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Diffuse optical tomography (DOT) is emerging as a potential imaging technique for breast 

cancer detection. Compared with the routine x-ray mammography which gives only the 

structural images of breast tissue, DOT provides not only the structural information, but also the 

functional images including oxyhemoglobin, deoxyhemoglobin, lipid and water content as well 

as the morphological images including nucleus size and volume fraction. The goal of this thesis 

study is to obtain these structural, functional and morphological contents of breast tissue using a 

multi-spectral DOT reconstruction approach. This study involves imaging hardware 

implementation and software development necessary for achieving the goal. The imaging system 

and reconstruction software implemented are tested and evaluated using extensive simulations, 

tissue-like phantom experiments and in vivo clinical studies. 

A compact diffuse optical tomography system, specifically designed for breast imaging, is 

constructed. The system consists of 64 silicon photodiode detectors, 64 excitation points, and 10 

diode lasers in the near-infrared region, allowing multi-spectral, three-dimensional optical 

imaging of breast tissue. The system performance and optimization through a calibration 

procedure are detailed. The system is evaluated using tissue-like phantom and clinical 

experiments. Quantitative 2D and 3D images of absorption and reduced scattering coefficients 
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are obtained from these experimental data. Two methods, dual mesh method and source intensity 

optimization method, are implemented for improved 3D DOT reconstructions and validated by 

tissue-like phantom experiments.  

Reconstruction algorithms for obtaining tissue morphological images are described. 

Quantitative images are successfully reconstructed in terms of the size, location and tissue 

morphology of target from both tissue phantom and in vivo data. Initial clinical results show that 

the scattering particle size and volume fraction at cellular level are potential new parameters that 

could be used for differentiating malignant from benign lesions.  

A new method, namely spectrally constrained DOT, is also developed to directly 

reconstruct tissue chromophore concentrations and volume fraction of scattering particles 

simultaneously. The absorption extinction coefficient spectra of oxy-hemoglobin, deoxy-

hemoglobin as well as the absorption spectrum of water are measured using a mixture of human 

blood and Intralipid solution with the imaging system developed. The quality of the 

reconstructed images is improved substantially when the measured spectra are utilized, compared 

with that of the images recovered with the spectra obtained from the literature.  
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CHAPTER 1  
INTRODUCTION 

1.1 Breast Cancer Facts 

The American Cancer Society estimates that 211,240 women will be diagnosed with 

invasive breast cancer, as well as approximately an additional 58,490 women will be diagnosed 

with in situ breast cancer, and 40,410 women will die of cancer of the breast in 2005. Only lung 

cancer accounts for more cancer deaths in women. Based on rates from 2000-2002, 13.22% of 

women born today will be diagnosed with cancer of the breast at some time during their lifetime. 

This number can also be expressed as 1 in 8 women will be diagnosed with cancer of the breast 

during their lifetime.1  

1.2 History of Optical Imaging 

Breast cancer is caused by the cancer cells, which are characterized by the uncontrolled 

division and the ability to invade into the normal tissues and spread to the whole body. The stage 

before the spreading is called in situ, meaning that the tumor is happened locally and is not 

invasive. When a tumor or a lump is palpable in the breast, it is usually one centimetre in size 

and contains one million cells approximately. It is estimated that a lump of this size may take one 

to five years to be developed. The cancer may metastasize, or spread to other tissues by 

lymphatics or blood during the development period. The earlier the cancer is detected, the lower 

risk for patients to have it spread and the higher probability to have it cured. Optical imaging 

allows the possibility of earlier breast cancer detection due to its unique feature of functional 

imaging. Furthermore, the physical examination has only 20% to 30% specificity for lesion 

detections. And annual mammography screening provides higher specificity and sensitivity of 

breast lesion detection. However, the patients are under risk with exposure to x-ray radiations 
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frequently. The non-ionized optical imaging can be used to screen the breasts frequently without 

any side effects.  

Earlier time, optical imaging was called transillumination or diaphanography, in which the 

white light cast on a breast directly and the shadow of the breast was reviewed.2 This technology 

was further improved by using the red light and near infrared (wavelength from 600 nm to 800 

nm) since the photons at these wavelengths could penetrate deeper into the breast.3 However, the 

clinical trail results of the improved transillumination showed that the method failed to detect 

tumors less than 2cm inside the breast due to the dominated scattering.4-5 This is unacceptable for 

the breast screening since the screening resolution is required to be a few millimeters at least.  

