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A novel method for quantitative fluorescence molecular tomography (FMT) is 

developed in this thesis research, including image reconstruction algorithms and 

imaging hardware. Numerical simulations and phantom experiments are performed to 

test and validate the implemented reconstruction software and experimental system. 

Both macro- and meso-scale animal experiments are conducted to  evaluate the 

developed quantitative FMT method. 

 The image reconstruction algorithms are implemented in the framework of finite 

element method, while the experimental system is constructed using a non-contact, 

multi-angle transmission scheme. Shape-from-silhouette based volume carving 

approach is used to render the 3D models of the actual samples. With a free-space light 

propagation model, the readout from the CCD is converted into the photon density 

normal to sample surface in order to match the model-based tomographic 

reconstruction. 

Depending on the sample size, light propagation in biological tissue is described 

with two different models. For macro-scale objects, a diffusion equation based FMT 
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reconstruction algorithm is implemented. For meso-scale objects, a radiative transfer 

equation (RTE) based FMT reconstruction algorithm is adopted. In particular, diffuse 

optical tomography (DOT) guided FMT reconstruction method is developed to improve 

the quantification of image reconstruction. The method utilizes measurements at both 

the excitation and emission wavelengths to reconstruct fluorophore absorption 

coefficient, the absorption coefficient, and the reduced scattering coefficient in turbid 

media. Simulations and phantom experiments using targets containing indocyanine 

green (ICG) indicate that with the optical property distribution reconstructed by DOT, the 

qualitative and quantitative accuracy of the recovered fluorophore absorption coefficient 

is improved significantly over that without such a priori knowledge. 

The applications are demonstrated using both macro- and meso-scale animals. 

The macro-scale animal experiments are conducted using a mouse model containing a 

near-infrared (NIR) fluorophore-magnetic nanoparticle hybrid probe which allows the 

studies of tumor cell quantification andaffinity. The meso-scale animal experiments are 

performed using a Drosophila pupae model for dynamic monitoring of the red 

fluorescent protein (DsRed) reporter. The DsRed is an indicator of stem cell stress-

induced death events in Drosophila pupae. The in vivo FMT results obtained are cross-

validated with fluorescence and confocal microscopy using in vitro samples. 

The recontructed  results presented suggest that the DOT guided FMT method 

described in this thesis provides a promising noninvasive tool for in vivo quantitative 

tomographic molecular imaging.
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CHAPTER 1 
INTRODUCTION 

Fluorescent molecules are extremely valuable tools in biological research, 

preclinical study and clinical diagnosis. Fluorescence can be used to analyze the 

regulation and expression of genes, to locate proteins in cells and tissues, to follow 

metabolic pathways, to map the tumor, to reveal neuron activity and to study the 

location, migration, communication of cells. Fluorescence molecular tomography (FMT), 

as a novel method to obtain in vivo information of fluorescent probe in whole-body small 

animals under natural state instead of cells in culture dishes and slides, has transferred 

from pure numerical simulations to a fast evolving approach for real in vivo experiments 

and preclinical applications in the past ten years. Thanks to extensive fluorescent probe 

research, new signal acquisition techniques and its unique in vivo depth penetration 

compared to traditional widely-used in vitro florescence microscope, FMT receives more 

and more attentions and becomes a promising tool for small animal imaging.1-5 Pilot 

clinical research using indocyanine green (ICG) for the breast cancer diagnosis and 

brain blood volume monitor have also been reported.6, 7 

Principle of Fluorescence 

Different from incandescence resulted from high temperature, fluorescence is 

induced by excitation light instead and produces very little heat. For this reason 

fluorescence has also been referred to as "cold light" with exterior excitation. 

Bioluminescence, which is self emitting and requires no exterior excitation, is another 

well known “cold light”. 

In the standard model of molecules, the electrons occupy orbits and energy levels. 

A molecule that absorbs light will result in that electrons are moved into a higher energy 
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orbit states. All these excited electronic states are unstable, and later the electrons will 

lose absorbed energy and fall back to lower energy states. Most absorbed energy is 

transferred to heat in form of vibrations within the molecule, but a small portion of 

electrons emit part of the absorbed energy as photons. These emitted photons are so 

called fluorescence. 

Fluorescent Dye 

Recently, bio-compatible fluorophore in the visible and near-infrared spectral 

bands have been developed with stunning speed: organic dyes such as carbocyanines, 

fluorescein derivatives and tetrapyrroles,  inorganic molecules including lanthanide 

chelates, various artificial made inorganic quantum dots, hairpin shaped oligonucleotide 

molecular beacons , protein fluorescent dye (YFP,GFP, DsRed derivatives etc) and so 

on. Especially, quantum dots, the artificially made inorganic semiconductor crystal, 

recently receives increased attention as tunable fluorophores, because their emission 

spectra can be tweaked by design the size of the nanocrystal, and can be excited using 

a monochromatic source while provide desired spectrum of emission. Study also shows 

quantum dots can increase anisotropy factor contrast as well.8 Moreover, most 

fluorophore can be bound into any desired carrier such as ligand, aptamer, 

nanoparticles and micro-bubbles to have desired function and enhanced specificity. 

Fluorescence Measurement 

On the other hand, advances in fluorescence sensing techniques and acquisition 

approach enable high quality non-invasively in vivo fluorescence imaging. 

Photomultiplier Tube (PMT), Photodiode and charge-coupled device (CCD) are three 

widely used light sensing techniques. Fluorescence acquisition techniques have also 

been evolved to new generations: confocal microscope, multi-photon microscope, time-
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correlated single photon counting (TCSPC), laser scanning microscopy, full spectrum 

filterless fluorescent microscope and planar fluorescence imaging systems. 

Sensing Devices 

PMT based systems have been widely used for past two decades and gradually 

been replaced by high performance photodiode based system in the last ten years. 

PMT is a high sensitive and high gain light detector providing current output directly 

proportional to light intensity. PMT is quite expensive and need careful maintenance: 

the vacuum in the PMT will degrade over time; the high voltage supply need regular 

checking as contaminants attracted to terminals can cause current leakage and failure. 

PMTs are susceptible to shocks and vibration and can be easily damaged by 

overexposure light. 

Photodiode is a semiconductor device containing a p-n structure for the detection 

of light. Light absorbed in the p-n structure generates a photocurrent. A Photodiode is a 

simple, robust, low cost, low voltage device and is less susceptible to shocks, 

movement and overexposure damages. Avalanche photodiode can also get high 

sensitive and quantum yield comparable to PMT, but it needs preamplifiers to obtain 

high gain and the detector area is usually 1mm*1mm which is much smaller than 

1cm*1cm of PMT. 

CCD becomes increasingly popular recently in optical imaging field to provide 

more boundary data and fast data acquisition time. Intensified CCD (ICCD) and 

Electron Multiplying CCD (EMCCD) are two major advancements for detect ultralow and 

ultrafast light signal. ICCD uses an image intensifier coupled to the CCD chip to 

increase the sensitivity down to single photon level and can capture nanosecond 

phenomena. Since readout and dark current noises are negligible, no cooling 



 

15 

component is needed for ICCDs. The image intensifier will bring distortion and amplify 

signal with high gain, so ICCD is only suitable to work at very low light. EMCCD 

technology is relative new and is introduced in 2000. EMCCDs unite the quantum 

efficiency of CCDs and the gain of ICCDs, so it can be used as a regular CCD or ICCD 

by controlling gain. The performance is depended on charge transfer and dark current 

noises, so EMCCDs must be strongly cooled (<-60° C) and milliseconds scale read out 

time is necessary for best performance. 

Data Acquisition Techniques  

Traditionally, biological fluorescence imaging has been performed in microscopy of 

in vitro specimens stained with fluorescent dyes. The rich biology information provided 

by fluorescent dyes has promoted the advance of microscope and in return is much 

better understood with unprecedented resolution and clarity. Microscopic techniques 

have also been applied in vivo to study skin or other exposed structures using confocal 

microscope, multiphoton microscope, Time-Correlated Single Photon Counting 

(TCSPC) Laser Scanning Microscopy and full spectrum filterless fluorescent 

microscope. However, these approaches are typically limited by the depth limit (50 – 

600um), and have been restricted to observe subsurface fluorescence. 

Confocal microscope enables the reconstruction of three-dimensional structures 

from the obtained photons of different focus depth by using a spatial pinhole to eliminate 

out-of-focus light from specimens. The increased resolution is at the cost of decreased 

signal intensity, so long exposures are often required. The imaging depth of confocal 

microscope is around 200 micrometers. 

Multiple-photon absorption requires less energy of each photon with longer wave 

length which can greatly decrease the scattering effect and increase penetration depth. 

http://en.wikipedia.org/wiki/Image�
http://en.wikipedia.org/wiki/Exposure_%28photography%29�
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The widely used multi-photon microscope is two photon fluorescent microscope (2PFM) 

which enhances the penetration depth and at the same time provides clarity image up to 

500um depth and allows imaging 1mm deeper regions for low scatting sample.9 Photo-

bleaching and photo-damage are limited to the focal region in 2PFM while in 1PFM the 

whole light path is affected. Although 2PFM has a lower resolution and requires special 

excitation lasers, it provides longer observation time, deeper tissue penetration, more 

efficient light detection and less phototoxicity. 

Hyperspectral fluorescence microscopy (HFM) is an emerging field based on 

hyperspectral or multispectral imaging concepts. HFM reveals fluorescence emission 

associated spectrum profile of biological samples for each pixel by using tunable optical 

filter like liquid crystal tunable filters (LCTF) or acousto-optic tunable filter (AOTF). The 

HFM has been used to differentiate the contributions of autofluorescence from 

exogenous fluorescent signals present in the sample and greatly increase signal/noise 

ratio. Wavelength scanning provides full spectrum information of fluorophore dye, while 

the extra scan time greatly decreases temporal resolution. Snapshot techniques have 

been developed for hyperspectral imaging to capture the spatial and spectral 

information simultaneously. 10  

The fluorescence lifetime is obtained by measurement of the time delays between 

the excitation pulse and the fluorescence photons. Time-Correlated Single Photon 

Counting (TCSPC) laser scanning microscope contains information on both the 

fluorescence lifetime and the fluorescent intensity for each pixel. The fluorescence 

lifetime is the average time the molecules remain in excited state before emitting a 

photon and can indicate fluorophore dynamic state under different environments. 

http://en.wikipedia.org/wiki/Phototoxicity�
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As a widely used tool for in vivo imaging of small animals, conventional planar 

fluorescence imaging systems create a two-dimensional fluorescence distribution 

projectional map.11-13  When signal is relative strong, the planar method can reveal 2D 

location of fluorophore in living small animal. However, it is difficult to recover the depth, 

size, and fluorophore concentration accurately from the projection images. 

Fluorescence Molecular Tomography (FMT) 

Fluorescence molecular tomography (FMT) can provide valuable in vivo 

information in living subjects with unparalleled depth penetration and accurate 3D 

localization.14 Unlike above described fluorescence measurement methods which 

usually imaging surface flourophore, fluorescence molecular tomography can image 

fluorophore up to 5 centimeter deep. FMT images are reconstructed by an optimization 

process to minimize the discrepancy between theoretic computation and measured 

boundary fluorescence intensity distributions. FMT can provide cross-sectional or full 

three-dimensional (3D) images. Recently, FMT gradually becomes a promising tool for 

small animal in vivo imaging in preclinical research. 1-5 FMT enables researchers to 

rapidly and easily obtain tomographic images of in vivo biomarkers with various 

advantages such as unprecedented depth penetration, no invasive via NIR light, whole-

body animal imaging and true quantification. Although quantitative accuracy and the 

resolution need further improvement, FMT is evolving with encouraging advances in 

resolution and quantitative accuracy. 

Theory and Algorithm 

Light propagation inside tissue is described based on scales of applications: 

Maxwell equations are the fundamental theory and are usually used at the microscale 

(micrometer) and scattering free situations; The radiative transport equation (RTE) is 
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the approximation of Maxwell equation under assumptions valid at the meso-scale 

(millimeter) with scattering and absorption heterogeneity; Diffusion equation is the 

approximation of RTE under assumptions valid at the macro-scale (centimeter). RTE 

can describe meso-scale and macro-scale, but from engineering point of view, it is 

impractical and unnecessary when diffusion approximate equation is accurate enough. 

Biological applications of fluorescence tomography are majorly in macro-scale like mice 

or rats, and extend recently in meso-scale samples as Drosophila pupae. 

 In radiative transport theory, the propagation of light through a biology tissue 

medium is formulated based on a conservation law that describes gains and losses of 

photons in different directions due to scattering and absorption. The diffusion 

approximation (DA) to the RTE is widely used in small animal applications due to its low 

computation cost and memory efficiency. The DA is valid when the reduced scattering 

coefficient is much larger than the absorption coefficient; the point of observation is far 

away from excitation source point. For both RTE and DA, the tomography algorithms 

are usually composed of two parts: forward problem and inverse problem.15 

Forward problem 

Forward Problem is to calculate light intensity distribution using known or 

assigned optical property distributions and light source. Forward solution is unique and 

accurate to predicate light intensity of any location on boundary or internal domain. 

Analytical modeling solution. Green's functions provide a method to solve the 

diffusion equation or the RTE analytically. The Green's function method is accurate 

when the source is a spatial and temporal function whose induced light distribution can 

be solved by convolution. Analytical solutions only exist and is practical for simple 

homogeneous regular shaped objects. 16 
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Statistical modeling techniques. Monte Carlo simulation-based modeling is the 

most commonly used statistical technique in optical tomography field and is often used 

as the “gold standard” to validate other techniques. Monte Carlo modeling uses a 

pseudo-random number generator to trace individual photon trajectories. Given enough 

photons, statistically valid propagation direction, photon diminish rule based on known 

absorption and reduced scatting coefficients, Monte Carlo modeling can reveal how 

many photons (light intensity) in any interested small volume region of the objects. 

Numerical techniques for complex geometries. Finite element method (FEM) is 

a general technique which can be applied to any geometry. FEM is very suitable to 

model arbitrarily shaped objects and was first introduced into optical tomography by 

Arridge et al.17,18 and later introduced to frequency domain fluorescence molecular 

tomography. 5 While FEM has become the standard method of choice for modeling 

complex domains in optical imaging, the finite difference method (FDM),19,20 finite 

volume method (FVM) 21and boundary element method (BEM) 22 have also been used 

in various applications. 

It is too computationally expensive to solve the RTE fully by numerical method in a 

practical application. The RTE can be solved using the PN approximation, 23 by 

expansion into a rotated spherical harmonic basis24 and by discrete ordinates 

approximation.25 Discrete ordinates approximation solves the full RTE on a regular grid 

using FDM , FVM or FEM by specifying discrete directions of light propagation. 

A priori information can greatly improve accuracy of forward problem. One 

big trend in FMT is to plug a priori anatomical information and optical property into the 

forward problem to improve quantification accuracy. A priori information can be obtained 
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from MRI, CT, photoacoustic tomography (PAT), DOT and anatomy structure. The a 

priori information and the FMT images should be acquired simultaneously for accurate 

image registration, but MRI, CT and PAT methods all will add extra cost and complicate 

FMT system even bring extra system error and comprise image quality. Although MRI 

CT and PAT can provide better resolution of anatomical structure, DOT method requires 

zero extra effort and cost for existing FMT system. In addition, it provides complete 

quantitative absorption and reduced scattering coefficient distribution as a priori 

information which can be directly plugged into FMT algorithm. 

