Selection of phase-shifting step number 

Figure 3.5 shows the average phase errors for each step number from 3 to 15. From this 
result, we can see how the nonlinearity of projectors affects the accuracy with increased 
step numbers. Generally, the phase error decreases as the number of steps increases. We 
saw some oscillations in the curve plotted in Figure 3.5. We can still observe, however, 
that the phase errors caused by the nonlinearity of projectors are relatively small when the 
fringe pattern number is larger than 7. To reduce the effects of projectors’ nonlinearity as 
much as possible and without adding too much scanning time, we chose the phase-shifting 
step number to be 9. 

3.3.3. Alignment of two point clouds 

We used the calibrated 3D shape extracting system to measure the calibration bar, as 
shown in Figure 3.2 (b). The calibration bar has a radius of 22 mm and a length of 57.9 
mm. We have calculated the optimal rotation and translation matrices for 2 point clouds 
and merged them as shown in Figure 3.6 (a). We plotted a cross section as shown in Figure 
3.6 (b) and compared it with the ground truth. We saw that the measured calibration bar 
surface overlapped with the ground truth well. 

 
Figure 3.5: Phase errors caused by nonlinearity of projectors with different fringe pattern 
numbers. 
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(a)                                                                     (b) 

Figure 3.6: (a) Alignment of the two point clouds of the calibration bar and (b) the cross 
section compared with the ground truth. 

3.3.4. Mouse-shaped phantom surface extraction 

We measured a mouse-shaped phantom that is 110 mm long, 33 mm wide, and around 
15 mm high. The mouse phantom was made of 2% agar and 1% intralipid, and its photo is 
shown in Figure 3.7 (a). Figures 3.7 (b) and (c) show the fringe patterns captured by two 
webcams from two different views. We used a total of nine such fringe patterns with a 
phase-shifting step of 2 / 9  for each webcam, and an additional centerline picture, which 
was used to determine the absolute phase. Figures 3.8 (a)–(d) plot the wrapped phase map 
and the unwrapped phase map of webcam 1 and webcam 2. Figure 3.9 shows the 3D 
reconstructed results of the mouse geometry after the alignment of two point clouds and 
3D registration, from which we can see that the reconstructed size is quite close to the true 
size. 

 
(a) 

                      
(b)                                                       (c) 

Figure 3.7: (a) Photograph of a mouse-shaped agar phantom, (b) one fringe pattern 
captured by webcam 1 and (c) by webcam 2. 
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3.3.5. Accuracy evaluation 

To evaluate our system’s accuracy, we fabricated a step object for which the step height 
between the two planes is 8.13 mm. Its photo is shown in Figure 3.10 (a) and the 
reconstructed step is shown in Figure 3.10 (b). Because it was hard to view this object using 
the two webcams simultaneously, we only tested it using one pico-projector/webcam pair. 
We measured the mean height of the points on the two planes, then subtracted the mean 
values to obtain the measured step height as 8.15 mm. We also calculated the standard 
deviations of the points height on the two planes, respectively, as shown in Table 3-1. From 
the results we can see the standard deviations are less than 0.2 mm for both planes, and our 
system can retrieve the result with errors within 0.5 mm, which is good enough for FMT 
imaging. 

       
(a)                                               (b) 

             

             (c)                                                (d) 
Figure 3.8: (a–b) Wrapped and (c–d) the unwrapped phase map for webcam 1 (a–c) and 
webcam 2 (b–d). 

 

Figure 3.9: Mouse surface point cloud. 
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(a)                                                         (b) 
Figure 3.10: (a) Picture and (b) reconstructed result of a step object. 

Table 3-1: Measured height of the step object (mm). 

 
 

Mean Standard Deviation 

Lower plane 10.11 0.17 

Higher plane 18.26 0.13 
   

To further validate our system’s accuracy, we compared the surface data of the mouse-
shaped phantom obtained from the proposed method with the surface geometry from a 
computed tomography (CT) image. For the micro-CT scan, 180 projections were obtained 
(x-ray tube settings: 80 kVp, 0.2 mA) and reconstructed using the vendor-supplied filtered 
back projection method. The CT image (pixel size 0.095 mm) was used to generate the 
surface geometry as ground truth for our comparison. 

All the data sets are shown in Figure 3.11 (a), which shows they overlap very well. We 
then calculated the distance from each point of the webcam-projector data to its nearest 
point of the CT data (only the trunk part from x = 30 mm to x = 90 mm in Figure 3.11 (a) 
is compared), and the mean distance is 0.323 mm, which further validated that our system’s 
accuracy is within 0.5 mm. Figure 3.11 (b) shows one cross section in Figure 3.11 (a) at x 
= 60 mm. The cross section also proves that the surface data obtained from our method is 
very close to the CT data. 

                      
(a)                                                                  (b) 

Figure 3.11: Comparison between the surface data obtained from the webcam/pico-
projector pair and the CT data of (a) the whole surface and (b) a transverse section at x = 
60 mm. 
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3.3.6. Digiwarp results 

After the mouse surface point cloud was obtained, we performed Digiwarp to the point 
cloud and generated the finite element mesh. Figure 3.12 plots the 932 corresponding 
points between the point cloud from the mouse shaped phantom and the Digimouse. 
Among these 932 corresponding points, 8 points are chosen manually from the nose, arms 
and legs, and the other 924 points are chosen automatically slice by slice from the trunk 
along the x axis. To map the 924 points on the trunk, we divide trunk section of the point 
cloud and the Digimouse into 30 slices evenly. The Digiwarp results are shown in Figures 
3.13 (a)–(e). Figure 3.13 (a) is the original subject mouse point cloud and Digimouse. 
Figure 3.13 (b) shows the corrected posture of Digimouse, in which the limbs and the head 
match the position of those of the subject mouse point cloud and Figure 3.13 (c) plots the 
first volume warping result. Figure 3.13 (d) shows the surface fitting result, while Figure 
3.13 (e) shows the final volume warping result. A finite element mesh of the measured 
mouse surface was generated from a standard Digimouse, as shown in Figure 3.13 (f) and 
is ready to be used in the FMT reconstruction process. 

 

 
(a)                                                                   (b) 

Figure 3.12:  932 Corresponding points (red dots) between the (a) extracted mouse 
surface point cloud and (b) the Digimouse. 

3.3.7. FMT reconstruction results 

With the reconstruction methods as described in [74, 75], we were able to obtain a good 
result in about 30 seconds, as shown in Figure 3.14. The L1 regularization parameter was 
empirically set to be 1% of the maximum of the measurement after back projection for the 
best result. Figure 3.14 plots the transverse, coronal and sagittal sections of the overlaid 
FMT and gray-scale CT images. The red color line plots the mouse phantom boundary 
from the warped mesh. From these results we observe that with the finite element mesh 
generated by the proposed 3D shape extraction method, the FMT reconstruction result is 
consistent with the CT reconstruction. 

3.4. Discussion and conclusion 

Compared with the approach described in [157], we believe our work was different in 
several ways. For one thing, we used inexpensive webcams, not an expensive CCD camera. 
Second, we used two pico-projector/webcam pairs to cover the surface from two views. As 
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a result, we were able to extract the top and two side views of the surface. Third, we applied 
the projector calibration method so that we did not need the stepped pyramid-shaped 
calibration object. Fourth, we warped a Digimouse mesh into our extracted point cloud to 
generate the finite element mesh easily and robustly. Fifth, we validated the surface 
extraction approach with FMT experiments and with CT scan. Finally, we investigated the 
effects of the phase-shifting steps on the accuracy of the extracted surface. 

      
(a)                                                                   (b) 

 
(c)                                                                  (d) 

 
(e)                                                                  (f) 

Figure 3.13: Digiwarp results: (a) the original point cloud from the mouse shaped phantom 
and the Digimouse, (b) the corrected posture of the Digimouse, (c) the first volume warping 
result, (d) the surface fitting result, (e) the final volume warping result, and (f ) the FEM 
mesh after Digiwarp. 
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(a)                                                            (b) 

 

                                                                      (c) 
Figure 3.14: (a) Sagittal, (b) transverse, and (c) coronal sections of the overlaid FMT 
(rainbow) and CT (gray) images. The color line plots the FMT image boundary. The arrows 
indicate the plotted section position. 

Table 3-2 lists the accuracy and time or picture numbers reported in other mouse 
surface extraction methods and the proposed approach in this paper. From this table, we 
know that our approach needs less picture numbers, but has an accuracy similar to the other 
methods. It is worth noting that our approach can image the concave surface, but the 
approach in reference [134] can only image the convex surface.  