 The optical imaging for breast cancer detection has made substantial progress recently 

due to the improved mathematical models of optical transportation, much more powerful 

computation tools, and advanced measurement technologies. The mathematical models are 

introduced in subsection 1.4. The models are solved by the finite element method, differential 

method or other methods. All these methods need heavy computation. The powerful and cheap 

computer makes the heavy computation possible and feasible for many scholars. With the 

progress in electronics, there are many advanced optical measurement tools available, such as 

photomultiplier tube (PMT), photodiodes, CCD. These tools measure the photon flying time, the 

amplitude and phase of high frequency modulated light or the light intensity of continue-wave 

light. These accurate measurements allow a good quality of optical imaging.  

1.3 Optical Imaging of the Breast 

 Optical imaging attracts more and more scholars because of its unique features. At first, it 

is non-ionized. There are no side effects for the optical breast imaging. So the patient can do 

breast screening frequently. Secondly, compared with other methods, the cost of optical imaging 

is lower. Thirdly, optical imaging is efficient to differentiate between the soft tissues because the 
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optical absorption is proportional to the concentrations of hemoglobin, water and lipid in the 

tissues. Finally, optical imaging is both a functional and morphological imaging method. It is 

able to image the concentrations of oxy-hemoglobin, deoxy-hemoglobin, water and lipid of the 

examined tissues using the optical absorption spectra. And it is also able to obtain the particle 

(such as nucleus) size distribution and density in the tissues using the scattering spectra. This 

special feature makes the optical imaging a possible method to detect the breast cancer earlier 

than other methods such as mammography, ultrasound, MRI and PET. Mammography is the 

most widely accepted method for breast cancer screening. Despite its advantages, mammography 

has a high false positive rate because it can not differentiate the benign and malignant tumors 

efficiently. And mammography makes the patient expose to the x-ray radiation.  As an adjunct to 

the mammography, the breast ultrasound is used to determine whether a lump is filled with fluid 

or solid mass. Ultrasound works well for dense breasts. Ultrasound breast imaging is still under 

investigation for further improvements. Current breast MRI clinical applications include the 

evaluation of the extent of cancer in breast before surgery, imaging the breast with silicone 

augmentation and evaluating the extent of chest wall to assist the surgery. Breast MRI is more 

expensive than mammography, ultrasound and optical imaging. Positron emission tomography 

(PET) of breast can determine whether a tumor is malignant or benign. But its spatial resolution 

is very low. And PET is also very expensive.  

Optical breast imaging method is based on the fact that the optical properties of diseased 

and normal breast tissues are different.6-10 At NIR wavelength, the absorption in carcinoma is 

significantly higher than in adjacent uninvolved tissues. The difference between diseased and 

normal tissues is as high as 100% in the near infrared region due to the increased hemoglobin 
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concentration in tumor.8 It was also reported that there was a four-fold increase in blood volume 

in diseased breast compared to the normal tissue due to the increased blood vessels and size.11 

Although the mechanisms of photon propagation in breast tissues have not been 

understood completely, pilot in vivo measurements of endogenous optical properties and 

endogenous tumor contrast have been reported.12-23 The reported results were promising. For 

example, Gu et al.12 reported that cysts ranging from 1-4 cm in diameter can be quantitatively 

imaged. Cysts can be differentiated from solid breast tumors because cysts generally demonstrate 

lower absorption and scattering coefficients compared with the surrounding normal tissue, 

whereas solid tumors show concurrent higher absorption and scattering related to the normal 

tissue. The use of exogenous contrast agents has also studies.23 For example, Indocyanine green 

(ICG) was demonstrated to enhance breast tumor contrast in vivo.23 All the reported results 

suggest that the optical imaging is a potential diagnostic method.  

So far, several groups including our own have developed reconstruction algorithms for 

optical image reconstructions in frequency domain24-26, time domain27 and CW domain28-31, or in 

a hybrid (frequency/continuous-wave) domain.32 We are interested in the CW domain DOT due 

to its simple hardware implementation compared with the frequency and time domain DOT. 