Inverse problem 

Inverse problem is a procedure to use actual observations to reconstruct the value 

of the characterizing parameters in the system under a defined model. Inverse problem 

is much more difficult to solve than forward problem because: (1) different spatial values 

distribution of the model parameters can have same boundary signals; (2) recovering 

the values of the model parameters may require analysis of a huge parameter 

combinations which result in more unknown parameter than known boundary 

observation; (3) inverse problems are typically ill-posed. A little bit of variation in 

measurement boundary data due to noise will result in significant changes in the 

reconstructed images. To stabilize this process, regularization of original data is always 

added into the reconstruction procedure. How much regularization to add is usually 

experimentally determined by finding a best tradeoff between robust solution and 

minimum artifacts due to alteration of original data. Therefore, inverse problems only 

find one of best solution instead of the unique correct solution and the solving process 

usual becomes an optimization problem to find best probabilistic solution. Three 

reconstruction algorithms are widely used for FMT inverse problems. 

http://mathworld.wolfram.com/Optimization.html�
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Algebraic reconstruction technique (ART) The Algebraic Reconstruction 

Technique (ART) is an iterative algorithm for the reconstruction of a two-dimensional 

image from a series of one-dimensional angular projections, and the method is already 

successful used in medical Computed Tomography (CT) scanning. Normalized Born 

method is used to account for optical heterogeneities inside reconstruction domain. In 

this method the fluorescent signal of each project is normalized with excitation signal of 

same projection before ART, which simplify experiment because the position-dependent 

coupling factors are canceled out. One disadvantage of normalized Born is the lost of 

absolute quantitative information and physics unit due to the normalization process of 

raw data before reconstruction. In addition, ART based reconstruction simplifies the 

scattering effect of excitation and emission light. 26, 27 

Newton’s optimization method. In mathematics, Newton's method is a very 

efficient approach to find roots of equations in one or more dimensions. It can also be 

used to find local maxima and local minima of functions, as these extrema are the roots 

of the derivative functions. Based on a set of coupled diffusion equations that describe 

the propagation of both excitation and fluorescence emission light in highly scattering 

media, the reconstruction algorithm is centered on Newton’s iterative method where the 

update of variable is calculated based on Jacobian matrix consisting of the derivatives 

of boundary light intensity at each boundary observation node with respect to 

fluorescent yield or fluorescent lifetime. 5,28 Truncated Newton’s optimization scheme 

also demonstrated as a much faster method to handle large inverse problem.29, 30,33 

Bayesian framework probability based reconstruction. Bayesian estimation is 

an approach to the inverse problems that maximum likelihood estimation needs to be 

http://en.wikipedia.org/wiki/Computed_Tomography�
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found. It focuses on finding optimal solutions which also honestly includes error bars in 

the estimate. The general idea is to start with a constant likelihood function describing 

the experimenter's a priori knowledge, then the update of parameter and parameter 

covariance is estimated by adaptive extended Kalman filter (AEKF) . Bayesian 

framework is statistically strict and computationally efficient to provide a likelihood 

function of photon density with error estimation. Large 3-D optical imaging problems can 

be implemented within clinically practical computational resources by using automatic 

progressive parameter-reducing inverse zonation and estimation ( APPRIZE ) and data-

driven zonation (DDZ). 31,32, 33 

Experimental System 

There are various methodologies to implement 3D FMT for different application 

requirements: the pulsed or continuous source, spatially modulated or multispectral 

illumination, time or frequency-resolved data and polarization or phase sensitive 

signal.13 Typical FMT systems for general purpose collect all boundary signals including 

highly scattering light to match RTE or diffusion model. Recently for special applications 

and much better resolution, some new FMT systems especially for meso-scale objects 

only selectively collect photons with certain scattering rule and theoretical model is also 

modified to match the data collection scheme. Since only fraction of photons are 

collected, the signal will be very weak and extra exposure time is required. 

Marco-scale FMT experimental systems 

Fluorescence Molecular Tomography (FMT) experiment system usually has 

scanning excitation sources on boundary and paired transmission detectors on opposite 

side or reflectance detectors on same side. It can be implemented using contact fiber 

optics or non contact CCD camera. The system can be frequency domain and 
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continuous wave for different applications. Non contact scheme is a nature choice for in 

vivo applications of arbitrary shaped objects, which is crucial for in vivo FMT to be a   

universal tool as MRI, CT and PET and become a standard medical imaging instrument. 

Typical FMT has been implemented for various applications: Godavarty et al. 

described a 3D frequency domain reconstruction algorithm 33 suited for a gain 

modulated intensified CCD (ICCD) setup and succeed to reconstruct ICG concentration 

for a breast mimicking phantom using a Bayesian framework. Corlu et al. succeeded to 

use a CCD and optical fiber based continuous wave system to reconstruct ICG 

concentration of patient’s breast using normalized finite element method. The system is 

a contact system need match fluid to enable regular shape reconstruction. Ntziachristos 

et al. presented a series of in vivo applications by using non contact CCD multi-

projection transmission system with normalized Born method. 34-36 Roy et al. 

demonstrated frequency domain based reflectance fluorescent tomography in phantom 

study.37 

Early photons travel preferentially along the shortest path connecting the photon 

source to the detectors and experience few scattering events compared with the diffuse 

photons in the medium. Therefore imaging with time-gated detection of early photons is 

used to reduce the amount of scattered photons contained in the measurements and 

could lead to better-defined forward problems and inverse reconstruction.38-40 

Meso-scale FMT experimental systems  

Recently some new techniques are developed for special applications. In these 

techniques, only part of scattering photons are collected on boundary, so usually these 

techniques provide better resolution and with fast reconstruction speed: Laminar optical 

tomography (LOT ) collect scattering on chosen depth; Optical projection tomography 
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(OPT)27 is good tool for less scattering applications. Early photons method only collects 

scattering photons within a time window. Single Scattering tomography collects 

scattering photons with certain angle. 

Laminar optical tomography (LOT). LOT bridged the gap between micrometer 

and millimeter depth resolution, by combining optical tomographic techniques with a 

microscopy-based setup to allow imaging with 200um resolution over depths of 0–2.5 

mm which surpasses the depth capabilities of optical coherence tomography but with a 

lower spatial resolution. LOT is also suited to spectroscopy when multiple narrowband 

sources are used.41, 42 

Optical projection tomography (OPT). OPT is a linear equation based 

reconstruction technique using a filtered back projection. The method is suitable for 

small samples with relatively low scattering. By rejecting multi scattering photons to fit 

directly CT reconstruction algorithm, OPT produces high-resolution 3D images of both 

fluorescent and nonfluorescent biological specimens with a thickness up to 15 

millimeters. OPT microscopy allows high on-site temporal resolution in mapping the 

tissue distribution of RNA and protein expression in intact embryos or organs for 

developmental biology and gene function research.27 

Single scattering optical tomography (SSOT).SSOT, unlike early photon 

method, do not rely on time gating for separating single-scattered photons from strong 

scattered light. SSOT utilizes angularly selective intensity measurements to reconstruct 

the total attenuation coefficient of an inhomogeneous meso-scale regime medium. 

SSOT produces high-quality images even in relatively thick samples where the single-

scattering approximation is expected to break down. So far SSOT is a optical 
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tomography technique and single scattering fluorescence tomography will be reported in 

near future. 43 

Hybrid system with other imaging methodology 

Commonly used imaging methodology for small animal includes positron emission 

tomography (PET), single photon emission computed tomography (SPECT), magnetic 

resonance imaging (MRI), ultrasound, X-ray computed tomography (CT) and hybrid 

system. The imaging systems for preclinical applications obtain higher resolution and 

detection sensitivity compared with their clinical counterparts because of smaller 

imaging domain and better penetration. 

Standard imaging methods and FMT method can complement each other using 

either hardware approach (hybrid experimental system) or software approach (multi-

methodology image registration). The hybrid system or multi-methodology imaging are 

usually for two purposes: 1 FMT has its unique advantage for in vivo animal imaging 

and can provide additional functional information for other methods such as high 

molecular specificity, nonionizing radiation, optical probe stability (no intensity decay 

over time like isotope) and the potential for simultaneous investigations of multiple 

targets using spectral probes without overlapped emission. 2 Other methods provide a 

priori information which improves the qualitative and quantitative accuracy of FMT. A 

priori information has been found to be particularly effective in improving the quantitative 

accuracy by guiding and constraining the FMT reconstruction algorithm. Hybrid FMT 

systems reported so far includes: FME/MRI,44-46 FMT/CT,47, 48 FMT/PET/CT,49 

FMT/Photoacoustic tomography (PAT).50-52 
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Applications 

Over the past decade, in vivo Imaging systems for small animals have become 

increasingly popular. The imaging tool developed for small animal preclinical research 

includes: MRI, X-ray micro CT, Micro-PET, Micro-SPECT,Ultrasound ,PAT, Optical 

Coherence Tomography (OCT) and Optical Tomography (Bioluminescence & 

fluorescence). 

 Fluorescence molecular tomography has high contrast, high specificity, and 

biggest reagent arsenal for almost every aspect of biology molecular events and has 

been widely used for fundamental biology research and preclinical research.11-13, 53-58 

Whole-body in vivo fluorescence imaging 

Although in vivo tomography imaging allows visualization of biology in its intact 

and native physiological state, it is a technically challenging process for several 

reasons. First, thick and opaque animal tissue absorbs and scatters photons and 

generates strong autofluorescence, which obscure signal and deteriorate quantification. 

Second, fluorescent dye for complicated in vivo application require biological stability 

(relative stable value of quantum yield), preferentially accumulation at the intended 

target sites, and high imaging contrast specific to the targets. Third, fast metabolism 

wash out demands restrict time window for experiments. Despite of these difficulties, 

great progress is obtained in tumor mapping of murine tumor, lung carcinomas and 

breast cancer, chemotherapeutic effect monitoring, angiogenesis related vascular 

volume analysis and genes expression profiling identification. 2, 4, 40, 59-67 

Brain imaging 

The blood-brain barrier (BBB) is the separation between circulating blood and 

cerebrospinal fluid (CSF) maintained by the choroid plexus in the central nervous 
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system (CNS). Most commercial dyes are hydrophilic with huge molecular weight and 

cannot passed BBB: Cy55, ICG, Ca 2+ indicator (fluo-4, calcium orange and crimson), 

voltage sensitive dye and enzyme indicator (with huge molecular weight) like ProSense. 

At present, the delivery of these dyes to brain is achieved only for research purpose 

with following approaches: 

1. Invasive direct injection 
2. Permeabilization of tight junctions 

a. osmotic disruption (mannito  
b. biochemical opening (RMP-7 Alkermes, histamine). 

3. Focused ultrasound (FUS)-induced BBB opening 
 

The dye usually should have a low molecular weight (~ 500) and high lipophilicity 

(logP 1-4, P=partition coefficient) to cross the blood-brain barrier (BBB) in sufficient 

amounts. To do noninvasive brain research, some dyes is designed and synthesized to 

pass BBB and succeed to facilitate in vivo applications: Tumor localization and 

treatment with nanoparticle NPCP-CTX-Cy5.5 and MPAP-Cy5.5; Alzheimer’s disease 

mechanism study with nanoparticle (I-CQ-BCA NPs) and  small commercial available 

dyes such as AOI987 (MW 410.1) and NIAD-4(MW 334).47, 68,69,70 

Clinical applications 

The clinical applications of fluorescence tomography are even more challenge due 

to three reasons: Firstly, only one infrared dye (Indocyanine green, ICG) is approved by 

FDA for clinical usage. Secondly, depth is ten times deeper than small animals and 

signal is extreme weak compared to mouse experiments. Thirdly, it is hard to get 

approved for human experiments and patients also are not willing to have chemical 

fluorophore in body for research purpose. There are still very promising clinical research 

achievements in breast cancer and brain imaging field despite of those difficulties: Corlu 

et al. reported that it is possible to detect and reconstruct breast tumor fluorescence in 
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vivo with fluorescence molecular tomography. The large tumor contrast obtained with a 

non-targeted exogenous fluorophore (ICG) pictures a promising future as more 

molecularly targeted dyes get approved for clinical usage.7 Liebert et al. first 

demonstrate that exogenous ICG, introduced intravenously to healthy human 

volunteers, can be excited and detected noninvasively inside the brain.71 

The Aims, Novelty, Significance and Contents of the Dissertation 

The goal of this Ph.D. thesis research is to develop a non-contact 3D fluorescence 

molecular tomography (FMT) system (both hardware and software) for quantitative in 

vivo imaging of spatial distribution of fluorescent probes/reporters in both macro- and 

meso-scale animals. The goal is achieved through the completion of the following three 

major tasks:  

Development of robust finite element based reconstruction algorithms for 

quantitatively accurate recovery of fluorescent concentrations for arbitrarily shaped 

animals in both macro- and meso-scale. Implementation of a practical experimental 

system for in vivo FMT of meso-scale animals .Realization of quantitative fluorescent 

imaging for in vivo animal applications. 

The thesis summarizes all the results obtained during my graduate study and 

systematically describes the methods developed and their theoretical background.  

Development of hardware and finite element based reconstruction 

algorithms for quantitative FMT.We made considerable effort to develop a robust 

easy-to-use FMT system for in vivo animal imaging. The novel features of this system 

includes: 1, an automatic system. The data flow from the acquisition of the raw signals 

to the 3D rendering of reconstructed images is streamlined: Raw data are evaluated 

with a computer algorithm for signal optimization; Initial state for reconstruction is 
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autotomatically chosen without the user’s intervention; Reconstruction domain is 

determined by raw fluoresecence intensity distribution and 3D representation settings 

are optimized to highlight the regions of interest (ROI). 2, Capability of imaging both 

maco- and meso-scale samples using the same hardware and software. The computer 

program automatically determines the method of processing the experiment data based 

on the dimension of the samples. 3, Multi-angle non contact measurements for 

arbitrarily shaped objects and automatic selection of source and detector positions 

based on the contour of the samples. The coupling coefficients of the free space 

calibration model are determined and validated through well controlled phantom 

experiments. 4, Fast computation and efficient memory management for FMT image 

reconstruction. 5, Compatible data formats for easy coregistration with other imaging 

modalities such as lCT or MRI. 

Implementation of the RTE based reconstruction algorithm for dynamic FMT 

of meso-scale animals (Drosophila pupae).Light propagation in tissue is described in 

accordance of the sample size: Theoretical studies have shown that the RTE is the 

most accurate model for meso-scale imaging, but no experimental validation is reported 

in this regard. We implemented the RTE based model into our non contact FMT system 

with finite element based algorithm and first applied to FMT imaging of meso-scale 

animal like Drosophila pupae. We monitor DsRed distribution inside Drosophila pupae 

and the results are consistent with confocal slice images. The dynamic change of 

DSRed are also presented and validated by in vitro confocal and microscope session 

results. The major advantage of in vivo FMT over in vitro confocal microscope in 

dynamic monitor applications is that in vivo FMT can avoid sacrificing animals and 
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obtain more reliable information from the same animal over time without changing the 

experimental setting, thus increasing the statistical validity of the data by minimizing 

experimental variations. In addition, dynamic monitoring of the meso-scale animals can 

be realized only by FMT. 