To summarize, we used low-cost equipment, including webcams and pico-projectors, 
to extract mouse surface geometry quickly and robustly, to develop an affordable and 
optimal 3D FMT imaging system. The proposed surface extracting system is portable and 
easy to combine with an existing FMT imaging system. With the Digiwarp method, this 
system can generate a mouse surface mesh for FMT imaging system. Experimental results  
indicate that the accuracy of the proposed surface extraction method is within 0.5 mm, 
which is sufficient for FMT reconstruction as validated with the FMT images. In the future, 
we plan to optimize our FMT imaging system and apply the proposed approach with the 
optimized FMT system to in vivo mouse imaging. 
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Table 3-2: Comparison between different surface measuring methods. 

 
 

      Accuracy 
Picture Number 

or Measuring Time 

360° Geometry Projection [134] 50 μm 72 pictures 

Three Line Lasers [57] 1 mm 50 pictures 

Surface Scanner [123] 0.5 mm 7 – 10 seconds 

Proposed Method 0.5 mm 20 pictures 
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Chapter 4                                        

Optimization of the conical mirror design 

based on Monte Carlo simulations for 

fluorescence molecular tomography 

4.1. Introduction 

The reconstruction-based biomedical optical imaging methods such as fluorescence 
molecular tomography (FMT), bioluminescence optical tomography (BOT), and Cerenkov 
luminescence tomography (CLT), have attracted extensive attention largely due to their 
high sensitivity for disease treatment and diagnosis. However, the reconstruction methods 
involve an ill-posed inverse problem, which may significantly affect the reconstruction 
accuracy for some cases.  Interestingly, efforts have been devoted to improving the 
reconstruction accuracy, in which one commonly used approach is to collect more 
measurements with a charge-coupled device (CCD) camera and a mirror system. For 
instance, a pyramid mirror system has been utilized to collect the bioluminescent photons 
on the four-side surfaces of a mouse [71, 158]. H. Shen et al. proposed a conical mirror-
based BOT system to acquire the measurements from the whole body surface of a mouse 
and proved its feasibility with numerical simulations [159]. Li et al. reported a conical 
mirror based FMT imaging system and validated its performances with both phantom and 
in vivo experiments [57]. Li et al. proposed the CLT to reconstruct the biodistributions of 
radiotracers inside small animals from the surface measurements of the emitted Cerenkov 
luminescence photons, in which two-side flat mirrors were added to collect the Cerenkov 
photons from two side surfaces [160]. Currently, two-side flat mirrors are adopted in the 
IVIS Spectrum scanner for Cerenkov luminescence imaging (CLI) or CLT imaging by 
PerkinElmer [161]. However, all those mirror systems are designed without any 
optimization and without considering the photon back reflection effects. In this study, 
Monte Carlo simulations were adopted to perform the optimization of theses mirror 
systems. In particular, the significance of the mirror system optimization in FMT imaging 
was highlighted in the following Monte Carlo simulations.  

Fluorescence molecular tomography (FMT) has received extensive development 
because of its advantages of low cost, high sensitivity and extensive biomedical 
applications, such as cancer detection [66], drug delivery monitor [137] and so on. In FMT 
imaging, fluorescent agents inside small animals are excited by laser photons to emit 
fluorescent photons propagating inside the small animals. Then detectors can record the 
emitted photons which reach the small animal surface, from which the three-dimensional 
(3-D) distribution of the fluorescent agents is reconstructed with FMT reconstruction 
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algorithms [69, 74]. In order to improve the spatial resolution of the reconstructed FMT 
images, CCD cameras are usually adopted over optical fibers because the cameras have a 
great deal of pixels that can be used as detector nodes in the FMT reconstruction [162]. If 
the laser illumination and measurements are performed at the same side of the small animal 
surface, it is called reflection mode [53]. And if the laser illumination and measurements 
are operated at the opposite sides of the small animal surface, it is called transmission mode 
[163, 164]. Both the reflection mode and the transmission mode have measurements from 
half of the mouse surface, which is referred as half-surface measurement. In order to 
measure the emission photons from the whole mouse surface, pyramidal mirrors were 
proposed [158]. However, the pyramidal mirror system has relatively low photon 
measurement efficiency because most emitted fluorescent photons escape away from the 
gaps between the mirrors. Then, a conical mirror was proposed [57] to improve the 
measurement efficiency and perform the whole surface measurement as well. However, as 
mentioned in [123], the conical mirror may introduce multiple reflected photons to the 
small animal surface, which might contaminate the excitation patterns and reflect the 
emitted fluorescent photons back to other measurement nodes thus decrease the accuracy 
of the reconstruction results. Dual-cone mirrors were introduced to minimize the multiple 
reflected photons [123]. But the complexity of this configuration may introduce more 
fabrication cost and mapping errors.  

In order to figure out a suitable mirror system with negligible multiple reflection 
photons, we study systematically the multiple reflection effects in different mirror 
configurations, including single conical mirrors, pyramidal mirrors with different lengths 
and apertures, and two-side flat mirrors. The study was performed with LightTools 
(Synopsys Inc., Mountain View, USA) to trace photon reflections in the mirror systems 
and with a lab-programmed Monte Carlo simulation code, as described in [165], to trace 
photons inside the mouse mimicking phantoms. The LightTools is a well-known 
commercial software for optical design and analysis. We used the LightTools to generate 
a multiple reflected photon map as a weight matrix for each mirror configuration. Then we 
applied our Monte Carlo simulation program to model photon propagation inside tissues 
and calculate the ratio of the multiple reflected photons to the total photons. We also 
analyzed the detection efficiency of different mirror configurations, in which we found that 
the conical mirror has much higher photon detection efficiency than the pyramidal mirror.  

For the FMT imaging system, we performed ray tracing simulations to study different 
designs of the conical mirror. we evaluated the ratio between the multiple reflected photons 
and the total photons, for both excitation and emission wavelengths, to figure out the 
optimized design of the conical mirror which has minimum multiple reflected effects. Our 
simulation demonstrated that when the radius of the small aperture is larger than 5 
centimeters, the multiple reflection effects are negligible. We then fabricated a conical 
mirror according to the optimized design and performed phantom experiments with both 
the optimized and non-optimized conical mirrors. Experiment results prove the advantages 
of the optimized conical mirror. 

This section is organized as follows. Section 4.2 introduces the simulation methods 
performed in this study, different mirror configurations for the simulation tests, as well as 
experiment setups. In section 4.3 we describe our simulation and experiment results. 
Finally, section 4.4 concludes this section.  
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4.2. Methodology 

4.2.1. Mirror system and phantom configurations 

We studied three mirror system configurations: a single conical mirror system, a 
pyramidal mirror system, and a two-side flat mirror system. To mimic the small animal, 
we used a mouse size cylindrical phantom with a length of 80 mm and a diameter of 22 
mm in this study, as shown in Figure 4.1. Figure 4.2 plots a typical single conical mirror 
system and a pyramidal mirror system with the cylindrical phantom placed in their centers. 
One end of the phantom was aligned with the small aperture of the mirrors, as shown in 
Figure 4.2. The angle of both the conical mirror and the flat mirror to the z axis was 45°. 
The width of the flat mirrors was 60 mm. The conical and pyramidal mirrors with different 
mirror length L and different small aperture radius R were investigated. For the conical 
mirror with a shorter length, a phantom of the same length L was used accordingly. All the 
configurations of the mirrors and the phantoms are listed in Table 4-1. 

 
Figure 4.1: The cylindrical phantom with a length of 80 mm and a diameter of 22 mm. 

    

(a) (b) 

Figure 4.2: (a) The conical mirror configuration. (b) The pyramidal mirror configuration. 
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Table 4-1: Mirror dimensions and the corresponding phantom sizes. 

 

A two-side-mirror configuration [160], as shown in Figure 4.3 (a), is also widely used 
in bioluminescence imaging and CLI/CLT. To investigate the photon back reflection in 
this mirror configuration, we placed the same phantom in the mirror center on a support 
block.  

 

(a)                     (b)                              

Figure 4.3: (a) The 2-side-mirror configuration. (b) The source positions. Each point on 
the phantom surface denotes one source position. 

 

4.2.2. Multiple reflection map generation 

For the multiple reflection map generation, the point source was located on the surface 
and at the 90° direction of the phantom, as shown in Figure 4.1. The point source moved 
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from z = 5 mm to z = Lp mm with a step size of 5 mm, where Lp was the phantom length. 
At each step, the point source emitted 100,000,000 photons with a uniform angular 
distribution to the upper hemisphere. Using the ray tracing function of LightTools, the 
percentage of the photons reflected back to the cylindrical phantom surface by the mirror 
were recorded as an Lp ⨯360 reflection matrix, where 360 means the 360° along the 
circumference of the cylindrical phantom. Because the conical mirror is a symmetric 
system, we can obtain the reflection matrix of the sources rotating around the phantom 
surface without performing the ray tracing again, and thus we obtained a 4-D look-up table 
for which the size was [Lp, 360, Lp, 360], where the first [Lp, 360] defined the point source 
position, and the second [Lp, 360] stored the reflection matrix of this specific point source. 
The 4-D look-up table was referred as the multiple reflection map, or the weight matrix Wr, 
of the conical mirror. For the pyramidal mirrors, as this configuration is not symmetric for 
different point source positions rotating around the phantom, we did not consider about 
their multiple reflection maps, but only considered about the percentage of reflected 
photons for each source position along the z axis. 