While we and other groups have shown that the CW method could extract the absorption 

coefficient and the reduced scattering coefficient images quantitatively two- and three-

dimensionally using tissue mimicking phantoms and in vivo tissues at the specific 

wavelengths,28,30,32 it is still a very challenging problem to obtain the quantitative images at the 

wavelengths in the region from 600 nm to 1000 nm due to the worse signal noise ratio at both the 

short and long wavelengths such as 600 nm and 1000 nm. Because the spectroscopy in the whole 

region is needed in order to extract the optical scatterers’ size and volume fraction, it is necessary 
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to further improve our current algorithm by using methods such as the dual mesh method,32-34 

and source intensity optimization.35  

We built our first generation DOT system using single photomultiplier tube (PMT) 

detection.28 Even though it was extremely slow, it allowed us to obtain the first successful 2D 

and 3D optical imaging of in vivo breast tissue based on CW approaches.36-37 Recently we 

developed the second generation optical imaging system using 16 PMTs and 3 wavelengths.38 

Significant in vivo breast imaging results have been generated from this second generation 

machine12 while active clinical studies are still on-going using this system. In order to acquire the 

functional and morphology images, 3 wavelengths are not enough and more laser modules at 

different wavelengths are needed.39-40 A new system with 10 wavelengths which are capable of 

fast data collection is needed.  

When light propagates through mammalian tissues, the scatterers are cell organelles of 

various sizes, such as nucleus and mitochondria, which have higher refractive index than the 

surrounding cytoplasm.41 Perelman et al. have shown that light singly backscattered from an 

epithelial layer of tissue such as the skin has a wavelength-dependent periodic pattern.42 They 

found that the periodicity of the pattern increased with nuclear size and the amplitude of the 

periodic signal was related with the density of nucleus. After analyzing the periodic pattern, the 

nucleus size and density could be extracted. However, the periodic pattern was overwhelmed by 

the diffuse background or by the multiple scattered lights since the backscattered light is only a 

small portion of the scattered light. One way to overcome the problem is to use a model to 

mathematically describe the single backscattered light. But this method has to be remodeled for 

different tissues under investigation which is inconvenient.42 Another robust approach, also 

proposed by Backman et al., is to use polarized light to differentiate the single scattered light 
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from multiple scattered light background.43 It was reported that the initially polarized light lost 

its polarization after scattered propagation in turbid media such as biological tissues.44-46 In 

contrast, the single backscattered light kept its polarization.47 After subtracting the unpolarized 

light, the polarized component of the backscattered light from the epithelial layer of the tissue 

was obtained. An alternative approach to differentiate the backscattering from background is to 

utilize a probe geometry that optimizes the detection of single scattered light.48 It was 

demonstrated that the single optical fiber approach was highly sensitive to the light backscattered 

from layered superficial tissues. 

 Cells have complicated structures and the organelles inside a cell vary in size from a 

tenth of micron to 10 microns. All the organelles contribute to the scattering which complicates 

the cell scattering phenomena. With fiber-optic, polarized elastic-scattering spectroscopy 

techniques, Mourant et al. estimated that the average scatterer radius in tissue was from 0.5 to 1.0 

μ m, which is much smaller than the nucleus.49  Using the polarized light spectroscopy, the 

particle size distribution in mammal cells was measured and the results suggested that small 

particles (possibly the mitochondria) contribute most to the scattering. However, other 

subcellular structures, such as the nucleoli and the nucleus, may also contribute significantly.50 

Backman et al. demonstrated that the spectrum of the single backscattering component was 

capable of providing the cell nuclei size distribution, which means the single backscattering was 

dominated by the nucleus.51  

Scattering spectra in multi-spectral disuse optical tomography (MSDOT) have been 

relatively less explored. This is hampered largely by the strong crosstalk between absorption and 

scattering contrasts that occurred in earlier DOT reconstructions, which was reduced/eliminated 

only recently by various image enhancement schemes.31,52 In pure optical spectroscopy studies as 



 

22 

described above, it has been shown that scattering spectra are correlated with tissue morphology. 