Realization of absolute quantitative fluorescent imaging. Currently most FMT 

methods are based on a linear algorithm and the assumption of uniform optical property 

distribution or the optical distribution obtained indirectly from other imaging methods like 

MRI, CT or Photoacoustic Tomography (PAT). These methods usually provide semi-

quantitative analysis with arbitrarily units or quantitative analysis based on a calibration 

curve. We use finite element based diffuse optical tomography (DOT) guided FMT 

method to provide truely quantitative fluorescent images: DOT guided method provides 

a priori optical properties of tissue for quantitative analysis of FMT. The DOT guided 

FMT method is tested and validated by simulations, phantom experiments and mouse 

experiments. The results consistently show better quantification and image quality over 

other FMT methods.  

This thesis consists of a total of seven chapters: 

In Chapter 1, a brief review of fluorescent imaging and FMT is given. The 

principles of fluorescence light, fluorescent dyes, traditional fluorescent imaging 

methods and their recent developments are reviewed. For the newly emerging FMT 

method, the associated forward and inverse problems, hardware for both macro- and 

meso-scale imaging, and the preclinical applications are discussed. 

In Chapter 2, image reconstruction algorithms based on both the diffusion 

equation and radiative transport equation are implemented using the finite element 
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method. In addition, the DOT guided FMT reconstruction algorithm is presented. 

Numerical simulations using all the implemented reconstruction algorithms are 

conducted. 

In Chapter 3, the experimental system for FMT is described in detail. In addition, a 

method for contour extraction of arbitrarily shaped objects and a model of free space 

light propagation in non-contact geometry are discussed. 

In Chapter 4, tissue-mimicking phantom experiments are used to validate the 

theoretical models presented in Chapter 2 and with the experimental system described 

in Chapter 3. Furthermore, the proposed DOT guided quantitative FMT method is tested 

and evaluated with phantom experiments.  

In Chapter 5, Application of the reconstruction algorithms and imaging system 

described in Chapters 2 and 3 to macro-scale mouse imaging is presented.  In these 

preclinical experiments, tumor-bearing mice containing NIR dye-ATF-nanoparticle 

probes are imaged. The FMT results obtained indicate that our method has the potential 

to become a useful tool for monitoring of tumor progression, detection of early stage 

cancer, chemotherapy evaluation, surgery guidance and drug delivery. 

In Chapter 6, In Vivo application of the RTE based FMT method to monitoring 

fluorescent protein (DsRed) in meso-scale Drosophila pupae is given. Fluorescence 

recovery after photobleaching (FRAP) is studied for validating the findings from the 

dynamic FMT monitoring. 

In Chapter 7, the overall conclusions from this thesis research and future 

directions are given.  
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CHAPTER 2 
FMT ALGORITHM IMPLEMENTATION AND SIMULATIONS 

Diffuse Optical Tomography (DOT) has demonstrated promising applications in 

biomedical imaging field. Examples include detection of cerebral hemorrhages, 72  

functional imaging of brain activity,73, 74 diagnosis of rheumatoid arthritis,75, 76 and cancer 

mapping.7, 77, 78 These applications rely on the fact that various disease processes and 

most physiological changes affect the optical properties of biological tissue. The optical 

properties are the absorption coefficient aµ , the reduced scattering coefficient sµ′ . The 

differences in these optical properties between healthy and pathological tissues provide 

the contrast for optical tomography technology. 79 The contrast and selectivity of DOT 

are usually not satisfactory; therefore, exogenous fluorescent dye can greatly enhance 

contrast and selectivity. On the other hand, DOT reconstruction complements FMT by 

providing all optical information needed in FMT. We here implement the DOT guided 

FMT algorithm as a complete optical tomography method and investigate FMT 

applications in both macro-scale and meso-scale. For meso-scale modeling, RTE based 

algorithms is implemented; for macro-scale application, diffusion based algorithm is 

implemented. 

Simulation is to model a real-life or hypothetical situation on a computer so that it 

can be studied to see how the system works in perfect conditions without any 

experimental errors. By changing optical variables, simulation can be made to predict 

boundary experimental signal and test inverse algorithms. Simulation also can optimize 

algorithms and experimental settings. A typical simulation procedure includes: 1, target 

size and variable value is predefined; 2, simulated experiment data is obtained through 

forward solutions and used as the input of reverse algorithms; 3, reconstructed targets 
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are compared to exact predefined targets; 4, change simulation condition (for example 

source, detector numbers and distribution) and repeat 1-3 to find best settings that can 

provide best conformity between predefined targets and reconstructed targets. 

3D FMT finite element algorithm implementation is tested  by numerical 

simulations in this chapter and phantoms in Chapter 3. Implementation of adjoint 

sensitive method algorithm, one dimension variable bandwidth storage strategy and fast 

solver for symmetric matrix dramatically reduce computation time and memory cost. In 

addition, as an improvement of methodology, we combined fluorescence molecular 

tomography (FMT) with diffuse optical tomography (DOT), which allows us to study the 

impact of heterogeneous optical property distribution on FMT and provide quantitative 

FMT. 

Diffusion Equation Based Method 

Algorithm 

Our finite-element-based algorithms for both DOT and FMT have been described 

in detail. 5, 80, 81 Here we outline the algorithms based on the following coupled diffusion 

equations that describe the propagation of excitation and emission light in tissue: 

[ ] 0(r)S(r)(r)Φμ(r)Φ(r)D xxaxx x
=+−∇⋅∇                                                        (1) 

[ ] 0(r)(r)Φημ(r)(r)Φμ(r)Φ(r)D xamamm mxm
=+−∇⋅∇

>−
                                       (2) 

  
where Φx,m is the photon density for excitation (subscript x) or emission light 

(subscript m), Dx,m is the diffusion coefficient, 
mx,aμ is the absorption coefficient for 

excitation and emission light due to contributions from both non-fluorescing 

chromophores and fluorophores, and 
mxa →

ηµ  is the fluorescence quantum yield. Sx(r) is 
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the excitation source term, which for a point source can be written as S = S0δ(r -r0), 

where S0 is the source strength and δ(r - r0) is the Dirac-delta function for a source 

centered at r0. The diffusion coefficient can be written as Dx,m = 

))r()r((3/1
m,xm,x sa µ′+µ where )r(

m,xsµ′  is the reduced scattering coefficient. 

In this study, we use the non-zero photon density or type III boundary conditions: 

-Dx,m∇Φx,m ⋅ n̂ =αΦx,m, where n̂  is the unit normal vector to the boundary surface, 

and α is the coefficient related to the internal reflection at the boundary. Making use of 

finite element discretization, we obtain the matrix representations of Eqs. (1) and (2) 

and realize other derived matrix relationships through differentiation, which lead to a set 

of equations capable of inverse problem solution: 
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 and k,j,iψ   is a set of locally spatially 

varying Lagrangian basis functions; χ expresses Dx, xaµ , or 
mxa →

ηµ ; ℑ x.m is the Jacobian 

matrix consisting of the derivatives of Φx,m with respect to χ at each boundary 

observation node. Δχ is the update vectors for the optical and fluorescent property 

profiles; I is identity matrix; λ may be a scale or a diagonal matrix; o
m,xΦ  and c

m,xΦ  are the 

observed and the computed excitation or emission photon density at the boundary sites, 

respectively. 
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In FMT reconstruction, Dx, xaµ  are known or treated as uniform when we calculate Φx 

in forward solution with Eqs (1). Dm, 
maµ are known or treated as uniform as well. We 

plugged Dx,m, 
mx,aμ ,Φx and boundary Φm to reconstruct the only unknown 

mxa →
ηµ  in 

Eqs.(2) by using equation (3),(4),(5). 

Simulation 

For brief, we present two typical 3D FMT simulations as shown in Fig. 2-1. Fig. 2-1 

A) is the reconstruction of a simulated bar target in a square background; Fig. 2-1 B) is 

the reconstruction of two simulated cylinder targets in a square background. The 

reconstruction results show correct value, shape and position of targets. 

Radiative Transfer Equation (RTE) Based Method 

Algorithm 

The RTE in the steady-state for FMT can be described as following equations: 

Excitation: 

( ) ( )( ) ( ) ( ) ( ) ( ) ( )Ω+Ω′Ω′ΩΘΩ′ϕµ=Ωϕµ+µ+∇⋅Ω ∫ −


,rqd,,rr,rrr xS xsxas 1nxxx

,                     (1) 

Emission: 

( ) ( )( ) ( ) ( ) ( ) ( ) ( ) ( )Ωϕηµ
π

+Ω′Ω′ΩΘΩ′ϕµ=Ωϕµ+µ+∇⋅Ω ∫ − →


,rr

4
1d,,rr,rrr xS amsmas 1n mxmmm

  (2) 

where ϕ x,m ( )Ω,r  is the photon density for excitation (subscript x) or emission light 

(subscript m), 
m,xsµ  ( )r  is scattering coefficient, 

m,xaµ  ( )r  is the absorption coefficient for 

excitation or emission light due to contributions from both non-fluorescing 

chromophores and fluorophores respectively, and 
mxa →

ηµ ( )r  is the fluorescent yield. 

1−∈Ω nS


 denotes a unit vector in the direction of interest. Here 1−nS  is the angular 

direction, n=2 or 3 denotes the physical domain which is considered isotropic in the 
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sense that the probability of scattering between two directions depends only on the 

relative angle between those directions. R is the spatial domain, and R∂  denotes its 

boundary. The kernel ( )Ω′ΩΘ


,  is the scattering phase function describing the probability 

density that a photon with an initial direction Ω′


 will scatter to directionΩ


. In this study 

we assume that the scattering phase function depends only on the angle between the 

incoming and outgoing directions, and thus 

( ) ( )Ω′⋅ΩΘ=Ω′ΩΘ


, .                                                                                         (3) 

The two-dimensional Henyey-Greenstein scattering function, the most widely 

adopted and highly accurate phase function of scattering kernel for light propagation, is 

used here: 82                                     
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.                                                                      (4) 

where γ  is the angle between the input direction Ω′


 and output direction Ω


. The 

anisotropy factor, g ( 11 <<− g ), defines the shape of the probability density. 

Considering the relatively homogenous optical properties and sµ >> aµ  for early stage 

Drosophila (<4th day) pupae in our current study, g is set to zero for fast computation. 

The boundary conditions (BC) for the RTE assume that no photons travel in an 

inward direction at the boundary R∂ , that is, 

( ) Rrallfor0n̂,0,r ∂∈<⋅Ω=Ωϕ
                                                                     (5) 

where n̂  is the outward unit normal on S∂ . The BC, also known as free surface 

BC, imply that once a photon escapes the domain it does not reenter it. The BC can be 

modified to include a boundary source ( )Ωϕ
,r0  at the source position Ri ∂⊂ε , and can 

be written as follows: 83 
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The solution to the RTE with the chosen boundary conditions is existent and 

unique. 84 

Making use of finite element discretization, we obtain the matrix representations of 

Eqs. (1) and (2) and realize other derived matrix relationships through differentiation, 

which leads to a set of equations capable of inverse problem solution: 
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j,iψ  is a set of locally spatially varying Lagrangian basis functions; χ expresses, 

xsµ xaµ , or 
mxa →

ηµ ; ℑ x.m is the Jacobian matrix consisting of the derivatives of ϕ x,m with 

respect to χ at each boundary observation node. Δχ is the update vectors for the optical 
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or fluorescent property profiles; I is an identity matrix; λ may be a scale or a diagonal 

matrix; o
m,xϕ  and c

m,xϕ  are the observed and the computed excitation or emission photon 

density at the boundary sites, respectively.  

In addition, ( )Ω,rϕ  needs to be expanded as the sum of coefficients multiplied by 

the Lagrangian basis function:  
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                                       (13) 

where ( )rnj
ψ  and ( )Ωmjψ  are the nodal spatial and angular basis functions, mjnj ,ϕ  

is the radiance at the spatial nodal point nj and direction mj , nN  is the number of spatial 

nodes of the mesh, and aN  is the number of angular directions. 

The ray effect may disturb the standard FE-techniques when solving the RTE, 

since it can produce oscillating results or it can visually be seen as “photon rays” 

radiating from the source into the direction of the discretization angles. 85, 86 To 

overcome the ray effect, the streamline diffusion modification (SDM) is used in the FE-

solution of the RTE. In the SDM, the test function is written in the form 

( ) ( )( )Ω∇⋅Ω+Ω
 ,, rr jj ψδψ  instead of the standard form of a test function ( ( )Ω,rjψ ). The 

parameter δ  is the “smoothing” parameter which is a spatially varying constant that 

depends on the local absorption and scattering. 85 

 In this study, sµ and aµ were assumed as uniform and their values, aµ =0.005 mm-1 

and sµ =0.2 mm-1, were obtained through an optimization scheme 87 ( )Ω,rxϕ  was 

calculated by solving equation (7) (under subscript x). 
mxa →

ηµ was reconstructed by 

iteratively solving Eqs. (7)-(9) (under subscript m) from presumably uniform initial 
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estimates until the difference between the measured and computed photon density at 

the emission wavelength is minimized. 

The RTE based fluorescence inverse computation requires over a magnitude 

more memory and time than the diffusion equation based FMT, and it is usually realized 

through parallel computation. We have made an effort to realize the RTE based 

fluorescence inverse computation in a single personal computer by incorporating the 

following features into our algorithm: Element by element unsymmetric solver using 

hybrid BiCGStab(1) version to save memory 88 and one time fast computation of the 

Jacobian matrix using adjoint sensitivity method.89 

Simulation 

Two-dimensional simulations were conducted to test the RTE reconstruction 

algorithm described above. The 2D mesh used has 1622 nodes (the direction, mj=16). 

For the test geometry shown in Fig. 2-2, a total of 14 source and 55 detector positions 

were used. The initial value used for 
mxa →

µ  was 1e-8/mm with the updating constrain of 

mxa →
ηµ >0. The quantum efficiency η is set to be a constant value 0.016. With a 3GHz 

personal computer, the RTE based fluorescence reconstruction needed about 0.3 GB 

memory and 150 minutes to complete. The results are shown in Fig. 2-2. We see that 

the RTE based method can correctly reconstruct the size, position and 
mxa →

µ value (1e-

4/mm) of the target (R=80μm) at different depth. 

DOT Guided FMT  

While exogenous fluorescent probes improve the contrast and selectivity of the 

targets of interest, unknown absorption coefficient ( aµ ) and reduced scattering 

coefficient ( sµ′ ) distribution in tissue complicate fluorescent tomographic reconstruction 
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.90, 91 Theoretically, propagation of both excitation and fluorescent emission light in 

tissue is described by the coupled diffusion equations. The emission photon density is 

directly related to the excitation photon density, which in turn depends on the optical 

property distributions in tissue. In fact, the exogenous fluorescent probe itself in a 

relatively large target usually has strong absorption and becomes a significant 

heterogeneity affecting excitation photon density distribution. 