For the two-side mirror configuration, the point source was located at the middle 
position of the phantom’s length and rotated around the phantom surface with different 
angles (-60° to 90° with an angle step size of 15°), as shown in Figure 4.3 (b). We studied 
how the distance between the two mirrors affected the percentage of the reflected photons. 
The distance D between the lower edges of the two mirrors was chosen as 20, 30, 40 and 
50 mm, respectively. 

4.2.3. Monte Carlo modeling of light propagation in tissues 

When a photon propagated inside tissues, it was scattered and absorbed by the turbid 
media. In the Monte Carlo modeling of light propagation inside tissues, the step size for 
each step of the photon propagation was given by [165] 

                                                        
ln( )

t

s



    (4.1) 

where 𝜇𝑡 = 𝜇𝑎 + 𝜇𝑠 was the optical property of the tissue with 𝜇𝑎 the absorption 
coefficient and 𝜇𝑠 the scattering coefficient. 𝜉 was a random number. If we assume the 
photon’s original weight was W before one step, the photon weight loss ∆W after the step 
was calculated as 

                                                        a

t

W W



    (4.2) 

and the updated photon weight after this step was 

                                                         W W W    (4.3) 

The scattering direction of one step was determined by a deflection angle 𝜃 ∈ [0, 𝜋) 
and an azimuthal angle 𝜓 ∈ [0,2𝜋) , which were sampled statistically. The specular 
reflectance and Fresnel reflectance were also considered when the photon traveled across 
the tissue boundary. The details of the Monte Carlo modeling of photon propagation inside 
tissues can be found in [165].  
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The optical property of the phantom was set as 𝜇𝑎=0.012 mm-1 and 𝜇𝑠= 4.15 mm-1 in 
this study. 

4.2.4. Primary and secondary Monte Carlo simulations 

We defined the primary Monte Carlo simulation as the Monte Carlo ray tracing of 
photon propagation inside the tissues from a source on the phantom surface (for excitation 
photons) or inside it (for emission photons). The phantom was cylindrical with a length of 
80 mm in this study. Inside the phantom was a capillary fluorescent target with a length of 
20 mm and a diameter of 1.4 mm. The target was embedded 5.5 mm under the surface of 
the phantom.  We tested three target positions in this study, in which the target was placed 
10 mm, 30 mm and 50 mm away from the small aperture of the conical mirror, as shown 
in Figure 4.4. The target positions were z=10-30mm, z=30-50mm and z=50-70mm for the 
three cases. 

We performed the Monte Carlo simulations of excitation photons and fluorescent 
photons sequentially. For the simulation of the excitation photons, the photon source was 
a point laser or a line laser, with a total photon weight of 𝑤𝑠 on the phantom surface. For 
the point laser source, it was located at 90° and moved from z = 10 mm to z = 70 mm with 
a step size of 10 mm. The line laser source was composed of 70 point sources with a 
distance of 1 mm between each other with the photon weight of 𝑤𝑠/70 for each point 
source. We simulated three line laser positions at -90°, 0° and 90°, respectively. Through 
the primary Monte Carlo simulation, we obtained the number of photons passing through 
the target and calculated its percentage 𝑃𝑡1  of the total photon weight 𝑤𝑠 . We also 
calculated the total photon weight distribution on the phantom surface, labeled as 𝑊𝑠𝑓. For 

the emitted fluorescent photons, the photon source was the target inside the phantom with 
a total photon weight of 𝑤𝑠. With the Monte Carlo simulation, we obtained the photon 
weight distribution 𝑊𝑠𝑓 of the photons propagating to the phantom surface.  In this study, 𝑤𝑠 was chosen as 50,000,000 for both excitation and emission photons. 

The photon weight distribution 𝑊𝑠𝑓 was an 80⨯360 matrix. These photons propagated 

to the phantom surface and then into the air, some of which were reflected back to the 
phantom surface by the conical mirror. With the 4-D look up table generated in section 
4.2.2, we were able to calculate the reflected photon distribution 𝑅𝑓 on the phantom surface 

by 
                            𝑅𝑓(𝑖, 𝑗) = ∑ ∑ 𝑊𝑠𝑓(𝑘, 𝑙)𝑙=360𝑙=1𝑘=80𝑘=1 ⋅ 𝑊𝑟(𝑘, 𝑙, 𝑖, 𝑗) (4.4) 

where 𝑖 ∈ [1,80] and 𝑗 ∈ [1,360] were the indices of the surface grid. 

Then we performed a secondary Monte Carlo simulation with the reflected photon 
distribution 𝑅𝑓 . For excitation photons, we traced how many reflected photons passed 

through the target, calculated the percentage of the total photon weight 𝑤𝑠, and labeled it 
as 𝑃𝑡2. For emission photons, we simulated the distribution of reflected photons which 
propagated to the phantom surface and labeled it as 𝑊𝑠𝑓𝑟. 
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Figure 4.4: The phantom and target configuration for the primary and secondary Monte 
Carlo simulations. 

After the secondary Monte Carlo simulation was performed, for the excitation photons, 
we calculated a ratio  
                                                             𝑟𝑒𝑥 = 𝑃𝑡2/𝑃𝑡1     (4.5) 

where 𝑟𝑒𝑥 indicated how many excitation photons passing the target were due to the 
multiple reflected effects. And for the emission photons, we calculated another ratio 
                                                   𝑟𝑒𝑚 = ∑ 𝑊𝑠𝑓𝑟/ ∑ 𝑊𝑠𝑓       (4.6) 

where 𝑟𝑒𝑚 indicated how many measured photons were from the multiple reflection. In 
the imaging system design, we would like to minimize the multiple reflections so that small 𝑟𝑒𝑥 and 𝑟𝑒𝑚 are desired. 

4.2.5. Optimized conical mirror fabrication and phantom experiment 

setup 

The optimized conical mirror frame was 3-D printed (Replicator 2X, MakerBot, New 
York) according to the optimized mirror geometry. A piece of Enhanced Specular Reflector 
(ESR) film (3M, Saint Paul, Minnesota) with a reflectivity of 98.5% was trimmed to the 
desired shape and was attached to the surface of the printed conical frame. Figure 4.5 shows 
the 3D design of the conical mirror and the fabricated conical mirror with the ESR film. 
To validate the advantage of the optimized conical mirror design, we performed phantom 
experiments with both an optimized and a non-optimized conical mirror. The FMT imaging 
system with the optimized conical mirror is shown in Figure 4.6, with the high sensitive 
EMCCD camera. The phantom was a cylinder with a diameter of 22 mm and a length of 
80 mm. The phantom contained 1% intralipid (as scatterers), 2% agar and 20 μM bovine 
hemoglobin (Sigma-Aldrich Inc., St. Louis, Missouri) (as absorbers). Two capillary tubes 
with a length of 15 mm and a diameter of 1.4 mm were filled with 20 μM Sulfo-Cyanine 5 
dye (Lumiprobe Corporation, Hallandale Beach, Florida) as fluorescent targets. The targets 
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were embedded inside the phantom with an edge-to-edge distance of 6 mm. We scanned 
the phantom with a lab-built microCT scanner to know the exact target positions [166]. 
Then we scanned the phantom using the optimized conical mirror with the FMT imaging 
system as described in the reference [58]. Finally, we switched the optimized conical mirror 
with the non-optimized one and performed FMT scan again after calibration. The FMT 
scan steps are described in detail in the reference [58]. The FMT reconstruction algorithms 
are described in references [69, 74, 75, 100]. 

                               
(a)                                            (b) 

Figure 4.5 (a) 3D design of the conical mirror; (b) the fabricated conical mirror. 

 

Figure 4.6: FMT imaging system with the optimized conical mirror and EMCCD camera. 
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4.3. Simulation and experimental results 

4.3.1. 𝒓𝒆𝒙 and 𝒓𝒆𝒎 of conical mirrors with the small aperture radius of 

20 mm and 50 mm 

We used the #1 and #5 configurations listed in Table 4-1 to investigate how the 𝑟𝑒𝑥 and 𝑟𝑒𝑚 changed at different laser source positions. The #1 mirror configuration had a smaller 
conical mirror with an aperture radius R of 20 mm, whereas the #5 mirror configuration 
had a bigger conical mirror with R = 50 mm. The phantom length for both configurations 
was 80 mm. Firstly we generated the multiple reflection map for both configurations using 
LightTools. The point source moved from z = 5 mm to z = 80 mm with a step size of 5 mm. 
The percentages of multiple reflected photons at different point source positions for both 
conical mirrors are shown in Figure 4.7, from which it is seen that the big cone 
configuration reduces the reflected photons significantly, especially when the point source 
position is near the small aperture. 