These experimental studies have suggested that both nuclei and mitochondria contribute to tissue 

scattering significantly. On the other hand, it is well known in pathology that tumor cells/nuclei 

are considerably enlarged relative to normal ones.53 Thus significant clinical value would be 

resulted from the exploration of scattering spectra in MSDOT. Thus far scattering spectra in 

MSDOT have been studied with a simple power law,54-55 which was originated from 

spectroscopy studies with homogeneous media.56-59 The advantages of the power law are its 

simplicity and reasonable accuracy under certain conditions. The disadvantage is that the 

constants in the power law have no clear physical meanings and that particle size distribution and 

concentration cannot be directly obtained from this empirical relationship. 

Currently, two noninvasive optical imaging methods are used to measure particle size 

distribution. One is the light scattering spectroscopy (LSS),60 in which polarized light was 

delivered to the epithelial tissue and the single backscattering light that kept the polarization was 

analyzed to extract the morphological features and the refractive index of the scatterers. This 

method is limited primarily to superficial surface imaging. The other one, which we are trying to 

further develop, is a tomographic imaging method based on multi-spectral diffuse optical 

tomography,61-62 in which the tomographic scattering images of tissue at multiple wavelengths 

were obtained with diffuse optical tomography and the scattering spectra were then used to 

extract the scatterer’s size information with a Mie theory based reconstruction method. To utilize 

the Mie theory for particle/nucleus sizing, several assumptions are generally made: particles are 

spherical; no particle-particle interactions exist; and the photon diffusion equation is valid which 

means that light scattering is much larger than the absorption. While the reasonable results have 

been obtained based on above assumptions,61-62 we plan to investigate them further to see 
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whether better results could be extracted if more complicated models such as Wentzel-Kramers-

Brillouin (WKB) model was applied.63  

Conventionally, two separate sequential steps are deployed to calculate the functional 

images. At first, the absorption images at different wavelengths are reconstructed by DOT. Then 

the contributions to the absorption images from each tissue chromophore are calculated.15 

Recently, a new approach for extracting the tissue chromophores is that tissue chromophore 

concentrations and Mie scattering factors are reconstructed directly by exploiting the spectral 

priori information.55 Corlu et al. show that the new method works very well in the CW domain 

with the linear inverse method to update the parameters iteratively. While the chromophore 

concentration image quality is improved substantially due to the reduction of the reconstructed 

parameters by exploiting a priori spectral constrained technique, the cross talk between the 

scattering parameters a and b limited its applications. The new method applications to our 

nonlinear iterative DOT algorithm will also be investigated in this dissertation to determine 

whether image quality could be further improved.  

1.4 Optical Diffusion Theory 

Boltzmann transport equation describes incoherent photon propagation through highly 

scattering media such as tissue. The equation in time domain is written as 

( ) ( ) ( ) ( ) ( ) ( )t,ŝ,r̂qŝdt,'ŝ,r̂'ŝ,ŝrt,ŝ,r̂r̂ŝ
tc
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where ( )t,'ŝ,rφ  is the radiance [W/(cm2 sr)] at position r̂ , at time t, propagating along the unit 

vector ŝ . ( ) ( ) ( )r̂r̂r̂ satr μ+μ=μ  is the transport cross section at position r̂ . ( )r̂aμ  and ( )r̂sμ , the 

absorption and scattering coefficients, are the inverse of the absorption and scattering mean free 

path respectively. c is the speed of light in the medium. The function ( )'ŝ,ŝΘ  is the probability 
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density function over all solid angels of the change in photon propagation direction from ŝ  to 'ŝ  

due to an elastic scattering event which satisfies the condition: ( ) 1ŝd'ŝ,ŝ4 =∫ Θπ . ( )t,ŝ,r̂q  is the 

photon power generated at position r̂  along direction ŝ . This equation reflects the energy 

conservation in the medium. However, the equation often must be simplified to be 

mathematically manageable. One way to simplify it is to expand the equation with spherical 

harmonics and truncate the series at the Nth term, namely PN approximation. Thus the quantities 

in equation 3.1 can be expressed as 
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π
+  is the normalization factor, m,LY  the spherical harmonic of order L at degree 

m, LP  Legendre polynomial of order L.  

 P1 approximation is obtained when N=1 from the PN approximation. After simplification, 

the following equations are obtained: 
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where )t,r̂()t,r̂( 0,0ψ=Φ is the photon fluence, 
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ψψ+ψψ−ψ= −−  the photon flux.  