In the approach, we directly reconstruct optical heterogeneities using DOT and 

apply reconstructed sµ′  and aµ  distributions to the FMT reconstruction. Both DOT and 

FMT reconstructions are conducted using an optical fiber free system based on a non-

contact multi-angle transmission scheme, coupled with finite element reconstruction 

algorithms. Our simulation and experimental results suggest that the optical 

heterogeneous nature of the target itself especially when its size is relatively large must 

be considered for quantitatively correct FMT in the framework of finite element based 

reconstruction methods. 

Algorithm 

DOT guidance information is a natural way to improve the quantification and 

qualification of FMT. DOT method provides information on reduced scattering coefficient 

distribution, absorption distribution and excitation light distribution. All these distributions 

are the prerequisite for accurate fluorescence modeling and FMT reconstruction. The 

challenge of this algorithm is to get DOT reconstruction as accurate as possible, since 

incorrect reconstruction will bring in extra error propagation from DOT to FMT. Although 

DOT reconstruction error is inevitable due to experiment error and inverse procedure of 

DOT, due to our simulation and experimental results, DOT guidance information can 
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help improve the quantification and qualification of FMT reconstruction. In some case 

boundary artifacts, which defined as extra high value within 3 millimeter close to the 

boundary of DOT, will cause error in FMT. To overcome this issue, we assign 

background value to boundary artifacts when plugging into FMT reconstructions. 

In our DOT guided FMT procedure, Dx and 
xaµ are reconstructed by iteratively 

solving Eqs. (3)-(5) (under subscript x) from presumably uniform initial estimates until 

the difference between the measured and computed photon density at the excitation 

wavelength is minimized. The recovered Dx and 
xaµ are then used to interpolate Dm and 

maµ  at the emission wavelength using optical property spectra available from the 

literature. 19 Similar iterative procedure is applied to reconstruct 
mxa →

ηµ  with the 

interpolated Dm and 
maµ  in place in order to minimize the difference between the 

measured and computed photon density at the emission wavelength. 

We note that the accuracy for obtaining quantitative recovery of absorption and 

reduced scattering coefficient is critical for the DOT guided FMT method presented 

here. We have made great efforts in improving our DOT reconstruction algorithm and 

experimental system to obtain accurate optical property reconstruction. It has been 

demonstrated in recent years by several groups including our own 92-95 that quantitative 

reconstruction of both absorption and scattering coefficients is possible using CW DOT 

when a priori information coupled with effective normalization schemes are used. In our 

CW DOT method, in addition to the use of a priori information obtained by initial search 

based on raw experimental signal and normalization scheme, the hybrid regularization 

schemes of Marquardt and Tikhonov play an important role in combating the ill-posed 

problem involved.87 Our previous phantom study shows that with DOT guidance, 
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statistically we can obtain better FMT reconstruction in mouse-mimicking phantom 

experiments.96 

Heterogeneity can also be addressed by normalized Born method and using a 

priori information from CT, MRI and PAT. Like low resolution disadvantage in DOT 

guided method, these approaches also have their own issues need to be solved for 

better performance. Using boundary excitation data to normalize emission data can 

reveal the heterogeneity distribution and cancel out boundary geometry effects, but it 

averages the heterogeneity effect and optical property distributions hidden inside 

boundary signal are not fully utilized. In addition, the heterogeneity of inside tumor or 

tissue adjacent to fluorophore will affect the fluorescent reconstruction most. 

Fluorophore targeted tumor has very high heterogeneity, which cannot be recovered by 

boundary data. In some cases when boundary heterogeneities (moles, surgery scars 

and subdermal  tumors) are high and the boundary data will not reveal internal 

heterogeneity and will bring extra error in internal FMT reconstruction. Although MRI, 

CT and PAT can provide better resolution of anatomical structure, DOT method requires 

zero extra effort and cost for existing FMT systems. In addition, it provides quantitative 

absorption and reduced scattering coefficient distribution as a priori information which 

can be directly plugged into FMT algorithm. 

Simulation 

Numerous simulation studies reported to date have shown that tissue optical 

property distribution does pose significant impact on fluorescent image reconstruction. 

26, 31, 97-101 Experimental results using various FMT approaches were generally 

consistent with the simulation findings in presence of heterogeneity, although most 

reported FMT experiments were limited to homogeneous optical property approximation 

http://www.google.com/search?hl=en&client=firefox-a&hs=6y8&rls=org.mozilla:en-US:official&channel=s&&sa=X&ei=w8QwTK7VCMO88gbmuMDICw&ved=0CB8QBSgA&q=subdermal+tumor&spell=1�
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or a priori optical property distribution, 2, 4, 37, 80, 102 Soubret et al. described a normalized 

Born approximation approach and studied FMT image quality under optical 

heterogeneity using phantom and animal data. 103 Roy et al. investigated the impact of 

optical heterogeneity using a gradient-based constrained truncated Newton method. 37 

Milstein et al. presented a phantom study in presence of optical heterogeneity with a 

Bayesian framework based FMT method. 101 Hervé et al. reported improved FMT 

reconstruction using a normalized Born approximation approach with reconstructed aµ  

distribution while assuming sµ′  is homogeneous.104 We propose the FEM based DOT 

guided FMT for better quantitative accuracy and simulations mimicking experiment 

situations are administered. 

Prior to the phantom experiments, we have conducted considerable numerical 

simulations using various ICG-containing target positions, and target-to-background 

contrast levels in terms of fluorophore concentration.These simulations have 

demonstrated that much improved image quality especially quantitative accuracy of the 

recovered 
mxa →

µ image can be obtained with a priori knowledge of the aµ  and 

sµ′ distributions, whereas in uniform optical property treatment the quality of the 

recovered fluorescence images are significantly degraded with overestimated target 

size, poor spatial resolution and underestimated value of recovered 
mxa →

µ . Since the 

focus of the study is the phantom evaluation and preclinical applications, we just show a 

representative simulation case for brevity (Fig. 2-3), where the 
mxa →

µ image was 

reconstructed without (a) and with (b) a priori aµ  and sµ′ information. In this simulation, a 

6mm diameter target was positioned at (-5, -6). The target had aµ =0.025/mm, sµ′ =2/mm 
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and 
mxa →

µ =0.02/mm. The background had aµ =0.005/mm, sµ′ =1/mm and 
mxa →

µ = 4x10-

12/mm. we see that when a priori aµ  and sµ′ distributions are used, the 
mxa →

µ image is 

accurately reconstructed in terms of the size (estimated from the full width at half 

maximum (FWHW) of the fluorescent profiles), location and 
mxa →

µ value of the target, 

whereas when aµ  and sµ′ distributions are assumed uniform, the recovered target size is 

overestimated and the recovered 
mxa →

µ value of the target contains over 60% error 

compared to the exact value of 0.02/mm.



 

45 

 

 

 

 

 

 

 

   

 

Figure 2-1. Diffusion approximation based FMT simulation for centimeter scale. A) 
Reconstructed bar target B) Reconstructed two cylinder targets: pink dots 
indicate exact position. 

 

Figure 2-2. RTE based FMT reconstruction at different target depths. Green circle 
indicates the exact size and position of the target. 

A 
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Figure 2-3. 2D simulation comparison between FMT without A) and with B) DOT 
guidance

A B 
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CHAPTER 3 
EXPERIMENTAL SYSTEM AND METHOD 

A desirable signal collecting platform in small animal preclinical research should 

have following features: noncontact with objects like modern MRI , CT and PET, robust 

signal collecting independent of spatial position, adaptive to different size sample and 

practical image registration method for easy comparison to the results of other medical 

imaging instruments. Fig.3-1 is the CCD based non-contact continuous wave (CW) DOT 

guided FMT system developed to fulfill stated requirements: The animals like rat ,mice 

and Drosophila can be measured in their nature state, the data acquisition is same for 

both big and tiny objects and reconstructed images have spatial coordinates for easy 

registration to other imaging method. 

The no-contact method used in our small animal system can be handily 

transferred to implement noncontact breast cancer diagnosis. Currently commercial 

mammal graph for breast cancer diagnosis need to compress breast, which make it 

unpleasant experience for the patient and lose true spatial information for image 

registration to other methodology and post-surgery. DOT guided quantitative FMT 

noncontact system can have several advantages compared with current methods: Non 

contact scheme to avoid unwanted compress effects; Original uncompressed shape will 

help register optical tomography results with other methods; Functional imaging for soft 

tissue; Comfortable test environment for patients. 

Experimental System 

In our imaging system (see Fig. 3-1), the excitation light can be delivered to the 

phantom at multiple points in both X and Y directions via linear stages (300nm 

precision). For each source position, one set of excitation light data from the opposite 
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side of the phantom is recorded by a 1024x1024 pixels CCD camera (Princeton 

Instrument, Trenton, NJ). Emission light is collected by placing a band pass filter in front 

of the CCD. Our system has been constructed such that multi-angle transmission light 

can be collected for more accurate image reconstruction (four angles are used in most 

case with 0.5 arcsecond angle resolution). This is realized by rotating the phantom three 

90º to collect transmission light at four different phantom projections. 

A graphic user interface (Fig.3-2) coded with Visual C++ 6.0 is used to control the 

entire data acquisition. The software contains a host of device control features and is 

designed to maximize the flexibility of image acquisition and analysis. Motorized linear 

stage control and rotator control help improve precision and repeatability of data in 

experiments. The scanner controller and CCD camera are synchronized, so the 

sampling can be controlled to ensure that when the camera is actively acquiring a 

frame, sample, laser and CCD are all remain still. Some routine experiments are 

programmed so that only human intervention is to initiate the experiment by hitting 

mouse on “start” button. Each procedure is fully automated and streamlined to ensure 

fastest speed to obtain tomography images after signal sampling. 

In some extreme experiments with low light level, to reduce systematic errors, 

baseline measurements need to be performed once on a homogeneous phantom in the 

absence of fluorophores.105 Thus the ratio of the baseline measurements to calculated 

forward simulation data with the same homogeneous geometry, multiplying the 

measured data from the inhomogeneous phantoms, served as the true input for both 

DOT and FMT reconstruction. 
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Shape Extraction for Arbitrarily Shaped Objects 

It is our aim to develop a noncontact system and able to accurately locate position 

and concentration of fluorophore accumulated on the organ or tumor of live mouse in its 

nature state. To improve the accuracy on shape extraction of live mouse and simplify 

experimental procedure, shape-from-silhouette (also referred as visual hull) method is 

implemented to render 3D model of sample. The 3D model is utilized in the whole 

experiment data process pipeline: finite element mesh generation, mesh optimization 

and post process, data mapping and extraction from raw experimental data, 3D 

fluorescent imaging inverse reconstruction algorithm and image registration method for 

MRI and CT imaging. A rubber alligator is used to demonstrate the shape-from-

silhouette method for 3D modeling of arbitrarily shaped objects. 

Camera Calibration 

Camera calibration often referred to as camera resectioning, is a way of examining 

an image, or a video, and deducing what the camera situation was at the time the image 

was captured. Camera calibration is used primarily in robotic applications, and when 

object model virtually based on real input. Rendering programs are all based on a virtual 

camera. In order for the modeled objects to be the equivalent of the real objects, we 

need to make sure that our virtual camera is in match with our real camera when we 

shot the photograph. Camera calibration achieves this and deducts where the real 

camera was relative to the scene. Our system uses Tsai's camera model which is based 

on the pinhole model of perspective projection. Given the position of a point in 3D world 

coordinates the camera model predicts the position of the point's 2D pixel coordinates. 

11-parameter-pinhole camera model is used to describe our CCD. The internal 

parameters describe how the camera forms an image while the external parameters 
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describe the camera's position and orientation in the world coordinate frame. Calibration 

data for the model consists of 3D (x,y,z) world coordinates of a set of points and 

corresponding 2D coordinates (Xf,Yf) (typically in pixels) of the feature points in 

chessboard photo. In Tsai’s model, following 11 parameters fully determine a virtual 

camera.106 

 5 intrinsic   camera parameters: 

            f            - equivalent focal length as in the pin hole camera model 

            К           - 1st order radial lens distortion coefficient 

            Cx, Cy  - coordinates of center of field of view 

            ξ          - uncertainty factor for experimental system error and  

                            situations 

6 extrinsic   camera parameters: 

            Rx, Ry, Rz, Tx, Ty, Tz  - rotational and translational components in  the 

            world's coordinate frame 

Cx, Cy  do not need to be experimentally determined, we can obtain the value 

from camera parameter for Princeton 1024*1024 CCD with 13um pixel size, , when bin 

=4 Cx=Cy=128, for the field of view close to lens center  К=0  ξ=1.  F, Rx, Ry, Rz, Tx, 

Ty and Tz are determined using calibration data obtained from chess board method. 106 

We define the center of chess board picture is zero and calculate each corner’s 

coordinates based on the true side length of each square. The square corner position is 

estimated by eye and then the subpixel accuracy is obtained determined by corner 

finder algorithm based on autocorrelation method ( Harris corner finder method). 107 
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Multi Camera Calibrations 

To get 3D model with millimeter accuracy, 72 projection (one projection every 5 

degree) silhouettes are used to rend 3D sample contour. Therefore we need to do 

camera calibration for each angle of all 72 projections. Calibrate same camera in 

different project separately usually result in different focus length and scale factor value 

due to non uniqueness of optimization problem (>10 parameters) when using imperfect 

experimental data. In experiments, since the CCD rotation center and sample rotation 

center is not perfectly centric and CCD focus plane is not perfectly parallel to calibrate 

plane, it is impractical and tedious to calibrate CCD camera for all 72 angles. In order to 

obtain virtual CCD parameter to describe our CCD camera for all 72 angle projections 

by modifying only rotation angle of y axis (Ry) value of one virtual camera, the multi-

camera calibration is implemented through following procedure: 

1. Find the camera rotation center. If the center of chess board is the rotation center of 

the CCD camera, center of chess board corners should have same pixel value 128 for 

different angles of view (256*256 region of interest). Z direction of chess broad can be 

moved forward or backward for better center alignment. For tiny objects like Drosophila 

pupae, the sample stage is a needle tip. As long as the needle tip is in the center of 

image and remains the same pixel value while the needle tip spin, the needle tip is right 

in center position. 

2 Mount chessboard pattern on the stage, the center of chessboard is in the center of 

rotation. 3.6mm square is used for big macrolens 0.7mm square is used for small 

microlens. The coordinates is defined as in Fig. 3-3. 

Calibrate -30, 0,30 degree CCD camera and obtain 3 set of calibration parameters. Use 

each of this 3 calibration parameter to generate CCD model for -30 0 30 degree by 
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modifying Ry and predict CCD pixel positions for all three positions .The best calibration 

parameter model among the three model set gives minimum error in predicted pixels of-

30, 0,30 degree. Fig. 3-4 shows the raw input data of calibration data and predicted 

pixel positions of corners from calibrated CCD model at 0 degree. 