 
Figure 4.7: For the conical mirror configurations of #1 (R=20 mm) and #5 (R=50 mm), the 
percentages of multiple reflected photons at different point source positions. 𝑃𝑡1, the percentage of the photons passing through the target in the primary Monte 
Carlo simulation, depends on the phantom geometry only. Because of the different multiple 
reflection maps, the percentage 𝑃𝑡2  of the photons passing through the target in the 
secondary Monte Carlo simulation are different for these two conical mirror configurations. 
For both conical mirror configurations, the calculated 𝑃𝑡1 , 𝑃𝑡2  and 𝑟𝑒𝑥  for the three 
different target positions are listed in Tables 4-2 to 4-4, respectively. 

From Tables 4-2 to 4-4, it is observed that 𝑟𝑒𝑥 is smaller when the laser position is near 
the target position. For example, in Table 4-2 for the target position of z = 10 mm - 30 mm, 
when the point source is located at z = 10 mm to 30 mm, 𝑟𝑒𝑥 is less than 5% for the small 
cone, and 0% for the big cone. When the point source is far away from the target, 𝑟𝑒𝑥 
increases significantly for both the small cone and the big cone because the primary 
excitation photons 𝑃𝑡1 are reduced significantly. We have observed similar trend for the 
line source. When the line source is located at 90° and is close to the target, 𝑟𝑒𝑥 is 6.54% 
for the small cone and 0.39% for the big cone. When the line source rotates to 0° and -90°, 
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further away from the target, 𝑟𝑒𝑥 increases accordingly. Similar conclusions can be drawn 
from Tables 4-3 and 4-4 for different target positions as well. 

 
Table 4-2: Monte Carlo simulation results for excitation photons with the target position 
1 (z = 10 mm– 30 mm). 

 

 

 
 
 
Position 

 

Primary 

Monte Carlo 

Simulation 𝑷𝒕𝟏 

20 mm small cone 50 mm big cone 

 

Source 

Type 

Secondary 

Monte Carlo 

Simulation 𝑷𝒕𝟐 

𝑟𝒆𝒙 

Secondary 

Monte Carlo 

Simulation 𝑷𝒕𝟐 

𝑟𝒆𝒙 

 10 mm  7.8400% 0.2700% 3.4400% 0.0000% 0.0000% 

 20 mm  13.2200% 0.3500% 2.6500% 0.0000% 0.0000% 

 30 mm  7.8500% 0.3300% 4.2000% 0.0001% 0.0000% 

Point 40 mm  0.5000% 0.2900% 58.0000% 0.0018% 0.3600% 

 50 mm  0.0318% 0.2400% 754.7200% 0.0109% 34.2800% 

 60 mm  0.0022% 0.2000% 9090.9100% 0.0281% 1277.2700% 

 70 mm  0.0002% 0.1600% 94117.6500% 4.9800% 25294.1200% 

Line 

90° 3.8200% 0.2500% 6.5400% 0.0148% 0.3900% 

0° 0.5900% 0.1500% 25.4200% 0.0095% 1.6100% 

-90° 0.2400% 0.0596% 24.8300% 0.0044% 1.8300% 

 
 

Table 4-3: Monte Carlo simulation results for excitation photons with the target position 
2 (z = 30 mm – 50 mm). 

 

 

 

 

 

Position 

 

Primary 

Monte Carlo 

Simulation 𝑷𝒕𝟏 

20 mm small cone 50 mm big cone 

 

Source 

Type 

Secondary 

Monte Carlo 

Simulation 𝑷𝒕𝟐 

𝑟𝒆𝒙 

Secondary 

Monte Carlo 

Simulation 𝑷𝒕𝟐 

𝑟𝒆𝒙 

 10 mm  0.0312% 0.1100% 352.5600% 0.0000% 0.0000% 

 20 mm  0.5000% 0.1700% 34.0000% 0.0004% 0.0700% 

 30 mm  7.8400% 0.2000% 2.5500% 0.0093% 0.1200% 

Point 40 mm  13.2500% 0.2000% 1.5100% 0.0509% 0.3800% 

 50 mm  7.8600% 0.2000% 2.5400% 0.0910% 1.1600% 

 60 mm  0.5000% 0.1900% 38.0000% 0.1100% 22.0000% 

 70 mm  0.0311% 0.1700% 546.6200% 0.1100% 353.7000% 

Line 
90° 4.1900% 0.1800% 4.3000% 0.0578% 1.3800% 
0° 0.6900% 0.1200% 17.3900% 0.0441% 6.3900% 

-90° 0.2900% 0.0525% 18.1000% 0.0208% 7.1700% 
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The emr  results of the three different target positions are listed in Table 4-5, from which 

we see that, for the primary Monte Carlo simulations, around 41% photons propagate to 

the phantom surface for all the three target positions. The values of emr  are different due to 

the different target positions. For the small cone, the mean value of the reflected photons 
percentages for the point source located at 10-30 mm, 30-50 mm and 50-70 mm are quite 

similar, as shown in Figure 4.7. Thus, the values of emr  are close for the three target 

positions. For the big cone, however, the multiple reflected photon percentages increase 
when the point source changes from z = 5 mm to z = 80mm. We also see that the big cone 

mirror has much smaller emr  than the small cone mirror. 

 

Table 4-4: Monte Carlo simulation results for excitation photons with the target position 
3 (z = 50 mm – 70 mm). 

 

 

 

 

 

Position 

 

Primary 

Monte Carlo 

Simulation 𝑷𝒕𝟏 

20 mm small cone 50 mm big cone 

 

Source 

Type 

Secondary 

Monte Carlo 

Simulation 𝑷𝒕𝟐 

𝑟𝒆𝒙 

Secondary 

Monte Carlo 

Simulation 𝑷𝒕𝟐 

𝑟𝒆𝒙 

 10 mm  0.0002% 0.0450% 23195.8800% 0.0001% 66.4900% 

 20 mm  0.0022% 0.0775% 3522.7300% 0.0067% 304.5500% 

 30 mm  0.0308% 0.1100% 357.1400% 0.0570% 185.0600% 

Point 40 mm  0.5000% 0.1300% 26.0000% 0.0847% 16.9400% 

 50 mm  7.8600% 0.1300% 1.6500% 0.0894% 1.1400% 

 60 mm  13.2400% 0.1300% 0.9800% 0.0890% 0.6700% 

 70 mm  7.8400% 0.1300% 1.6600% 0.0906% 1.1600% 

Line 
90° 4.1600% 0.1100% 2.6400% 0.0642% 1.5400% 
0° 0.6700% 0.0733% 10.9400% 0.0485% 7.2400% 

-90° 0.2800% 0.0349% 12.4600% 0.0252% 9.0000% 

 

 

Table 4-5: Monte Carlo simulation results of emission photons for three target positions. 

Target 

position 

(mm) 

Primary 

Monte Carlo 

Simulation ∑ 𝑾𝒔𝒇 

20 mm small cone 50 mm big cone 

Secondary 

Monte Carlo 

Simulation ∑ 𝑊𝑠𝑓𝑟 

𝑟𝒆𝒎 

Secondary 

Monte Carlo 

Simulation ∑ 𝑊𝑠𝑓𝑟 

𝑟𝒆𝒎 

10-30  41.2300% 3.8600% 9.3600% 0.1600% 0.3900% 

30-50 41.8600% 4.6000% 10.9900% 1.0200% 2.4400% 

50-70  41.3700% 4.0700% 9.8400% 1.8200% 4.4000% 
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4.3.2. The percentage of multiple reflected photons for different mirror 

configurations 

From the simulation results in section 4.3.1 we learn that the values of 𝑟𝑒𝑥 and 𝑟𝑒𝑚 
mainly depends on the percentage of multiple reflected photons. A low multiple reflection 
percentage is desired. We investigated the multiple reflection percentages of all the mirror 
configurations listed in Table 4-1, as well as the two-side mirror configuration as plotted 
in Figure 4.3.  

Firstly, the small cone with an aperture radius R=20 mm and the big cone with an 
aperture radius R=50 mm were studied for different mirror lengths L. Except for the 
configuration #1 and #5, the phantom length Lp was set same as the mirror length. The 
point source was placed at z = 5 mm to z = Lp with a step size of 5 mm for all simulations. 
The results are shown in Figure 4.8, from which it is seen that when a big cone of R = 50 
mm and L = 30 mm or 40 mm are used, there are no multiple reflection photons. From 
these results, we see that R = 50 mm with L = 40 mm is the best conical mirror configuration 
for FMT imaging. 