The P1 approximation can be further simplified by making the following assumptions: 

0
t
Ĵ
=

∂
∂ , 0q̂1 = .                                                  (3.7) 

The approximation, namely diffuse approximation, is usually justified only if the scattering 

coefficient is much lager than the absorption coefficient in order to satisfy the first assumption, 

0
t
Ĵ
=

∂
∂ .  The second assumption, 0q̂1 = , means that the photon source is isotropic. The diffuse 

approximation leads to the following equation, namely diffusion equation, in the time domain 
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or in the frequency domain 

( ) ( ) ( ) ( ) ( )ω=ωΦ
ω
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or in the continue wave domain 

( ) ( ) ( ) ( )r̂qr̂r̂r̂D 0a =Φμ+Φ∇⋅∇−                                               (3.10) 

where ( ) ( )'
sa3

1r̂D
μ+μ

=  is the diffusion coefficient, ( ) s1
'
s 1 μΘ−=μ  the reduced scattering 

coefficient and ( ) ( )r̂qr̂q 0,00 =  the isotropic source.  

 In infinite homogeneous media, the solution to the diffusion equation can be obtained 

through the Green function method. However, for realistic finite homo- or hetero-geneous media 

such as tissue, the boundary effects/conditions must be accounted for.  
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1.5 DOT Reconstruction Algorithm 

 
There are two procedures involved in the DOT image reconstruction. The first one is the 

forward solution procedure, in which the distribution of light in the medium of interest is 

predicted. The second one, the inverse solution procedure, is used to iteratively update the 

initially guessed optical property distribution of the medium through an optimization method 

such as Newton method by minimizing the squared difference between the data computed from 

the diffusion equation and measured around the surface of the medium.  

1.5.1 Forward Solution Procedure 

Since an analytical solution to the Boltzmann transport or the diffusion equation is not 

available in a realistic situation, numerical methods must be used for most cases. Finite element 

method (FEM) is a natural choice because it can be used to solve the diffusion equation in 

inhomogeneous media with an arbitrary geometry, although other numerical methods such as 

finite difference method64, finite volume method65 and boundary element method66 have been 

used in DOT. The FEM applications in DOT have been discussed in details elsewhere68-69. Here 

we follow Paulsen and Jiang69 and briefly describe the FEM method in the CW DOT.  

 Using the finite element discretization, the stead-state photon diffuse equation coupled 

with the type III boundary conditions, ,nD Φα=•Φ∇− )  can be transformed into the following 

matrix form 

[ ]{ } { },bA =Φ                                                                  (3.11) 

where α  is the BC coefficient related to the internal reflection at the boundary; the elements of 

matrix [ ]A  are ,Da ijaijij φφμ−φ∇•φ∇−=  where  indicates integration over the problem 

domain; { }b  is ∑ ∫
=

φφΦα+φ−
M

1
dsS

j
jiji ; )rr(SS 00 −δ=  where 0S  is the source strength and 
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)rr( 0−δ  is the Dirac delta function for a source at 0r ;  ; M is the number of boundary nodes; iφ  

and jφ  are locally spatially varying Lagrangian basis functions at nodes i and j, respectively. The 

vector { } [ ]N21 ,,, ΦΦΦ=Φ K  is the photon density.  

Four critical parameters (the BC coefficient α , the source strength S0, and the initial guess 

of D and aμ ) should be accurately determined by a preprocessing data optimization scheme for 

the forward computation. We assume all the source intensities are the same and equal to S0. The 

pre-processing data optimization scheme for determining the four initial parameters is discussed 

in detail elsewhere [Nic and Jiang, 2000]. Briefly, Χ -square errors, ( )[ ]
21M

1

)c(m2 ~X ∑
=

Φ−Φ=
i

ii , are 

minimized as the function of the above four parameters, where M1 is the number of boundary 

measurements (for example , M1=64×64), ( )m
iΦ  is the measured photon density from a given 

experimental heterogeneous medium, and )c(~
iΦ  is the computed photon density from a numerical 

simulation of a homogeneous medium with the same geometry as the experimental medium. 

Given reasonable ranges for the four parameters, the minimum 2X  corresponds to the best initial 

guess of the four parameters. 