3 Modify Ry value (New Ry value of new position =Ry of chosen CCD model position (-

π/6,0, π/6) + Radius difference between the new position and chosen CCD model 

position) of the best camera model in accordance with 72 different angle positions of the 

CCD camera. 

If CCD camera and sample stage are always fixed, the calibration is a one-time-

only process. In addition, camera calibration model is the foundation that determines 

performance of all following data process. Therefore, multiple repeated calibrations and 

extra effort are worthwhile to obtain the best camera model for following procedures. 

Visual Hull Method  

Visual hull is a geometric entity created by shape-from-silhouette 3D 

reconstruction technique. This technique assumes the foreground object in an image 

can be separated from the background. Under this assumption, the original photos can 

be converted into a foreground/background binary silhouette image by defining a 

threshold. The foreground silhouette is the 2D projection of the corresponding 3D 

foreground object. Along with the camera viewing parameters, the silhouette defines a 

back-projected generalized cone that contains the actual object. The visual hull is the 

maximal object that has the same silhouettes of all projects as the original object,108, 109 

Visual hull algorithm has been explored extensively recently and has three major 

categories: volume-based (e.g. voxel carving methods),110 polygon-based (e.g.. 

polyhedral visual hull) 111 or image-based 112 and model fitting helps to obtain a 
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smoother result.113 The basic principle of algorithm is implemented through following 

steps: 

First, convert digital photo to binary silhouette images of each projection by 

defining a threshold for boundary. 

Second, the true camera projection position (note: position for the virtual camera 

model, not the camera position) is determined through camera calibrations. Compute 

camera projection matrices according to determined coordinates. 

Third, the space of interest is divided into discrete voxels. Test every voxel by 

projecting it into image planes defined by projection matrices of all camera projection. If 

the projected point is contained in the silhouette for all 72 camera positions, the voxel is 

inside the visual hull. The union of all the voxels tested be inside visual hull is the 3D 

model of the objects. The resolution of visual hull is determined by the voxels size and 

could be improved by adding more camera projections. As Fig. 3-5 shows: the overlap 

of three camera projections is the visual hull of the sample and the visual hull can be 

refined by adding more camera positions. 

We use a rubber alligator to access our visual hull method and a mock FMT 

experiment is used to test performance. As Fig. 3-6 and 3-7 shows, the alligator’s shape 

is well reconstructed and the detector and source positions are mapped and the error is 

less than 1mm. 

The major drawback is that concave surfaces cannot be reconstructed very well. 

Fortunately, very few regions of the small animals used for imaging actually are 

concave (i.e., the regions under the forearm and hind legs) and no current research 

focused on these convexity parts. When the complete (convex and concave) surface 
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areas are needed, more advanced surface extraction approaches should be used such 

as 3D surface cameras 114, 115 or spatially modulated illumination patterns. 

Because DOT and FMT has a resolution about 1~5 millimeters, and the variations 

of the order of the mean free path do not have an impact on the reconstructed images. 

Therefore, Visual Hull approximation can provide adequate accuracy. In addition, this 

means that while the surface may change during silhouette acquisition due to breathing, 

an average surface rendered by 72 camera position is accurate enough for FMT or 

DOT. 

Free Space Data Extraction Model 

Detector Model 

Arbitrarily shaped objects need extra process since CCD collect signal from image 

plane instead of sample boundary. Ntziachristos et al. proposed a model to collect light 

intensity signal from arbitrarily shaped objects and experimentally testified by 

reconstructing a fluorescent target with normalized Born approximation method. 35, 116 
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The focus plane of CCD is treated as 2D virtual pixel detector array with certain 

number aperture (NA) . When small aperture assumption is met, )(det drJ  is the actual 

signal obtained by each virtual detector on CCD focus plane. As we can see, )'(rJ n is 

related to )(det drJ by above equation (6) and (7), under some simplification ),( drrΓ  can 

be calculated for corresponding experimental situation in Fig. 3-9: 
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)sin( dNAf θ− : The NA is considered through this Gaussion function, which 

modeled as a Gaussian of full width at half maximum of 2NA, NA is determined by 

parameters of lens, CCD and actual experimental dimension situations. 

),( drrξ : define the visibility or directivity calibration factor and discard surface 

points not visible from the detector. It is determined by projection area on the sample 

surface of each virtual detector on focus plane, detection area dA and experimental 

calibration factor. The value can be set as 1 for most experiments. 

1/ 2rrd −  : solid angle term rrd −  is the distance between specific surface 

detector node and corresponding virtual detector on focus plane.  

θcos :  Lambert's cosine dependence term (Fig. 3-8). θ  is the angle between the 

normal vector of surface node and normal vector of virtual detector on focus surface 

 θd  is the angle between light path and the virtual detection surface normal vector, 

in most in focus case, θd can be treated as 0. 

Source model 

When an arbitrarily shaped object is measured, each source have different 

incident angle which results in various reflection lost, so true photon density of each 

source that propagated into the object should be calculated individually. As in Fig. 3-10: 

( ) ( )[ ]ittiiiit nnnEEt θθθ coscos/)cos(2/ 00|| +==                                         (8) 

These equations are called the Fresnel Equations for parallel polarized light. 

( ) ( )[ ]ttiiiiit nnnEEt θθθ coscos/)cos(2/ 00 +==⊥                                      (9) 

These equations are called the Fresnel Equations for perpendicularly polarized 

light. 
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In scenario of our experiments, finite element mesh of the arbitrarily shaped object 

has absolute coordinates centered at rotation center of rotator stage. For each node, 

surface normal vector towards free space and distance from focus plane of CCD lens 

could be obtained. Numerical aperture and visibility factor were determined for each 

virtual CCD detectors based on experimental situation and manufacturing parameters of 

the lens and CCD camera. Thereafter, solid angle value of each virtual detector on the 

CCD focus plane and Lambert's cosine law were used to convert detectable CCD signal 

into photon density of each surface detector node on the finite element mesh. With 

known surface normal vector of each source and Fresnel equations, light reflection loss 

of each source was calculated to obtain actual photon density which was used as 

assigned light intensity value of each source node on the finite element mesh. 

Implementation in FMT System 

The complete experimental procedure is described in Fig. 3-11. The DOT guided 

FMT for arbitrarily objects is established and tested. The data acquisition and 

processing programs are streamlined for maximum repeatability. 

The well-known shape-from-silhouette 3D recovery approach was used to render 

the 3D model of the actual sample used. 117 In this method, the CCD camera was 

modeled as a pinhole camera positioned in a coordinate system where its intrinsic and 

extrinsic parameters (i.e., space projective transformation matrices) were calibrated 

using the widely used chess board method, 118 allowing the calculation of the extrinsic 

parameters for a new position while the intrinsic parameters stayed the same for all the 

positions. A total of 72 projection images (one projection every 5º by rotating CCD 360º) 

were used in our calculation giving a submillimeter resolution. The projection images 

were then converted into foreground/background binary silhouette images (the 2D 
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projections of the 3D foreground object). Each silhouette defined a back-projection of a 

cone that contained the geometrical information of the actual phantom. Thus the 

overlapped volume of all 72 cones defined by silhouettes gave the 3D visual hull model 

of the arbitrarily shaped phantom. A photoluminescent plate was used as the 

background screen which provided evenly distributed illumination and good contrast. 

A 3D finite element mesh of the 3D model was then generated with the point cloud 

obtained by visual hull method: use point wrap function in Amira 3.1 to obtain the 

surface. The surface need to be post-processed to obtain a good uniform surface which 

is the prerequisite of good mesh generation to minimize mesh effect on final 

tomography reconstruction. The process includes: 1,Flip the edges in triangle element 

which have aspect radio (maximum length/minimum length) bigger than 4;  2, Remove 

dihedral angle below 60 degree; 3, Remove coplanar face; 4, Remove all intersection to 

ensure a closed surface. After these post processes, the surface is smoothed and 

refined. We can simplify the refined mesh to any desired face number based on desired 

mesh node numbers (for example, a 3000 faces surface usually can generate a 4500 

nodes 3D mesh). The “compute tetragen” function in Amira 3.1 can be used to generate 

3D finite element mesh and optimized the mesh quality. The generated mesh is 

optimized to decrease half band width for a fast computation. 

There is also a need to map the photon density read from the CCD camera 

(actually the virtual detector along the focal plane of the CCD camera) onto the 

arbitrarily shaped surface of the phantom. We have adopted a method developed by 

Ntziachristos et al. 35, 116 that was able to realize the mapping accurately in their FMT 

studies. In this method, a Lambert's cosine law and solid angle based light propagation 
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model is established to correlate the photon density at the virtual detector and that at 

the animal surface. With this model, given the relative geometric relationship between 

the virtual detector and the phantom surface, the numerical aperture of the virtual 

detectors and the visibility factor that can be experimentally calibrated, one can 

accurately convert the read out from the CCD into the photon density at the phantom 

surface for tomographic reconstruction. 

 

Figure 3-1. DOT guided FMT experiment system. 
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Figure  3-2.  Graphic user interface of the system 
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Figure  3-3. Coordinates system definition: top view from observe point above the 
sample stage and Y axis direction is from paper internal to outside. 

 

 

 

 

 

 

A 
 

Figure 3-4. Use calibrated CCD model parameters and universe world coordinate of 
grids to predict pixel values of corners in the image. A)original input data for 
CCD calibration, B) pixel positions predicted by CCD model obtained by CCD 
calibration 

 B 
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Figure 3-5. Visual hull scheme demonstration. The intersection of the silhouette 
projection cone (shown in pink, blue and green) is a cross-section of the 
visual hull. Additional silhouette photos from new viewpoints will further 
constrain the intersection region, carve and refine 3D visual hull. 
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Figure 3-6. Original rubber alligator and its 3D finite element mesh. Finite element mesh 
is generated based on 3D dot contour obtained by visual hull method. 

 

Figure 3-7. Sources (red dots) and detectors (blue dots) of different projections. 
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Figure 3-8. Lambert's cosine law 

 

Figure 3-9. Scattering geometry for a diffusive object of volume V surrounded by air for 
free space model. 116 
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Figure 3-10. Photon density model of source on the air/sample interface 
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Figure 3-11. Outline of experimental procedures 
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CHAPTER 4 
PHANTOM EXPERIMENTS 

Algorithms and hardware system are evaluated by using regular shaped and 

arbitrarily shaped 3D phantoms. Targets of arbitrarily shaped phantoms also mimic 

mouse anatomy structures as in vivo situation. 

Indocyanine green (ICG) is the only FDA-Approved dye with strong optical 

absorption in the near-infrared (NIR) region, where light can penetrate deepest into 

biological tissue. ICG is well characterized with quantum yield data and fluorophore 

absorption coefficient
mxa →

µ . In our phantom experiments, ICG is used to evaluate our 

DOT guided FMT algorithm. According to Beers’ law, fluorophore absorption coefficient 

mxa →
µ  is proportional to fluorophore concentration since quantum yield is stable at low 

concentration in most preclinical applications. 

Here we present a systematic study using phantom experiments under the 

condition of heterogeneous sµ′  and aµ  distributions for fluorescence image 

reconstruction. In our approach, we directly reconstruct optical heterogeneities using 

DOT and apply reconstructed sµ′  and aµ  distributions to the FMT reconstruction. Both 

DOT and FMT reconstructions are conducted using a noncontact multi-angle 

transmission scheme, coupled with finite element reconstruction algorithms. Our 

experimental results suggest that the optical heterogeneous nature of the target itself, 

especially when its size is relatively large, must be considered for quantitatively correct 

FMT in the framework of finite element based reconstruction methods. 

We note that several methods (CT, MRI and PAT) to address heterogeneity issue 

in real experimental study have been combined with FMT.119-122 Guided methods like 
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MRI and CT also can only indirectly reveal optical property by heuristic or anatomical 

assignment. PAT can provide distribution of absorption coefficient, but it cannot provide 

the distribution of scattering coefficient. This information is critical for quantitative FMT 

as it was demonstrated in our former experimental results28 and Milstein et al.’s 

simulation results.101 While it is true that PAT offers better spatial resolution than DOT, 

its ability of tissue penetration is not as good as DOT. In addition, all-optical based 

DOT-guided FMT can be conveniently implemented without adding extra hardware, 

while additional ultrasonic detection/data acquisition is needed for PAT/FMT 

combination. 

Regular Shaped Objects 

We have performed a series of regular phantom experiments (Fig. 4-1) to evaluate 

the merits of considering the heterogeneous aµ  and sµ′ distributions in the fluorescence 

reconstruction. Reconstructed optical and fluorescence images for a representative 2D 

case is given in Fig. 4-2, while the recovered 
mxa →

µ values from a number of 2D cases 

having different ICG concentrations are presented in Fig. 4-3. Validation of 3D image 

reconstruction algorithm is given in Fig. 4-4 for a representative 3D case. 

 In the representative case, the 6mm diameter target contained 1 Mµ  ICG and 

was positioned at (-5,-6). The DOT recovered aµ  and sµ′ distributions are given in Figs. 

4-2 (a) and 4-2 (b). Fluorescence image is reconstructed under four scenarios: DOT 

recovered aµ  and sµ′ distributions (Fig. 4-2. (c)), uniform sµ′ but DOT recovered aµ  

distributions (Fig. 4-2 (d)), uniform aµ  but DOT recovered sµ′ distributions (Fig. 4-2 (e)), 

and uniform aµ and sµ′ distributions (Fig. 4-2 (f)). Examining the images shown in Fig. 4-
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2,  it can be seen that when the DOT recovered aµ  and sµ′  distributions are used, the 

fluorescence image is most accurately reconstructed in terms of the size/shape and 

mxa →
µ  value of the target. We can clearly see that the uniform aµ and sµ′ assumption 

results in the worst 
mxa →

µ reconstruction (Fig. 4-2 (f)), where the recovered target size is 

significantly overestimated, and the recovered 
mxa →

µ of the target has about 75% error 

relative to the literature value of 0.03. 

We can also see that the sµ′ distribution plays a critical role in determining an 

accurate FMT reconstruction. With heterogeneous sµ′  but uniform aµ  distributions (Fig. 

4-2 (e)), the recovered image quality is better and the reconstructed 
mxa →

µ  value is 

closer to the literature value(
mxa →

µ =0.03), compared with that using heterogeneous aµ  

but uniform sµ′  distributions as shown in Fig. 4-2 (d). This finding is consistent with our 

simulations and the simulations conducted by Eppstein et al.31 

For fluorescence reconstruction, the aµ and sµ′ distributions at the excitation 

wavelength (785nm) were used to interpolate their values at the emission wavelength 

(830nm) using the absorption spectrum data available in the literature. 123-126 Based on 

the literature, 127 the quantum efficiency η of ICG is stable under the condition of low 

ICG concentrations as used in our experiments. Thus, the reconstructed fluorescent 

yield (
mxa →

ηµ ) under different ICG concentrations should be solely determined by
mxa →

µ , 

which is directly proportional to the ICG concentration according to the Beer-Lambert 

Law. 
mxa →

µ  value was also used to provide a basis of comparison between calculated 

mxa →
µ  and that obtained via spectroscopic methods. 91, 128  In this work we used a 
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quantum yield value of 0.016 which was measured under nearly the same experimental 

condition as in our experiments.91 Quantitative performance of our reconstruction 

approach is further evaluated using the 6mm diameter target containing different ICG 

concentrations (0.1, 0.2, 0.4, 0.6 and 1.0 Mµ ). In the image reconstructions, the 
mxa →

µ  

values (4x10-12mm-1) of the background phantom were used as the initial guess for all 

these experimental cases. Reconstructed 
mxa →

µ values with and without DOT recovered 

aµ  and sµ′  distributions are plotted in Figs. 4-3, where values from the literature are also 

presented for comparison. For better comparison, the 
mxa →

µ value at 0.1 Mµ  from the 

literature was used to calibrate the 
mxa →

µ value at 0.1 Mµ  from the FMT reconstructions. 