 
Figure 4.8: Percentages of multiple reflected photons at different source positions for the 
conical mirror configurations of #1 to #8. 

 

Figure 4.9: Percentages of multiple reflected photons at different source positions for the 
conical mirror configurations of #3, #7 and #9 to #13. 
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We have also studied different conical mirror configurations with the same length L = 
40 mm but with different small aperture radius R. These configurations are #9 to #13 listed 
in Table 4-1. Their multiple photon reflection percentages are shown in Figure 4.9, from 
which it is seen that the conical mirror of R = 50 mm, L = 40 mm is still the best one with 
the smallest multiple reflection percentage. 

Moreover, we have studied different sizes of pyramidal mirrors, as the configurations 
#14 to #17 listed in Table 4-1. The calculated percentages of multiple reflection photons 
are shown in Figure 4.10, from which we see that the multiple reflected photon number 
reduces as the small aperture radius R increases. It is also seen that the reflected photon 
percentages of pyramidal mirrors are smaller than those of the conical mirrors. For the 
pyramidal mirrors, the reflected photon percentages are less than 1% for all source 
positions when R is chosen as 50 mm or 60 mm. However, as most photons escape from 
the gaps between the flat mirrors and are not detected by the CCD camera, the detection 
efficiency of the pyramidal mirror configurations is very low. We discuss the detection 
efficiency of the conical mirror and the pyramidal mirrors in section 4.3.3. 

 

 
Figure 4.10:  Percentages of multiple reflected photons at different source positions for 
the pyramidal flat mirror configurations of #14 to #17. 

For the two-side mirror configuration as plotted in Figure 4.3, the point source rotated 
around the phantom surface from -60° to 90° with an angle step size of 15°.  The distance 
D between the lower edges of the two mirrors were chosen as 20, 30, 40 and 50 mm, 
respectively. The calculated percentages of multiple reflection photons are plotted in 
Figure 4.11, from which we see that the percentage of multiple reflection photon reduces 
significantly when we place the two side mirrors further away from each other. When the 
distance between the lower edges of the side mirrors is larger than 50 mm, the multiple 
reflection photons is negligible for all source positions as shown by the red line in Figure 
4.11. 

4.3.3. Detection efficiency of the CCD camera 

In LightTools, we used a small pinhole with a diameter of 2.5 mm to simulate the 
aperture of the CCD camera lens. The pinhole was located 720 mm away from the small 
aperture of the mirrors, which is close to the true distance between the CCD camera lens 



51 
 

 
 

and the conical mirror in our FMT imaging system [58]. We simulated the conical mirror 
configurations #1, #5 and pyramidal mirror configurations #14 and #16 as listed in Table 
4-1. We only used one point source at the same location for each mirror configuration, and 
calculated the detection efficiency, which is the percentage of photons that went through 
the pinhole. The calculated results are listed in Table 4-6, from which we see that conical 
mirrors have 6 to 7 times higher detection efficiency than the pyramidal mirrors, which 
demonstrates the advantage of high measurement sensitivity of the conical mirror 
configuration that is a superior choice of mirror for FMT imaging systems.  

 

 
Figure 4.11: The percentages of the multiple reflected photons for the two-side mirror 
configurations with different mirror distances D. 

Table 4-6: Detection efficiencies of conical mirror and pyramidal flat mirrors. 

 

 

 

 

 

 

Conical Mirror Pyramid Flat Mirrors 

R = 20 mm 𝐑 = 𝟓𝟎 𝐦𝐦 R = 30 mm R = 50 mm 

Detection efficiency 0.003458% 0.003528% 0.000557% 0.000492% 

 

4.3.4. Optimized mirror design 

The optimized mirror configurations of the conical mirror, pyramidal mirror and two-
side mirror are selected to have negligible multiple reflected photons and 𝑟𝑒𝑥 . The 
optimized conical mirror has a small aperture with a radius of 50 mm and a length of 40 
mm, as shown in Figure 4.12 (a). Its multiple reflected photon ratio is less than 0.1%. The 
calculated 𝑟𝑒𝑥 at different source position are less than 0.0001%.   

The optimized pyramidal mirror is plotted in Figure 4.12 (b) with the small aperture 
radius of 60 mm and the length of 100 mm. The multiple reflected photon ratio is smaller 
than 0.1%.  

For the two-side mirror configuration, the optimized design has minimum distance of 
50 mm between two mirrors so that its multiple reflected photon ratio is less than 1%, 
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which is negligible when we measure the emission photons from two side surfaces. The 
optimized design of the two-side mirror configuration is shown in Figure 4.12 (c). 

                           

                                          (a)                                              (b)                                                                    

                                    

                                                                        (c) 

Figure 4.12: The optimized design of (a) the conical mirror, (b) the pyramid mirror and (c) 
the 2-side mirror for biomedical optical imaging system. 

 

4.3.5. Phantom experiment results 

The phantom experiment results are shown in Figure 4.13. Figure 4.13 (a) shows the 
microCT reconstruction images. Figure 4.13 (b) and (c) plot the reconstructed FMT images 
with the optimized conical mirror and the non-optimized conical mirror, respectively. Each 
circle in the images indicates one cross section of the reconstruction images at z = 0 mm 
to z = 80 mm with a step size of 5.3 mm. It is clear to see that both FMT targets have been 
reconstructed successfully in Figure 4.13 (b) and (c). However, Figure 4.13 (c) has more 
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noises than Figure 4.13 (b), which may come from the multiple reflected photons. Also we 
calculate and list the image metrics volume ratio (VR) and dice ratio (Dice) as introduced 
in section 1.3.5 in Table 4-7, from which we can see that the results in Figure 4.13 (b) have 
higher metrics than (c), which means the optimized conical mirror improves the FMT 
reconstruction accuracy. 

   
(a)                                    (b)                                           (c)  

Figure 4.13: (a) MicroCT images of the phantom. (b) Reconstructed FMT images of 
phantoms with the optimized conical mirror and (c) with the non-optimized conical mirror. 

Table 4-7: Evaluation metrics of FMT phantom experiments. 

 

 

 

 

 

     VR Dice 

Optimized conical mirror 0.6779 

0.2855 

0.3655 

Non-optimized conical mirror 0.2910 

 

4.4. Conclusions and discussions 

With the method of Monte Carlo simulations, we studied systematically the effects of 
multiple reflection photons of different mirror configurations for biomedical optical 
imaging systems. Single conical mirrors with different small aperture sizes and lengths 
were simulated, as well as pyramidal mirrors. Dual-cone mirrors don’t suffer from the 
multiple reflection issues, however this configuration introduces complexity to the imaging 
system. Our simulation results show that an optimized single conical mirror is able to get 
rid of the undesired multiple reflected photons while keep the imaging system simple. 

We performed primary and secondary Monte Carlo simulations for both excitation and 
emission wavelengths and obtained the ratio 𝑟𝑒𝑥, which evaluated how many excitation 
photons passing the targets were from the reflected photons, and another ratio 𝑟𝑒𝑚, which 
indicated how many emission photons measured by the detectors were due to the multiple 
reflection. From the simulation results we concluded that the optimized conical mirror has 
a small aperture radius of 50 mm and a mirror length of 40 mm, and this single conical 
mirror system can minimize the multiple reflection effects while maintain the simplicity of 
the FMT imaging system. To validate our simulations, we fabricated a conical mirror with 
the optimized size, and performed cylindrical phantom experiments with both the 
optimized and non-optimized conical mirrors using the same FMT imaging system. 
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Phantom experiment results show that the optimized conical mirror is able to reduce the 
noise in the reconstructed FMT images, and the reconstruction accuracy can be improved 
as well.   

Our simulations of the pyramidal mirrors indicate that when the mirrors were located 
far away from each other, the multiple reflection photon ratio decreased, which resulted in 
less photon collection efficiency than that of the conical mirrors. Our simulation results 
show that the collection efficiencies of conical mirrors are 6 times higher than the 
pyramidal mirrors, which proves the advantage of conical mirrors. Another advantage of 
the conical mirror is the straightforward mapping of surface measurements to the finite 
element nodes. We believe that the single conical mirror configuration is a better choice 
than the pyramidal mirror in biomedical optical imaging, especially after optimization with 
negligible multiple reflected photon ratio.  

Our Monte Carlo simulations gave us a hint on how to improve the biomedical optical 
imaging system performance. FMT imaging is a typical example. Our primary and 
secondary Monte Carlo simulations demonstrate that the 𝑟𝑒𝑥  increases a lot when the 
excitation position is far away from the target, which means that such measurements in 
FMT should be prevented. For the two-side mirror configuration, which is usually used in 
CLT or BOT, the two-side mirrors should be placed with a distance of more than 50 mm 
for better quantitative accuracy.  