It is clear that the results with the DOT recovered optical property distributions are in 

good agreement with that from the literature, whereas the recovered 
mxa →

µ value, with 

the uniform optical property distribution assumption, is significantly away from the 

“exact” value and basically not quantitatively correct, compared to that of spectroscopy 

method. 

While the 2D reconstruction described above is simple, computationally fast and 

yet able to provide reasonably accurate results, we have also implemented the DOT 

guided FMT approach in 3D and tested it using several phantom experiments. 3D 

cases’ results are consistent with results of 2D cases. In the 3D phantom experiments, 

a 6x6mm cylindrical solid target containing ICG was embedded in a 30x30x30mm cubic 

background. A total of 260 source and 260 detector positions were used for image 

reconstruction with a finite element mesh of 4354 nodes. 
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2D Experiments 

Experiments were conducted using a continuous wave (CW) 785nm diode laser at 

65mW for the FMT experiments and at 2mW for the DOT experiments. It takes less 

than 1 minute (Integral time 50ms per source) for a set of excitation light data and less 

than 10 minutes (Integral time 5s per source) for a set of emission light data. Since 

experiment running requires CCD, X axis linear stage, Y axis linear stage, sample 

rotator, CCD rotator works together and each one need work with respect to status of 

others. System is synchronized to make sure every move of each component is desired 

and happens on specific time window.  

In the experiments, the laser beam was focused directly onto the sample to serve 

as a point source. The focal plane of the CCD represented a collection of virtual 

detectors. The excitation source positions at the phantom surface were determined 

precisely by the X, Y linear stage, while the detector positions for both the excitation and 

emission light collection were accurately with an accuracy of coordinate mapping of 

±0.25mm. For each set of transmission imaging data, we used 25 detectors and 25 

sources that covered a 24x24mm central area of a 30x30mm phantom. A finite element 

mesh with 1186 nodes was used for all the image reconstructions. 

 In the phantom experiments, a 6mm diameter solid cylindrical target containing 

ICG was embedded in a 30x30x90mm solid cuboid, mouse-size background phantom. 

The background phantom was composed of 1% Intralipid, India ink and 1% Agar 

powder, providing a sµ′ of 1.0/mm and a aµ of 0.005/mm. The target had a sµ′  of 2.0/mm 

and aµ  was contributed by both the India ink (0.005/mm) and 
mxa →

µ  of ICG. To test the 
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quantitative performance of the system, we prepared a series of targets containing low 

concentration ICG (0.1uM, 0.2uM, 0.4uM, 0.6uM and 1uM). 

3D Experiments 

In the experiments, the laser beam was focused directly onto the sample to serve 

as a point source. The focal plane of the CCD represented a collection of virtual 

detectors of area dA= 1mm2. 7 layers of sources with averagely 13 sources at each 

layer were used. Signals from a total of 363 source (corresponding to 4 CCD 

positions/angles) and 363 detector positions were collected transmission data for both 

DOT and FMT. We used a finite element mesh of 4598 nodes and 22539 tetrahedron 

elements. Regular shaped DOT guided FMT qualitative and quantitative performance 

improvements for a representative case (1uM ICG in the target) , as we can see in Fig. 

4-4 where the exact fluorescent target (red), the recovered fluorescent target with (gold) 

and without (blue) DOT guidance are fused together for easy comparison. 

Examining the images shown in Fig. 4-4, it can be seen that when the DOT 

recovered aµ  and sµ′  distributions are used, the FMT image is most accurately 

reconstructed in terms of the size/shape, position (partially overlapped with the exact 

position) and 
mxa →

µ value (0.026 mm-1) of the target. We can clearly see that the uniform 

aµ  and sµ′  assumption results in unsatisfied 
mxa →

µ  reconstruction, where the recovered 

target shape is distorted, the recovered 
mxa →

µ value of 0.01 mm-1 has about 67% error 

with respect to the exact value of 0.03 mm-1, and the target position is shifted. 

Arbitrarily Shaped Objects  

Herein, we first demonstrate the combination of CW FEM based DOT/FMT with 

3D free-space non-contact detection and fully consider the distribution of both 
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absorption and scattering coefficients with arbitrarily shaped phantom geometries. In 

addition, the phantom mimics a realistic in vivo (mouse) anatomy heterogeneous optical 

situation and animal boundary shape. The experiments were conducted using an optical 

fiber free system based on a non-contact multi-angle transmission scheme, and the 3D 

fluorescence images were recovered using our finite element-based FMT reconstruction 

algorithm with DOT guidance. Our approach is demonstrated using a series of phantom 

experiments with low ICG concentration (0.1, 0.2, 0.4 and 1.0 Mµ ) targets. 

In the phantom experiments, a 6x6mm cylindrical solid target containing ICG was 

embedded in a mouse-size arbitrarily shaped phantom. The background phantom was 

composed of 1% intralipid, India ink and 1% agar powder, providing a sµ′  of 1.0/mm and 

a aµ of 0.03/mm. Five optical heterogeneities mimicking lung, heart, liver and stomach 

in a mouse were embedded in the background and their optical properties are listed in 

Table 4-1 according to the literature.129 The “stomach” also served as the fluorescent 

target containing ICG at a variety of low concentrations (0.1, 0.2, 0.4 and 1 Mµ ). Based 

on the literature,127 the quantum efficiency η  of ICG is stable under the condition of low 

concentrations as used in our experiments. Thus, the reconstructed fluorescent yield 

(
mxa →

ηµ ) under different ICG concentrations should be solely determined by
mxa →

µ , which 

is directly proportional to the ICG concentration as the Beer-Lambert Law states. 

Reconstructed 
mxa →

µ  value was compared with 
mxa →

µ  obtained via spectroscopic 

methods. 91, 128 In this work we used the reported quantum yield, η  =0.016 from the 

literature which was measured under nearly the same experimental conditions as in our 

experiments.91 
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Reconstructed optical and fluorescence images for a representative case are 

given in Fig. 4-6: aµ , sµ′  and 
mxa →

µ  images are given in Fig. 4-6 (b), Fig. 4-6. (c) and Fig. 

Fig. 4-6 (d) respectively. 

While the recovered 
mxa →

µ values from a number of cases having different ICG 

concentrations are presented in Fig. 4-7. For the representative case, the phantom , the 

exact position, shape and size of the optical heterogeneities are shown in Fig. 4-6 (a) 

and table 4-1 while the recovered aµ , sµ′  and 
mxa →

µ  images are given in Fig. 4-6 (b), Fig. 

4-6 (c) and Fig. 4-6 (d) respectively. 

In Fig. 4-6(d), the exact fluorescent target (orange), and the fluorescent target 

reconstructed with (yellow) and without (blue) DOT guidance are fused together for 

easy comparison where the isosurface plot of aµ  image is also depicted in black mesh. 

Examining the images shown in Fig. 4-6(d), it can be seen that when the DOT 

recovered aµ  and sµ′  distributions are used, the FMT image is most accurately 

reconstructed in terms of the size/shape, position (partially overlapped with exact 

position) and 
mxa →

µ value (0.025 mm-1) of the target. We can clearly see that the uniform 

aµ  and sµ′  assumption results in unsatisfied 
mxa →

µ  reconstruction, where the recovered 

target shape is distorted, the recovered 
mxa →

µ value of 0.007 mm-1 has about 80% error 

with respect to the exact value of 0.03 mm-1, and the target position is significantly 

shifted. 

Reconstructed 
mxa →

µ  values with and without DOT recovered aµ  and sµ′  

distributions for target containing different ICG concentrations are plotted in Fig.4- 7. 

Values determined by spectroscopic method from the literature are also presented for 
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comparison. It is clear that the results with the DOT guidance are in good agreement 

with that from the literature whereas the 
mxa →

µ values recovered with the uniform optical 

property distribution assumption is shifted significantly away from the literature values. 

 
 Table 4-1. Optical properties of the embedded “organs” and the background used in the 

experiments 
  

Lung 
 
Heart 

 
Liver 

 
Stomach (also the ICG 

Target) 

 
Background 

aµ  (mm-1) 0.3 0.11 0.45  0.2 0.03 
sµ′  (mm-1) 2.5 1.1 2.5  1.8 1.0 

 

 

Figure 4-1. Photograph of the CCD based CW FMT system. 
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Figure 4-2. Reconstructed aµ , sµ′ , and 

mxa →
µ  images for a representative experimental 

case. A) aµ image  B) sµ′ image  C) 
mxa →

µ  with DOT recovered aµ  and 

sµ′ distributions D) 
mxa →

µ  with uniform sµ′ but DOT recovered aµ  distributions, 
E) 

mxa →
µ  with uniform aµ  but DOT recovered sµ′ distributions, and F) 

mxa →
µ  

with uniform aµ and sµ′ distributions. 

A B 

C 

E  F 

D 
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Figure 4-3. Reconstructed 
mxa →

µ values in the target with and without DOT recovered aµ  

and sµ′  distributions when different ICG concentration was used.  The 
mxa →

µ  
value from literature (0.1,0.2,0.4 and 0.6 Mµ ) were obtained by 
spectroscopic methods,21 while the

mxa →
µ  literature value (1 Mµ ) was obtained 

by a micromolar aqueous solution with a spectrofluorometer [8]. 
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Figure 4-4. Reconstructed 3D images for a representative case (ICG concentration in 

the target=1 Mµ ). 

 

 

 

 

 

 

 

 

 

 

Figure 4-5. Arbitrarily shaped phantom experiment. A) Phantom and imaging system. 
Inclusion is the arbitrarily phantom. B) Raw boundary signal 

 

 

A B 
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Figure 4-6. Exact positions of the targets in the finite element mesh A), and 
reconstructed aµ  B) , sµ′  C),  and 

mxa →
µ  D) images for a representative case 

(ICG concentration=1 Mµ ). In (d), the exact fluorescent target (orange), and 
the fluorescent target recovered with (yellow) and without (blue) DOT 
guidance are all shown. The insert is a close view of the recovered 
fluorescent target with and without DOT guidance relative to the exact target. 
Here the isosurface plot of the absorption image is also depicted (black 
mesh). 
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Figure 4-7. Reconstructed mxa →
µ  values in the fluorescent targets with and without DOT 

guidance when different ICG concentration was used. For easy comparison, 
the recovered data shown were calibrated against the mxa →

µ   value at 0.1 Mµ  
from the literature. Error bars are the deviation of each concentration point 
value and individual concentration point values are the mean value of five 
different experiments. The significance of differences was assessed between 
data with DOT guidance and data without DOT guidance using t-test, 
reconstructed value of 0.2, 0.4 and 1μM ICG shows significant higher value 
with DOT guidance method (all p-values less than 0.05). 
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CHAPTER 5 
APPLICATION IN A MOUSE MODEL 

Diffuse optical tomography (DOT) guided fluorescence molecular tomography 

(FMT) is utilized to provide quantitative analysis in our breast cancer preclinical study. In 

this method, we conducted a full body optical property reconstruction of mice and 

applied the reconstructed optical property into FMT reconstruction as functional a priori 

information to minimize the heterogeneity effects. First, we conducted a well controlled 

experiment in which the volume, quantity and location of the tumor cells are known to 

validate quantitative and qualitative performance of the method in mice. In this 

experiment, mouse mammary tumor 4T1 cells were pre-labeled with a tumor targeting 

peptide conjugated with a near infrared fluorescence (NIR) dyes, Cy5.5.  Following 

injection of different numbers of the NIR dye-targeting peptide-labeled living cancer cells 

into  three subcutaneous locations of the mice . FMT was performed on the mice.  

Results of FMT reconstruction show that cell quantification and tumor localization are 

improved with DOT guidance. We further applied this method to evaluate target 

specificity and detection sensitivity of a newly synthesized NIR dye (NIR 830)-labeled 

urokinase plasminogen activator receptor (uPAR) targeted   magnet iron oxide 

nanoparticles (IONPs) after systemic delivery. Our results show the signal intensity in 

the orthotopic mammary tumor in mouse that received NIR-830 dye labeled and uPAR-

targeted IONPs is 10 times higher than that of the mouse injected with NIR-830 dye 

labeled and non-targeted mouse serum albumin (MSA)-IONPs.  

Introduction  

Theoretically, propagation of both excitation and fluorescent emission light in 

tissue is described by the coupled diffusion equations where the emission photon 
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density of the fluorophores is directly related to the excitation photon density, which in 

turn depends on the optical property distribution in tissue. Research conducted by 

several groups has shown the impact of optical property distribution 97, 98, 101 and 

methods have been reported to improve image quality of FMT in the presence of 

heterogeneities FMT in phantom study. 98, 103 FMT is already proved as a promising tool 

to track cancerous tissue in mice.4, 59 In these studies, inhomogeneities in tissue are 

usually treated by normalizing the excitation signal towards emission signal via 

normalized Born approximation method.103 The normalized Born method uses original 

boundary data to minimize the error resulted from uniform optical property assumption. 

Heterogeneities of mouse can also be better evaluated for FMT reconstruction with a 

priori MRI or CT information. 45, 130 To our best knowledge, whole body optical 

heterogeneities of mice are not systematically evaluated by directly using diffusion 

optical tomography. Diffusion equation based full optical property reconstruction can 

reveal information hidden in raw experimental data and further improve the FMT 

reconstruction. The resolution of the reconstructed heterogeneity is not as good as MRI 

or CT method, but DOT can directly reconstruct optical property and it is easily 

implemented into FMT system with zero extra cost, requiring only few extra minutes to 

regular FMT experimental procedure. Our method has proved be an efficient and 

practical method to improve FMT imaging reconstruction for both regular and arbitrarily 

shaped phantom experiments in presence of heterogeneous reduced scattering 

coefficient ( sµ′ ) and absorption coefficient ( aµ ) distributions.28, 96 Here we first applied 

DOT guided FMT method and evaluate its performance in mice. To help evaluate the 

method qualitatively and quantitatively, we labeled the living 4T1 breast tumor cells with 
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amino-terminal fragment (ATF) peptides conjugated to Cy 5.5 dye and then injected 

different amount of tumor cell (100000,200000 and 500000) in three marked positions 

on the mouse. The results proved that with DOT guidance, tumor cell quantification and 

localization are both improved. We further applied proposed method to evaluate affinity 

and sensitive limit of a newly developed nanoparticle NIR-830 -ATF-IONP with tumor 

cell targeting amino-terminal fragment (ATF). The ATF modified dye and pure dye are 

injected in tail of live mouse induced with breast tumor. Based on DOT guided FMT 

results, the affinity of ATF modified dye toward tumor cell is increased ten folds. Further 

FMT test indicated that NIR-830 -ATF-IONP can localize trace mount of cancer tumor 

cells (recurrent tumor and metastasis cases). 