The future work includes testing the optimized conical mirror imaging system with ex 

vivo and in vivo mice experiments.  
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Chapter 5                                                    

Euthanized mice experiments 

5.1. Introduction 

FMT is a promising imaging modality which can reconstruct the 3D distribution of 
fluorophore inside small animal tissues. To validate the FMT imaging system developed 
and optimized in our lab with small animals, we performed several experiments with 
euthanized mice. During the mice study we found that the autofluorescence of mice skin is 
very strong with the illumination of 643 nm laser, which introduces significant errors to 
the reconstruction results. To solve this issue, we tried FMT reconstruction with anatomical 
guidance and dimixing method. The demixing method separates the fluorescent target 
signals from the autofluorescence signals from mice skin. The reconstruction results show 
that both methods work well with the conical mirror based FMT imaging system. 

The prior information can be extracted from anatomical images or good functional 
images. Anatomical guidance such as CT [167] and MRI [168] can provide high resolution 
information of the target’s position and shape so that the target can be reconstructed with 
higher accuracy. Functional guidance such as DOT [169] can provide more accurate optical 
property distribution to the FMT forward modeling so that it helps to improve the 
reconstruction accuracy of the fluorescent target. The functional guidance from PET [57] 
imaging has been validated to improve the resolution of FMT results as well. In our study, 
we used anatomical images obtained from a lab-built MicroCT imaging system as the 
anatomical guidance. 

Demixing method is used to identify different fluorescent probes inside bulk tissues 
[170]. As different types of fluorescent probes have different spectral signatures, the 
emission photons of each fluorescent target at a specific emission wavelength can be 
separated from other fluorescent targets by the demixing method. The targets can then be 
reconstructed from respective “demixed” measurements. During our experiment, we found 
that the mice skin autofluorescence has a separable emission spectrum with Cy5, which is 
the fluorescent dye filled in capillary tubes as fluorescent targets, at the emission 
wavelengths of 720 nm, 740 nm, 760 nm and 780 nm. So, we employed the dimixing 
method to separate the measurements of the fluorescent dye from the mice skin 
autofluorescence. 

This chapter is organized as follows. In section 5.2, we introduce the mice and target 
preparation, FMT and MicroCT imaging systems, FMT reconstruction with the soft prior 
method and the demixing method. Section 5.3 shows reconstruction results of the 
euthanized mice experiments. Section 5.4 concludes this chapter. 
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5.2. Methodology 

5.2.1. Mice preparation, FMT and MicroCT imaging systems 

We used nude mice which are around 55 mm long (from the neck to the tail) with a 
weight of around 30 grams. The mice were euthanized by CO2 with the help from the 
Department of Animal Research Services (DARS), UC Merced. The fluorescent targets are 
capillary tubes filled with 40 μM Cy5 dye solution. The lengths of the targets were 15 to 
20 mm. Figure 5.1 (a) shows the picture of one mouse and the fluorescent capillary tube 
target. After the mice were euthanized, the capillary tubes were inserted into the mice to 
the abdomen area through the esophagus. 

For the FMT scan, we used the optimized conical mirror developed in Chapter 4, which 
has a small aperture radius of 50 mm and a length of 40 mm. The picture of the FMT 
imaging system can be found in Figure 4.6. The mice were put on a transparent support 
tube, which was cut in half, so the top surface of the mice can be scanned by the two pairs 
of pico-projector and webcam for the mouse geometry. Figure 5.1 (b) shows the photo of 
one mouse illuminated by a pico-projector for the surface scan. After the surface scan, the 
mice were translated into the center of the conical mirror by the linear stage for the FMT 
scan. 

 

                   
(a)                                                                 (b) 

Figure 5.1: (a) Photo of the nude mouse and the fluorescent target (the blue bar at the 
bottom of the picture). (b) The mouse illuminated by the pico-projector for the surface 
scan. 

After the mouse geometry was obtained, the Digiwarp method described in section 
3.2.6 was implemented to warp the FEM mesh of a standard digital mouse into the obtained 
mouse geometry. The FEM mesh has 21,369 nodes, 29,442 faces and 85,155 elements. In 
the forward modeling, we assumed the absorption coefficient 𝜇𝑎 and reduced scattering 
coefficient 𝜇𝑠′  of the mice tissue are homogeneous at the excitation wavelength of 643 nm 
and emission wavelength of 720 nm [171].   

In Chapter 4 we used the line laser to scan the phantom surface, which covers the target 
area efficiently and reduces the measurement time. In the mice study, however, the line 
laser may introduce strong autofluorescence signal from the mice skin as the line laser 
illuminates a much larger area of the mice surface than the point laser.  Because of this 
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reason, in addition to the line laser scan, we also performed point laser scan to avoid the 
strong autofluorescence from the mice skin. As the dynamic range of the measurement was 
reduced by the bright autofluorescence signal, we performed transmission mode 
measurement as introduced in section 2.2.4 to improve the dynamic range. In this study, 
we used 30 line laser positions and 48 point laser positions for each FMT scan. 

To acquire the prior information and further validate the FMT reconstruction results, 
we used the lab-built MicroCT imaging system to obtain anatomical images. 180 
projections were obtained with the x-ray tube settings of 50 kVp and 0.5 mA. The CT 
images were reconstructed by the filtered backprojection method and have a voxel size of 
0.15 mm. The fluorescent target position as well as the mice surface were extracted from 
the CT images by threshold segmentation. The mice geometry reconstructed from CT 
images was rotated and translated to match the mice geometry obtained with the two pairs 
of pico-projector and webcam, thus the target extracted from CT images was located 
correctly in the conical mirror coordinate system and could be used as the prior information 
for the FMT reconstruction.  

5.2.2. FMT reconstruction with anatomical guidance 

When the anatomical image is available, we may use the soft prior method to guide 
FMT reconstruction. For the soft prior method, the finite element nodes are grouped into 
regions based on the anatomical information. “Soft prior” refers to a soft constraint to the 
reconstruction process. Other than the hard prior method, soft prior doesn’t require the 
property to be reconstructed for each node in the same region to be constant. Instead, each 
node in the same region is updated independently [172, 173]. Soft prior performs more 
robustly than hard prior when errors of the structural guidance exist [174], for example, 
false target size or false-positive guidance. In this study, two regions are extracted from the 
MicroCT images: the target region and normal tissue region. For the reconstruction, the 
objective function of Eq. 1.5 is revised as [166]: 

                                        2 2

2 2

0

1
min ( ) :

2 L Lx
A L


    x x x b x      (5.1) 

where L∈ 𝑅𝑁𝑛×𝑁𝑛  is the regularization matrix, or “filter” matrix with 𝑁𝑛 the total finite 
element node number. L is a diagonal matrix with all the elements on the diagonal equal 
1. Each element of the matrix L can be obtained as [172]:    

   
                                        (5.2) 

    

The L matrix described in Eq. 5.2 is a Laplacian-type matrix. The matrix 𝐿𝑇𝐿 works as a 
second-order Laplacian smoothing operator within each region, but it restricts the 
smoothing effect between different regions [173]. Eq. 5.1 can then be solved using the 
MM algorithm as described in section 1.3.4.3. 
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5.2.3. Demixing method to separate the fluorescent target signal from 

the autofluorescence signal of mice skin 

When there is more than one type of fluorophore in the scanned object, the 
measurement is a linear combination of the emission photons of each fluorophore. During 
the multiple emission wavelengths measurement, for the kth source-detector pair, the 
measurement 𝑚𝑘 can be described as [170, 175]: 
                                                       𝑚𝑘  =  𝑆𝑎𝑘  +  𝑛    (5.3) 

where S = [S1, S2, … SF] is the emission spectrum of each fluorophore, 𝑎𝑘 = [𝑎𝑘,1, 𝑎𝑘,2 . . .  𝑎𝑘,𝐹]T includes the combining coefficients, and n is the measuring noise.  

In this study, we have two types of fluorophores: the Cy 5 dye in the capillary tubes 
and the autofluorescence from the mice skin, so F = 2 in this study, and S = [S1, S2] where 
S1 is the spectrum of the Cy5 target and S2 is the spectrum of the mice skin. Then we 
measured the emission spectrums at 720 nm, 740 nm, 760 nm and 780 nm of these two 
types of fluorophores with the illumination of 643 nm laser. For the Cy 5 target, we 
measured the emission photon intensity at the four emission wavelengths when the 
capillary tube filled with Cy 5 solution was illuminated by the 643 nm laser directly. For 
the mice skin, we projected the 643 nm laser onto the mice surface when there was no Cy 
5 target inside the mice body and measured the emission photon intensity at the four 
emission wavelengths. All measurements were normalized to form the matrix S, which is 
4⨯2 in this study. 𝑚𝑘 is a 4⨯1 vector which contains the measurements of the kth source-
detector pair at the four emission wavelengths, and 𝑎𝑘 = [𝑎𝑘,1, 𝑎𝑘,2]T, a 2⨯1 vector, is 

solved by the “lsqnonneg” function in Matlab, where 𝑎𝑘,1 and 𝑎𝑘,2 are the combining 
coefficients of the Cy5 target and mice skin, respectively. Then the measurements from the 
Cy5 target only is differentiated as 
                                                          𝑚𝑘,1  =  𝑆1𝑎𝑘,1  (5.4) 

5.3. Experimental results 

5.3.1. FMT reconstruction results with and without soft prior 

The ground truth as well as FMT reconstruction results are plotted in Figure 5.2. In this 
case we used both the point laser and line laser, and reconstructed the FMT images with 
and without the soft prior. The overlaid FMT and CT images of the ground truth and each 
FMT reconstruction result are shown from Figure 5.3 to Figure 5.5, respectively. The 
transverse, coronal and sagittal sections of the FMT reconstruction results are overlaid with 
the grey-scale CT images for comparison. The red line plots the mouse boundary of the 
FEM mesh from the pico-projector and webcam pairs and the Digiwarp method. We can 
observe that the fluorescent target cannot be reconstructed without the structural guidance 
for either the point or the line laser illumination pattern. This is probably due to the strong 
autofluorescence of the mice skin. With the structural guidance for both the point laser and 
the line laser, the reconstructed targets are consistent with the CT result, while the 
reconstructed fluorophore distribution is more evenly for the line laser. The reconstruction 
evaluation metrics, which are introduced in section 1.3.5, are listed in Table 5-1. The 
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metrics are calculated with a threshold of 10% of the maximum reconstructed value. From 
Table 5-1 we see that the reconstructed FMT images of the line laser with soft prior has 
VR and Dice values closer to 1, and has higher CNR and lower MSE than the reconstructed 
FMT images of the point laser, which further validated the advantage of the line laser. This 
experiment shows that though line laser may introduce stronger autofluorescence effect, it 
still can obtain better reconstruction results with the help of soft prior, and it requires less 
measurement time. 

    
            (a)                                               (b)                                          (c) 

 
                    (d)                                            (e) 
Figure 5.2: (a) The ground truth, (b) and (c) the reconstruction results without soft prior of 
point laser and line laser, respectively, (d) and (e) the reconstruction results with soft prior 
of point laser and line laser, respectively. 

                                  

                                (a)                                (b)                            (c) 
Figure 5.3: (a) Transverse, (b) coronal, and (c) sagittal sections of the overlaid FMT 
ground truth (rainbow) and CT (gray) images. The red line plots the FMT image 
boundary. The arrows indicate the plotted section position.        
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                                (a)                                (b)                            (c) 

Figure 5.4: (a) Transverse, (b) coronal, and (c) sagittal sections of the overlaid FMT 
(rainbow) and CT (gray) images. A point laser was used for excitation. Soft prior was 
utilized. The red line plots the FMT image boundary. The arrows indicate the plotted 
section position.       

                      
                            (a)                                (b)                                   (c) 

Figure 5.5: (a) Transverse, (b) coronal, and (c) sagittal sections of the overlaid FMT 
(rainbow) and CT (gray) images. A line laser was used for excitation. Soft prior was 
utilized. The red line plots the FMT image boundary. The arrows indicate the plotted 
section position. 
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5.3.2. FMT reconstruction results with the demixing method 

The emission spectrums (the matrix S in Eq. 5.3) measured for the Cy 5 target and the 
mice skin with the illumination of 650 nm laser are plotted in Figure 5.6, from which we 
see that they are easily differentiated from each other. As the numbers of measured photons 
from the mice skin are relatively small compared with those from the target which was 
directly illuminated by the laser, the plots shown in Figure 5.6 reflect the logarithms of the 
normalized numbers for an easier observation. 

 
Table 5-1: Evaluation metrics of FMT reconstruction results with and without soft prior      

 VR Dice CNR MSE 

Point laser (no soft prior) 0.2088 0 23.7377 0.0054 

Line laser (no soft prior) 0.0769 0 39.6273 0.0052 

Point laser (with soft prior) 0.5531 0.6808 16.0528 0.0028 

Line laser (with soft prior) 0.6440 0.7805 16.0808 0.0022 

 

 

Figure 5.6: The emission spectrums of the Cy 5 target and the mice skin. 

After the combination parameters 𝑎𝑘 were obtained for each source-detector pair, we 
were able to separate the emission photons of the Cy5 target from the measurements. We 
tried to reconstruct the target with non-demixed 720 measurements and demixed 720 nm 
measurements, and for the latter, we did reconstruction with and without the soft prior. The 
reconstruction results as well as the ground truth extracted from CT images are plotted in 
Figure 5.7. From Figure 5.7 (b) we see that even without the demixing method, the target 
can be reconstructed at the correct position at some cross sections of the mouse. This is 
probably because the target in this case is superficial and the fluorescence signals from the 
target were much larger than the autofluorescence signals. The reconstruction results were 
slightly improved with the demixing method, as shown in Figure 5.7 (c), while the 
reconstructed target size is smaller than the real target size. With the soft prior guidance, 
target’s position and volume can be reconstructed precisely, as shown in Figure 5.7 (d). 
The ground truth images of FMT and CT images are plotted in Figure 5.8. And the 
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reconstructed FMT images and CT images are overlaid and plotted in Figure 5.9 for the 
method without the demixing method and without the soft prior method, in Figure 5.10 for 
the method with the demixing and without the soft prior, and in Figure 5.11 for the method 
both with the demixing and with the soft prior. From these figures, we observe that the 
demixing method and the softprior method have improved the FMT reconstruction 
substantially. 

                        
                               (a)                                           (b)                                   

                 
       (c)                                           (d) 

Figure 5.7: (a) The ground truth, (b) the reconstruction results of non-demixed 720 nm 
measurements, (c) the reconstruction results of demixed 720 nm measurements without 
and (d) with soft prior information. 

                        

                       (a)                                (b)                                   (c) 
Figure 5.8: (a) Transverse, (b) coronal, and (c) sagittal sections of the overlaid FMT 
ground truth (rainbow) and CT (gray) images. The red line plots the FMT image 
boundary. The arrows indicate the plotted section position.     
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                       (a)                                (b)                                   (c) 
Figure 5.9: (a) Transverse, (b) coronal, and (c) sagittal sections of the overlaid FMT 
(rainbow) and CT (gray) images. The FMT images were reconstructed from the 720 nm 
measurement without demixing and without soft prior. The red line plots the FMT image 
boundary. The arrows indicate the plotted section position.     

 

                       

                       (a)                                (b)                                   (c) 
Figure 5.10: (a) Transverse, (b) coronal, and (c) sagittal sections of the overlaid FMT 
(rainbow) and CT (gray) images. The FMT images were reconstructed with demixing and 
without soft prior. The red line plots the FMT image boundary. The arrows indicate the 
plotted section position.     
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                        (a)                                (b)                                   (c) 

Figure 5.11: (a) Transverse, (b) coronal, and (c) sagittal sections of the overlaid FMT 
(rainbow) and CT (gray) images. The FMT images were reconstructed with demixing and 
soft prior. The red line plots the FMT image boundary. The arrows indicate the plotted 
section position. 

The reconstruction evaluation metrics are listed in Table 5-2. The metrics are calculated 
with a threshold of 10% of the maximum reconstructed value. From Table 5-2 we see that 
the reconstruction results with the demixing and the soft prior has the best metrics, as it has 
the highest Dice and CNR and lowest MSE. The reconstruction results using the non-
demixed 720 nm measurements has worse metrics than the results using the demixed 720 
nm measurements, which proves the effectiveness of the demixing method.  
     

Table 5-2: Evaluation metrics of FMT reconstruction results  

 VR Dice CNR MSE 

No demixing, no soft prior 0.2731 0.0767 39.3667 0.0016 

With demixing, no soft prior 0.6079 0.0958 23.9721 0.0016 

With demixing, with soft prior 0.5545 0.7115 29.6268 0.0007 

 

5.4. Conclusion and discussion 

In this study, we performed euthanized mice experiments with two mice. For the first 
mouse, we performed experiments with a point laser and a line laser, and compared the 
reconstruction results both with and without the soft prior. For the second mouse, we 
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performed measurements with four emission wavelengths and implemented demixing 
method to reduce the effects of autofluorescence from the mice skin. 

From the results we can observe that better reconstruction results can be obtained with 
the line laser. However, as strong autofluorescence were observed, and the measured 
emission photon numbers were very small so that the soft prior is necessary to have 
accurate reconstruction results. The demixing method can be adopted to reduce the 
autofluorescence from the mice skin, but it demands much longer the measurement time. 