Method and Experiments 

Data acquisition and process procedure were described in detail in our previous 

phantom studies. 28, 96 Briefly, for each angle, the source and detector nodes in the finite 

element mesh were automatically chosen to cover the region of interest and absolute 

coordinates of detectors were mapped automatically towards CCD pixel grid. For each 

angle, XY-positioner delivered laser beam according to coordinates of source positions 

in 3D finite mesh and CCD collected transmission signal of the opposite side. For 

example, in tumor cell quantification experiments, signals from a total of 238 source 

positions (corresponding about 60 per side in all 4 projections by rotating mouse 

0,90,180 and 270 degree) and 284 detector positions on opposite side were collected. 

Mesh is generated according to the shape of the mice and we used a finite element 

mesh of 3855 nodes and 17999 tetrahedron elements. 



 

83 

3D DOT Reconstruction of Mice 

Reconstructed optical property images of a typical mouse are given in Fig. 2 and 

isosurface is plotted using 70% of the maximum reconstructed value. The 3D absorption 

and scattering images show that the lung (upper part), and liver (lower part) are 

reconstructed with high absorption and scattering value.  

We note that the accuracy of reconstructed absorption and scattering coefficient is 

critical for the DOT guided FMT method presented here. We have made great efforts in 

improving our DOT reconstruction algorithm and experimental system to obtain 

accurate optical property reconstruction. It has been demonstrated in recent years by 

several groups including our own 92-95 that quantitative reconstruction of both absorption 

and scattering coefficients is possible using CW DOT when a priori information coupled 

with effective normalization schemes are used. In our CW DOT method, in addition to 

the use of a priori information and normalization scheme, the hybrid regularization 

schemes of Marquardt and Tikhonov play an important role in combating the ill-posed 

problem involved.87 Our previous phantom study shows that with DOT guidance, 

statistically we can obtain better FMT reconstruction in mouse-mimicking phantom 

experiments.96 

Quantification of Cy 5.5 –ATF Labeled Tumor Cell 

According to Beers’ law, fluorophore absorption coefficient mxa →
µ   is proportional to 

fluorophore concentration since quantum efficiency is stable at low concentration in 

most preclinical applications. In FMT reconstruction algorithm, mxa →
µ  value is determined 

by light intensity distribution, optical heterogeneity distribution and boundary data, which 

are all related to heterogeneous absorption coefficient ( aµ ) distributions and reduced 
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scattering coefficient ( sµ′ ) distributions. Since mice have highly heterogeneous optical 

property in different organs and tissues, same concentration of dye in different parts of 

mouse body will be reconstructed with different mxa →
µ   value when optical property 

distributions are treated uniform. In addition, DOT reconstruction itself can provide 

additional information to reveal tumor position since high aµ  value correlates high blood 

volume which can result from angiogenesis of the late stage tumor and high sµ′ value 

reveal tumor with big particle size distribution since tumor cells/nuclei are considerably 

enlarged relative to normal ones.131, 132 Therefore, DOT reconstructed reduced 

scattering coefficient ( sµ′ ) and absorption coefficient ( aµ ) distributions are introduced in 

our study to help obtain reliable quantitative analysis in FMT. 

The recombinant amino terminal fragment (ATF) of uPA was produced from a 

bacterial expressing system using our established protocol ATF peptides were then 

labeled  with Cy5.5 dye and used to label breast cancer 4T1 cells. After labeling, the 

intercellular dye and nonspecific binding are washed thoroughly. Cells were counted 

and specific numbers of cells (top:100,000 cells, middle:200,000, bottom:500,000) were 

injected into the haired Balb/C mouse for optical imaging. Experiments were conducted 

using a continuous wave (CW) diode laser at 660 nm (25mW) as excitation and 710 nm 

band pass filter for emission light acquisition. 

The injected tumor shape may vary depending on the anatomic structure of the 

injection site but its volume is remained approximately same and proportional to tumor 

cell number. Isosurface of the reconstructed fluorophore absorption coefficient mxa →
µ  is 

used to present the 3D reconstruction where the volume of the isosurface indicates the 
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tumor cell amount. The reconstructed tumor images are given in Fig. 3 where it can be 

seen that when the DOT recovered aµ  and sµ′  distributions are used, the fluorescence 

image is most accurately reconstructed in terms of the volume (which is proportional to 

tumor cell number) and position (partially overlapped with the exact position). We can 

also see that the uniform aµ  and sµ′ assumption results in unsatisfied 

mxa →
µ  reconstruction where the recovered target positions are shifted from the exact 

positions and the recovered sizes are not proportional to their tumor cell number. We 

also noticed that DOT guided FMT may somehow increase the sensitivity in tumor 

imaging, the 100,000 cells in up position is not revealed  by FMT without DOT guidance.  

Evaluation of Affinity  

Oxy-hemoglobin and deoxy-hemoglobin have same absorption at about 790nm 

and the sum of absorption of oxy-hemoglobin and deoxy-hemoglobin reach minimum at 

about 800 nm in visible light region. We developed NIR-IR830-ATF-IONPs (excitation at 

785nm and emission at 830nm) to improve preclinical mouse imaging quality. The NIR-

830 dyes can yield much higher signal/noise ratios with less absorption than Cy 5.5, 

and is also much stable than indocyanine green (ICG). We here use DOT guided FMT 

to characterize NIR-830 dye-ATF-IONP, mxa →
µ   is reconstructed by DOT guided FMT 

and is used to quantify affinity.  

Quantification of the affinity in the mouse can improve specificity and facilitate 

probe development. Affinity are normally measured in vitro by using confocal scanning-

laser microscopy, quartz crystal microbalance (QCM), atomic force microscopy (AFM) 

and surface plasmon resonance (SPR). 133-135  Planar or FMT based whole body 
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monitoring methods are also reported. 136-137 These methods usually can just provide 

qualitative or semi-quantitative analysis.  

The affinity to targeted organs or tumors in the mouse is the key parameter to 

evaluate developed probe in preclinical applications. Although quantitative 

measurement of the adsorption kinetics and affinity in a live mouse is extremely 

challenging, the variation in affinity is the frequently used substitute index for most 

applications. We tentatively utilized FMT to quantify affinity of a newly developed NIR-

830-ATF-IONP by comparing reconstructed mxa →
µ   value of NIR-830 -IONP dye with and 

without ATF.  

We administrated un-targeted NIR-830-MSA IONP and NIR-830 -ATF-IONP via 

the tail vein of the tumor-bearing mice, DOT guided FMT reconstruction, at the exact 

same measurement and reconstruction settings, was used.  The ATF-targeting  greatly 

increases the  signal intensity in the tumors over non-targeted, NIR-830 dye-MSA-IONP   

with a difference over 10-fold as shown in Fig. 5-4. 

The high specific affinity of NIR-830-ATF-IONPs can greatly increase the 

sensitivity thus makes challenging cases like early stage tumor, recurrent tumor and 

metastasis detectable. To confirm whether NIR-830-ATF-IONPs dye can help detect 

spontaneous recurrent tumors and lung metastasis of breast cancer, we excised the 

original breast cancer tumor. After the mouse recovered, both the planar fluorescent 

(IVIS system) and FMT measurement detected metastasis and recurrent tumor with 

consistent results. 
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Conclusions 

DOT guided FMT can help to obtain more accurate quantitative and qualitative 

results in a well controlled tumor cell count experiment using Cy5.5-ATF nanoparticle 

dye. We further used the method to characterize NIR-830-ATF-IONPs nanoparticle dye 

developed by an established protocol138. We tentatively evaluate the  affinity with FMT, 

our study suggested that the affinity to tumor cell increased over 10 fold compared to 

NIR-830-IONP without ATF. Trace cancer cells in recurrent tumor and metastasis can 

be detected and FMT results are consistent with planar fluorescence imaging. Our 

results show that NIR-830-ATF-IONP is very suitable for preclinical cancer research. Its 

high specificity to tumor cell and stability after administration could help follow up 

pathology study, mark surgical margins more accurately and detect possible circulating 

cancer cells in blood; DOT guided quantitative FMT can be a promising tool in 

preclinical study such as fluorescent dye quality assess, tumor progression monitor, 

early stage cancer detection, chemotherapy evaluation and drug delivery. 
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Figure 5-1. Mouse in Experiment. A) Photography of the experimental system, where 

the insert is the 3D finite element mesh of the mouse for the region of interest 
B) The detector node distribution of a typical sagittal projection. Blue stars are 
the voxel of  3D mouse model and red circles are the projected detector 
nodes on the finite element mesh used. 

 

 
Figure 5-2. Reconstructed 3D aµ and sµ′  images of a typical mouse (mm-1): A) aµ image 

B) sµ′ image  

A 

A 
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Figure 5-3. Recovered 3D FMT images from a mouse in sagittal A) and coronal 

projection B). The exact tumor location (red mesh), and the isosurface plot of 
the fluorescent target recovered with (in golden) and without (in green) DOT 
guidance are shown together for comparison.  

                
 
 
Figure 5-4. Comparison of signal intensity of the mammary tumor in the mice received 

uPAR-targeted NIR-830-ATF-IONPs and non-targeted NIR-830-MSA-IONP  
(with ATF vs without ATF). (A) Tail vein injection of 40 pmol of NIR-830-ATF-
IONPs for 6 days   (B) Tail vein injection of 40 pmol of NIR-830-MSA-IONPs 
for 6 days 
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Figure 5-5. Detection of local recurrent mammary tumor and lung metastasis using 
reconstructed 3D images of FMT method and NIR-830-ATF peptide optical imaging 
probes. The primary tumor of the mouse was removed by surgery. Local recurrent 
tumor in the mammary fat pad and lung metastasis developed two weeks following 
surgery. The mouse received the tail vein delivery of 40 ug of NIR-830 ATF peptides for 
72 hrs. Bioluminescence imaging showing the locations of the tumor lesions. (a) Planar 
fluorescent image by IVIS system. (b) Reconstructed 3D images by FMT method. 
 

 
 

A B 



 

91 

CHAPTER 6 
APPLICATION IN A DROSOPHILA PUPA MODEL 

Basic biologic research (e.g., genetics, epigenetics, and stem cells) often use 

animals such as Drosophila, zebrafish, and xenopus laevis as the study models of 

mesoscopic scale biological events. Characterization of molecular events in these 

models currently relies on time-consuming in vitro tissue-sectioning based microscopic 

techniques including fluorescence microscopy (~40µm depth), confocal microscropy 

(~200um depth) and two- or multi-photon fluorescence microscopy (~500um depth). In 

particular, the in vitro microscopic imaging can be performed only at certain fixed time 

points, making a dynamic characterization of cell events of the same animal impossible. 

In contrast, the emerging fluorescence molecular tomography (FMT) is capable of 

providing information about specific biological events of intact live animal in its natural 

state, and has already shown promises in imaging small animals such as mice with 

applications including cancer detection, drug discovery, and basic mechanism studies. 

12, 13, 57, 59, 139, 140  

Recently, Vinegoni et al. showed the possibility of in vivo tomographically imaging 

millimeter or mesoscopic scale animals where green fluorescent protein (GFP) 

expressing cells inside Drosophila pupae were imaged using a FMT approach based on 

Fermi simplification to the Fokker-Planck solution of photon transport theory. This 

simplified model is effective only in strongly forward-scattering regimes. In their study, 

this approximation was satisfied through the use of a polarizer to reject highly diffusive 

photons due to the relatively strong polarization property GFP contains, which allows to 

collect only 10% of the boundary photons.141  
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Compared to GFP, DsRed shows almost no polarization property since 

biexponential anisotropy decay reveals a fast ( 211±6ps) depolarization in DsRed.142, 143 

Thus polarization based method used for GFP is not applicable to the DsRed-bearing 

pupae we study here. The radiative transfer equation (RTE) is perfect to deal with such 

cases for mesoscopic fluorescence tomography and the RTE based FMT can be 

applied to imaging fluorescent dyes without polarization. In the RTE framework, since all 

boundary photons are collected, the laser power can be reduced to minimize possible 

damage the live millimeter scale animals.  

Previously Klose et al. 144 implemented the RTE–based FMT reconstruction 

algorithm using finite difference method and demonstrated successful image 

reconstruction in a slab-like geometry phantom 19and in vivo mouse imaging in a match 

fluid filled slab-like container with finite difference method.145 Amit Joshi et al.146 

presented the RTE-based fluorescence tomography on a computational mouse model 

to localize fluorophore concentration distribution. Our RTE based fluorescence 

reconstruction algorithm is implemented with finite element method for arbitrarily shaped 

objects. This algorithm is validated using a Cy5.5 dye containing-microtube embedded 

in a pupa. The RTE based algorithm is also tested using DsRed-bearing live pupae, and 

the reconstructed images are compared with images obtained from confocal 

microscopy. 

In our platform, the FMT microscope was horizontally mounted, and the sample 

laid vertically on a rotation stage. A laser beam was focused to the horizontal scan 

positions on the pupa’s surface with a plano-convex lens. The sample was rotated to 

collect signals from different angle and the fluorescent signals were captured with a 
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microscope lens mounted on a CCD camera. The vertical scanning of the laser beam 

was realized via a linear stage. The tomographically collected fluorescence 

measurements were then used to localize and quantify the signal from IRER{ubi-

DsRed} through a radiative transfer equation based tomographic inverse algorithm.  

Static Fluorophore Concentration Imaging 

Cy5.5 Microtube Imaging 

The FMT experimental system and data acquisition procedure were described in 

detail in our previous studies. 28, 96 Briefly, the experiments were conducted using a 

continuous wave (CW) 660nm diode laser as excitation and 710nm band pass filter for 

emission light acquisition. The 3D shape of the pupa was obtained with volume carving 

method based on silhouettes of 72 projections.117 Signals from a total of 484 sources at 

4 CCD positions and 484 detector positions at the opposite side of the source location 

were collected.The 3D experimental data was mapped to seven transverse slices and 

the 2D RTE based FMT algorithm was utilized for reconstruction.  

A 3 mm long silica capillary microtube (outer diameter=150μm and inner diameter 

=100μm) containing Cy5.5 dye served as a target. The tube was inserted through the 

pupa as shown in Fig. 6-2 (a). The Drosophila pupa was positioned vertically on a 

rotation stage. Laser beam was focused to source point at the pupa’s shell with a plano-

convex lens. The sample was rotated to 4 projection positions and transmitted light 

were captured with a 1024x1024 pixels CCD camera.  

Since an early stage pupa is composed of mostly fat tissue like larva, the optical 

properties of the pupae can then be assumed homogenous. The reconstructed FMT 

images (transverse slices) using both the diffusion and RTE based methods are given in 

Fig. 6-2b~6-2h. We see that strong boundary artifacts exist in all the images using the 
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diffusion-based method, while the RTE-based method shows overall much improved 

images. We also note that the images with the RTE based method (bottom row, Fig.6-

2b~6-2h) give a target-localization error of up to 100µm. Fig.6-3 shows the 3D rendering 

of the reconstructed images obtained from these 7 transverse slices where the golden 

rod indicates the exact position and size of the Cy5.5-containing microtube. 