We observed strong autofluorescence from the mice skin during the experiments. 
According to the references [176, 177, 178], the autofluorescence of mice tissue at 643 nm 
is stronger than at a longer wavelength. Also in other animal studies, lasers at 750 nm [167] 
or 785 nm [57] were used to illuminate the animal surface, which indicates it’s more 
suitable to use a laser with a longer wavelength for animal studies. In the reference [179], 
a 690 nm laser diode was used in ex vivo and in vivo experiments, while the discussion 
section shows that a wavelength longer than 750 nm should be used for excitation to reduce 
autofluorescence. To test the influence of the wavelength to autofluorescence, we measured 
the emission photon intensity of the mice skin when illuminated with the 643 nm and 785 
nm point lasers. For the 643 nm laser, a 695 nm long pass filter and a 720 nm band pass 
filter were used to select the emission photons. For the 785 nm laser, a 780 nm long pass 
filter and an 820 nm band pass filter were used. After normalization with the exposure 
times, the emission photon intensity of the 643 nm laser appears to be 556 times higher 
than the 785 nm laser, which proves that the mice skin has much weaker autofluorescence 
when illuminated with the 785 nm laser. However, we haven’t been able to replace the 643 
nm laser in the FMT imaging system with the 785 nm laser, as the rotary scanning scheme 
requires special design of the laser. In the future, a 785 nm laser with proper design will be 
incorporated into the FMT imaging system, and the Cy5 dye will be substituted by the ICG 
dye which has an excitation wavelength of 780 nm. 

From our reconstruction results, we can easily observe that structural priors can 
improve the reconstruction results significantly. In the future, we may consider combining 
the FMT imaging system with the MicroCT system to make the co-registration between 
the FMT and MicroCT imaging systems accurate and convenient, so that the CT images 
can guide the FMT reconstruction precisely and conveniently. 
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Chapter 6                                          

Conclusions and future study 

 

FMT is a novel imaging modality which can reconstruct the 3D fluorescence agent 
distribution inside small animals. It is a functional imaging modality which provides the 
biological and metabolism information inside small animals and has been widely used for 
cancer detection, drug delivery study, tumor treatment monitoring and so on. FMT has 
received a lot of attention in recent years because of its advantages of high contrast, high 
sensitivity, non-ironized radiation, low cost and wide availability of fluorescence agents. 

In this dissertation, the prototype FMT imaging system developed in our lab is studied 
systemically and is optimized to improve its performance.  In order to overcome the defect 
of long scanning time of the point laser, a rotational scheme with a line laser is used to scan 
the object surface sequentially. By doing this, the position of the line laser can be 
conveniently controlled, and the required number of laser position is reduced to 30, which 
decreases the scanning time significantly. One FMT scan can be completed within 7 to 8 
minutes after the optimization. Different measurement modes have been investigated with 
the conical mirror-based FMT imaging system. The transmission and reflection measuring 
modes are implemented by blocking half of the aperture of the rotary scheme. The design 
of the rotary scheme provides convenient switch among different measurement modes. To 
improve the dynamic range of the reflection mode and the whole surface measurement, 
ND filters are applied as well. Phantom experiments prove the feasibility of the line laser 
and the rotational stage. 

A novel mouse shape geometry extraction method followed by an easy mesh generation 
method is introduced. The mouse shape is obtained from phase-shifting method with a pair 
of pico-projector and webcam. Theoretically only 3 fringe patterns are needed for 
extracting the mouse geometry. However, to deal with the non-linear property of the pico-
projector, we increase the fringe pattern number to 9. To obtain a whole-body geometry, 
two pairs of pico-projector and webcam are installed to illuminate and view the top and 
two sides of the object. Only 20 pictures are needed, 2 of which are the centerline pictures. 
This method requires much less pictures than other surface extraction methods. This 
method achieves an accuracy of 0.5 mm. Followed by the Digiwarp method, a mesh with 
the object mouse geometry can be generated easily. The Digiwarp method is to warp a 
standard digital mouse mesh into the shape of the object mouse, so we can avoid the 
challenging mesh generation process with Tetgen. A mouse-shaped phantom experiment 
validates that the proposed method works well and is easy to be implemented. 

We have also studied the multiple reflection effects of the conical mirror. Based on a 
cylindrical phantom, a multiple reflection map is generated and used as a weight matrix in 
the Monte Carlo simulation which models the photon propagation inside tissues. A ratio is 
calculated to evaluate the effects of reflected photons for both the excitation and emission 
photons. For different conical mirror design, the ratios are different. As we want to reduce 
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the multiple reflection effect, smaller ratios are desired. After careful investigation, we 
found that the optimized size of the conical mirror is 50 mm of the small aperture radius 
and 40 mm of the mirror length. The effects of the multiple reflected photons of this design 
is less than 0.01% for both excitation and emission wavelengths. We have also fabricated 
a new conical mirror according to the optimized design and performed phantom 
experiments with both the optimized and non-optimized conical mirrors. The 
reconstruction result from the non-optimized conical mirror has more noises. The 
evaluation metrics VR and Dice also prove that the results from the optimized conical 
mirror have better quality. 

We then performed euthanized mice studies to prove the optimized FMT imaging 
system. To reduce the effect of autofluorescence, we compared a point laser which covers 
a smaller area on the mice surface with the line laser. Also, the transmission mode other 
than the reflection mode or whole surface measurement is more suitable for this case when 
the strong autofluorescence is observed. Moreover, spectrum demixing method was 
adopted with the measurements at four emission wavelengths of 720 nm, 740 nm, 760 nm 
and 780 nm. The demixed method can separate the fluorescent measurements from the 
autofluorescent signals. Structural guidance obtained from MicroCT images were used to 
guide FMT reconstructions. Our mice experiment results show that the line laser has better 
performance than the point laser. The demixing method can help improve the 
reconstruction results slightly for this study when the target was superficial. The utilization 
of the soft prior improved the FMT reconstruction results significantly. 

In the future, we will utilize an excitation laser at a wavelength of 780 nm into the FMT 
imaging system to replace the current excitation laser at the wavelength of 643 nm. As 
discussed in section 5.4, the autofluorescence from mice skin becomes much weaker when 
excited by lasers at longer wavelengths. The desired laser will be designed to fit into the 
FMT’s rotary scanning scheme and to have a long cable that can be held inside the cable 
chain. With the new laser, the fluorescent dye of ICG will be a good molecular candidate 
because it has the excitation wavelength peak at 780 nm. Then, we have to use a long pass 
filter of 830 nm (830FG07-50) to minimize the excitation spillover. Finally, the emission 
bandpass filters will be replaced too for multispectral measurements at the emission 
wavelength range from 840 nm to 940 nm.  

In addition, we will control the FMT imaging system with a lab-made C++ code to 
perform the FMT scan automatically. Currently it takes 7 to 8 minutes to perform one FMT 
scan with 30 line laser positions. It is possible to reduce the scan time by half with the 
automatic control. The challenge in the automatic control is the calculation of the exposure 
time for each excitation position due to the large dynamic range of the measurements. In 
current experiment, we adjusted the exposure time manually for each excitation-emission 
pair so that maximum photons can be acquired without any saturation in the EMCCD 
camera. Usually the exposure time is no longer than 10 seconds to avoid a long scan time.  

Furthermore, we will combine the FMT system and a microCT system together so that 
we can use the anatomical information extracted from CT images to guide the FMT 
reconstruction precisely and conveniently. Currently our FMT imaging system and the 
microCT system are located in two different rooms. After one FMT scan, we shipped the 
mice with their stage to the microCT scanner. Then we need to perform the coregistration 
for each scanned object, which is inconvenient and might be inaccurate if the shape of the 
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scanned mice was changed during the transportation between the two imaging systems. In 
a combined FMT-CT imaging system, however, the coregistration is straightforward 
because two scans share the same field of view. And the mice will be placed in the same 
stage for both FMT and CT scan to eliminate the potential shape change of mice.  

Finally, we will perform in vivo mice experiments to validate the optimized FMT 
imaging system in the future. We will purchase female nude mice of 6-8 weeks and use 
subcutaneous xenograft model of ovarian cancer. All the operations will follow the 
Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) 
guidelines. We will inject 2 million SKOV3 ovarian cancer cells in a 100 μL of mixture of 
phosphate-buffered saline (PBS) and Matrigel subcutaneously into the right flank of the 
mice. 100 µL of crosslinked telodendrimer based micelles labeled with ICG [180] will be 
intravenously injected. The micelles will target SKOV3 tumor by enhance permeability 
retention (EPR) effect. After the mice are anesthetized with 2% isofluraneit, they will be 
put on the transparent tube and the mice surface will be scanned by the pico-projector and 
camera firstly. Then the mice will be transferred into the center of the conical mirror for 
FMT imaging. MicroCT imaging will be performed afterwards to provide the ground truth 
and prior information. 
. 
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