DsRed Whole Body Imaging  

Drosophila is a widely used model for genetic and molecular biology research. The 

genetic prowess of this organism allows florescent markers such as the DsRed gene to 

be readily inserted into interested loci as a reporter for various applications.147, 148 The 

pupa stage of Drosophila undergoes extensive tissue remodeling controlled by genetic 

casade before it develops into an adult fruit fly. In our experiments, DsRed fluorescent 

reporter was inserted into the middle of IRER (Irradiation responsive enhancer region) 

and can only be expressed in IRER-open cells (Zhang et al. 2008). IRER is open in 

undifferentiated proliferating embryonic stem cells and is responsible for stress-induced 

cell death of these cells. Therefore, by monitoring the DsRed signal from different 

organs during development, we will be able to monitor the epigenetic status of IRER as 

well as follow some stem cell activities and events.149 

The in vivo experiments were conducted following exactly the same procedure as 

the Cy5.5 microtube experiments except that a 535nm CW diode laser was used as 

excitation and that a 585nm band pass filter was applied for emission light acquisition. 

Low laser power (6μW) was used during the 10 minute scanning for a full set of data 

collection (1 second CCD exposure time for each source position). We noticed that such 

a low laser power did not interrupt the undergoing biology development of the sample, 
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and that all the pupae were developed into normal fruit flies after the optical imaging. 

Confocal microscropy of certain slices from the pupae of same development stage were 

used to validate our reconstructed FMT results. 

Fig.6-4 presents the FMT images for a typical day 2 pupa, in comparison with the 

confocal microscopy. In this figure, the first schematic shows the positions/sections 

corresponding to the FMT/confocal slices; the top row gives the FMT images, while the 

bottom row displays confocal microscope (bottom row a-d) and epifluorescence 

microscope (bottom row e & f) images. As can be seen, larger congregated DsRed-

containing organs are clearly visualized (slices b and d). Major features in more 

complicated structure are also identifiable in the FMT images (slices a and c), although 

the FMT images are relatively blurred compared to the confocal images. Sagittal slices 

given in slices e and f were obtained through the interpolation using 9 transverse slices. 

We immediately note that the sagittal FMT images agree well with the corresponding 

images obtained from cryostat sections of fixed DsRed-expressing pupae. 

Although it still needs to be verified by a tissue specific marker, it seems that at 

about 1 day post pupation (PP), the strong signal at the anterior corresponds to the 

degenerating salivary gland while the one at the posterior corresponds to the midgut. 

Signals from both regions were captured by the FMT images. 

Dynamic DsRed Concentration Imaging 

Epigenetic regulation, by limiting the accessibility of DNA and the expressivity of 

genes, plays a fundamental role in determining the differentiation potential of stems 

cells as well as the properties of differentiated cells. Deregulation of epigenetic status 

has been implicated in many diseases such as cancer, cardiovascular disorders, and 

mental diseases. In contrast to static genetic changes, epigenetic regulations are 
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dynamic, responsive to environmental and dietary factors, and under many 

circumstances, reversible.The dynamic nature of epigenetic regulation demands 

innovative techniques that allow continuous monitoring of epigenetic status in live 

animals. However, most biochemical methodologies for measuring epigenetic 

modification and DNA accessibility rely on homogenizing large amount of cells, which is 

inapplicable for monitoring dynamic epigenetic changes in live animals. In this study, we 

explored the applicability of using a fluorescent reporter, inserted into an epigenetically 

regulated region, in monitoring and semi-quantitative assessment of epigenetic status 

and DNA accessibility in vivo. Our analysis indicated that the expression of this 

ubiquitin-DsRed reporter accurately reflects the epigenetic status, i.e. the accessibility of 

DNA, in the tested locus. This reporter allowed us to monitor epigenetic changes of this 

locus during development as well as in response to histone modification compounds 

administrated with food. In addition, we showed that it is possible to semi-quantitatively 

measure DNA accessibility in live animals by measuring the fluorescence recovery after 

photobleaching. 

Dynamic measurement of DNA accessibility in live animals via FMT. 

Much cell death and proliferation occur during metamorphosis. However, the pupal 

shell is opaque and deflects the fluorescent signal, making it impossible for fluorescent 

microscopy to accurately localize and quantify the signal. To solve this problem, we 

have developed an initial platform for monitoring the dynamic signal from IRER {ubi-

DsRed} using fluorescence molecular tomography (FMT). 96, 150 

The main advantage of monitoring epigenetic change in live animals is that we 

could follow the dynamic epigenetic status during organism development, cellular 

differentiation and migration, and continuous response to environmental factors. To 

(g) (i) 
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interrogate if longitudinal observations would be possible, we followed the expression of 

IRER{ubi-DsRed} over the whole pupation period (~115 hours in our setting as in Fig. 6-

5) with recordings done at 2-15 hour interval. The relatively low energy required for FMT 

monitoring appeared to be well tolerated by the animal and did not disrupt the 

development process. Adult flies emerged from the pupal case at the end of recording 

without any noticeable defect. Repeated recordings of three pupae indicated that the 

dynamic pattern of IRER{Ubi-DsRed} during pupation is highly repeatable (Fig. 6-7). 

The results are further confirmed by using microscope to image pupa whose shell is 

removed as in Fig. 6-6. 

Fluorescence Recovery after Phototbleaching (FRAP) and FMT 

Much of the DsRed signal could be due to expression of the protein prior to the 

testing time. So the level of fluorescent signal monitored during development actually 

reflects the epigenetic status of the cell prior to the time of observation. To determine 

whether we could directly assay the status of epigenetic modification in live animals, we 

devised a scheme to monitor FRAP. Our initial data indicated that it is fully feasible to 

monitor the recovering of fluorescent signal, i.e. de novo synthesis of the reporter 

protein, in live animals using FRAP (bottom inlets in Fig. 6-7). The FRAP analysis was 

focused on the developing midgut in the posterior of the pupa, which has a very strong 

signal during early pupation. The overall signal in this area starts to increase at early 

pupation, reach its peak at about 30hr P.P. and starts to decline at about 80 hr P.P.. 

The FRAP analysis indicated that corresponding with the overall increase of the signal, 

the rate of FRAP is relatively faster at 14 hr P.P. (photobleaching done at 14 hr P.P., 

fluorescent signal is monitored up to 5 hour after bleaching). In contrast, FRAP was 

almost absent at 75 hr P.P., which is still 5 hrs prior to the precipitous decline of 
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fluorescent signal in this region. This result strongly suggests that FRAP 

measurements, in combination of monitoring overall fluorophore DsRed concentration 

by FMT, provide better measurement of DNA accessibility for region of interest at a 

given time point. 

The relationship of FMT and FRAP can be further revealed with derivative FMT 

together with normalized FRAP in Fig. 6-8. Derivative FME indicates overall DsRed 

concentration change rate and normalized FRAP indicates regenerate speed 

proportionally to gene openings. The tendencies of two methods for salivary gland and 

the midgut almost overlap each other after subtracting 1.2 at 14 hour stage FRAB. The 

1.2 difference is the sudden decrease of DsRed concentration which we think is due to 

a sudden increase in dying metabolism attributed to cell dying process naturally 

programmed to get rid of useless larva organ tissues and provide nutrition and space for 

new adult fruit fly organs at about 10% stage of pupation. 

In summary, to realize in vivo monitoring of DSRed-expressing cell distribution 

In Drosophila pupae using fluorescence molecular tomography (FMT), the radiative 

transfer equation (RTE)-based FMT reconstruction algorithm is implemented using finite 

element method for mesoscopic millimeter scale imaging. The RTE algorithm is 

validated using both simulated and phantom experimental data. For the in vivo 

experiments, DsRed fluorescent reporter was inserted into the middle of IRER 

(Irradiation Responsive Enhancer Region) of Drosophila pupae and expressed only in 

IRER-open cells. Quantitatively accurate fluorescence images can be reconstructed 

from both simulated and phantom data. The in vivo images obtained agree well with the 



 

99 

in vitro images obtained from confocal microscopy both qualitatively and semi-

quantitatively.  

DsRed-bearing stem cells in Drosophila pupae can be markedly imaged using our FMT 

approach. Dynamic in vivo monitoring of biological events in mesoscopic scale animals 

can greatly facilitate basic biologic research such as genetics, epigenetic, and stem 

cells. Initial dynamic monitoring and FRAB are very promising in revealing epigenetic 

regulation activity during pupation, although much work lies ahead for us in order to 

further validate and develop the methodology. 

 Improvements are certainly needed especially with respect to the spatial 

resolution, data acquisition speed and experimental protocol. To enable cell level event 

monitoring, the resolution needs to be improved from the current 100μm to 10μm. Since 

the low resolution is most caused by scattering photons, techniques to capture early or 

less scattering photons 40, 43 will provide much better boundary signal and higher 

resolution. High speed data acquisition will allow real-time dynamic monitoring of 

biologic events and can be implemented with fast Galvo scanner for light delivery and 

EMCCD for data collection, making a frame rate of 100 possible. Experimental protocol 

need to be improved for better statistic validity: the design of the reporter needs to be 

modified to minimize the impact of mRNA stability on FRAP analysis. The novel 

FMT&FRAP analysis needs to be carefully validated and improved with better 

resolution. Nonetheless, the in vivo monitoring of stem cells demonstrated in this thesis 

has paved the way for us to continually optimize our FMT method for improved 

performance. 
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Figure 6-1.  A pupa in experiment 
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Figure 6-2. Comparative Cy5.5 tube experiment of the diffusion and RTE based FMT 
reconstruction for a microtube embedded pupa. a) Photograph of the pupa 
under test (top) and the source point/node distribution (green crosses) in 
coronal projection (bottom).  (b)-(h): reconstructed FMT images for seven 
consecutive transverse slices with the diffusion based method (top row) and 
the RTE based method (bottom row). The green circle indicates the exact 
position of the dye-containing microtube. 

 

 
 
Figure 6-3. 3D view of reconstructed Cy 5.5 microtube in the pupa. A) reconstructed 

Cy5.5 dye-containing microtube in blue isosurface plot. B) reconstructed 
Cy5.5 dye-containing microtube (blue)and the exact position of the tube 
(golden). C) another view of the reconstructed Cy5.5 dye-containing 
microtube (blue)and the exact position of the tube (golden). 

 

A B C 
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Figure 6-4. Reconstructed in vivo FMT (top row a-f) , in vitro confocal microscope 
(bottom row a-d) and epifluorescence microscope (bottom row e & f) images: 
Column a, b, c and d: transverse slices ; Column e and f : sagittal slices. 

 

 
Figure 6-5. 3D FMT tomography of 15 stages during the pupation development. 
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Figure 6-6. Microscope images of pupa (shell removed) in early stage. Sudden 
decrease in DsRed expressing at 10% stage is detected. 
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Figure 6-7. Quantifying the change of DNA accessibility in live animals with FMT and 

FRAP. The top inlets are representative whole pupa constructions. The three 
lines represent the developmental change of signal level at the midgut region 
measured on three pupae. The inlets below the lines are FRAP 
measurements performed at 14hr, 45hr, 75hr, and 94 hr post pupation (P.P.). 
For FRAP, each line represents an independent measurement on a different 
pupa at the same developmental stage (hours P.P.). FRAP measurements 
indicated that the region is already closed at about 75 hr P.P., even though 
the level of fluorescent signal did not start to decrease for another few hours.  
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Figure 6-8. Correlation between derivative FMT together with normalized FRAP. For 

better comparison, the hour (x axis) are aligned and the value (y axis) are normalized. 

Actual sampling hour discrepancy between FMT and FRAB for each stage of five 

stages in plot is within ±5 hours. 
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CHAPTER 7 
CONCLUSIONS  

In this thesis, DOT guided quantitative FMT are proposed: simulation test , 

experimental implementation and preclinical applications in both macro-scale and 

meso-scale samples are investigated. A quantitative 3D non contact FMT systems was 

built and continuously innovated during the investigation and it is capable of revealing 

dye distribution for macro-scale and meso-scale animals in their natural states. The 

workflow mainframe is described in Fig. 7-1. 

To obtain full quantitative FMT, a DOT guided FMT approach is proposed. In this 

approach, reconstruction is conducted in both excitation and emission wavelength. 

Reconstruction in excitation wavelength can provide full optical heterogeneity 

information for quantitatively accurate FMT reconstruction. The simulation results in 

Chapter 2 and phantom experimental results in Chapter 4 show the improvement 

clearly. In Chapter 5, we also use our DOT guided FMT to evaluate the newly 

developed fluorescent dyes (NIR-830-MSA-IONP and Cy 5.5-ATF) which show great 

potential in accurately localizing tumor boundary to enable well defined excision region 

for tumor surgery. The reconstructed images in Chapter 5 also show good improvement 

in FMT with DOT guidance. Our study suggested that the affinity to tumor cell increased 

over 10 fold compared to NIR-830-MSA-IONP without ATF. Trace cancer cells in 

recurrent tumor and metastasis can be detected and FMT results are consistent with 

planar fluorescence imaging. Our results show that NIR-830-MSA-IONP nanoparticle is 

very suitable for preclinical cancer research. Its high specificity to tumor cell and stability 

after administration could help follow up pathology study, mark surgical margins more 

accurately and detect possible circulating cancer cells in blood; DOT guided quantitative 
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FMT proved be a promising tool in preclinical study such as tumor progression monitor, 

early stage cancer detection, chemotherapy evaluation and drug delivery. 

This thesis proposed RTE based FMT reconstruction for meso-scale sample like 

Drosophila pupa. Light transportation within the object is described through two 

approaches (RTE and DA) according to the size of objects. In our Drosophila 

experiments, the distance between detector and source is less than 1mm so DA is no 

longer a good model. We implemented RTE based reconstruction and validate the 

method with simulation, Cy5.5 microtube experiments and DsRed dynamical monitoring 

experiments. The results we got in Chapter 6 shows that RTE based FMT is a good 

model for meso-scale animal study to provide dynamical semi-quantitative monitoring 

within 100µm localization error. The FMT image is validated by confocal microscope 

semi-quantitatively and qualitatively. To help study the stem cell activities, we also 

developed an in vivo Fluorescence Recovery After Photobleaching ( FRAP) procedure 

and coordinate it with our dynamic FMT monitoring. Based on our monitoring of full 

developmental course of Drosophila pupa, we got consistent results from FRAP and 

RTE. There is a dramatic drop in in vivo FMT at 10% stage, and overall dynamic plot of 

FMT and FRAP are very consistent with each other. We also further confirm this 

phenomenon with upright fluorescent microscope. The sudden increase dying 

metabolism factor might be attributed to cell dying process naturally programmed to get 

rid of useless larva organ tissues and provide nutrition and space for developing new 

organs of adult fruit fly. 
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Figure 7-1. Workflow framework of the dissertation 
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