1.5.2 Inverse Solution Procedure 

An example of inverse solution procedure is given here based on Taylor expansion or 

Newton method. We assume that the computed and/or the measured Φ are analytic functions of 

D and aμ , and that D and aμ are independent parameters. Φ  then can be Taylor expanded about 

an assumed (D, aμ ) distribution, which is a perturbation away from some other distribution, 

( D~ , a
~μ ), and the expansion is expressed as, 
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( ) ( ) L+μΔ
μ∂
Φ∂

+Δ
∂
Φ∂

+μΦ=μΦ a
a

aa D
D

,D~,D~                           (3.12) 

where DD~D −=Δ  and aaa
~ μ−μ=μΔ . If the assumed optical property distribution is close to 

the true one, the high order items in the expansion can be neglected and we obtain 

coJ Ψ−Ψ=χΔ                                                            (3.13)                
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and o
iΨ  and c

iΨ  are observed and calculated data for i=1,2,…M measurements, Dk for 

k=1,2,…,K and alμ  for l=1,2,…,L are the reconstruction optical parameters. In order for 

equation 3.13 invertible, regularization method is used and expressed as 
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where I is the identity matrix with the size of 2N×2N, N is the node number of the finite element 

mesh, λ  is the regularization parameter, JT is the transposed Jocabian matrix, χΔ  is the updating 

vector defined by equation 3.15. 
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CHAPTER 2  
DOT IMAGING SYSTEM AND ITS CALIBRATION 

2.1 DOT Imaging System 

 The imaging system is schematically shown in Figure 2-1. Light beams from ten laser 

modules are transmitted to the optical switch, which sequentially passes one of the beams to 64 

pre-selected points at the surface of the phantom or breast via source fiber bundles. The ring 

structure or fiber optic/tissue interface holds the 64 source and 64 detection fiber bundles. Light 

from the 64 detection fiber bundles are sensed by the detection units, which convert the light 

intensity into voltage signals. The computer collects the signals through a data acquisition board. 

The DC motor near the ring is used to adjust the diameter of the ring. Two CCD cameras are 

mounted underneath the ring to monitor the contact between the tissue and fiber optics. Figures 

2-2a and 2-2b show photograph of the entire imaging system where we can see that all the 

optical and electronic components are housed under the exam table. The individual components 

are detailed below.  

2.1.1 10-wavelength Laser System 

 10 fiber-coupled laser modules at different wavelengths are used as CW laser sources. 

Each laser module is a compact integrated package of laser driver, thermoelectric cooler and 

temperature controller. The output power can be set from zero to maximum by adjusting the 

output control voltage from 0 to 5 volts.  The pigtail fibers are 100um in diameter and have a 

numerical aperture (NA) of 0.22. Table 2-1 gives more detailed information about these laser 

modules. 

2.1.2 Optical Switch 

 A programmable 10x64 optical switch (GP700-4-1, Dicon Fiberoptics, Richmond, CA), 

controlled by a LABVIEW program through RS-232 remote interface, is used to deliver light 
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from lasers to the source fiber bundles. The configuration diagram and photograph of the optical 

switch are shown in Figures 2-3a and 2-3b, respectively. Inside the optical switch, there is a dual 

switch that works in tandem to deliver light to the target. The function of the left switch is to 

choose the wavelength and the other to select the source fibers. 100 μm fibers with FC 

connectors inside the optical switch, connected to the pig-tail fibers from the 10 laser modules, 

are used for light receiving/coupling. The insertion loss and back reflection are in the range from 

0.56 to 1.15 dB and from -30.20 to -23.80 dB, respectively. The maximum crosstalk between any 

two channels is -80 dB. The laser output passes through the optical switch via 100um-diameter 

fibers, and is then coupled to 1mm-diameter source fiber bundles.  

2.1.3 Source/detector Fiber Optic Probe 

 Figures 2-4a and 2-4b show photographs of the source/detector fiber optic array. It 

consists of a diameter-adjustable cone-shaped frustum containing four planes/rings of fiber optic 

bundles (RoMack, Williamsburg, VA). In each plane/ring, 16 detector fiber bundles (2.0 mm in 

diameter) are arranged equally spaced around the annulus with another 16 source fiber bundles 

(1.0mm in diameter) interspersed between the detector bundles. This fiber-optic/tissue interface 

was custom designed and constructed with high precision. The synchronized radial motion of 

fibers is realized through mechanical fingers that are driven by a DC motor. The diameter of the 

fiber array can be adjusted between 4.0 and 15.0 cm to fit different breast sizes. The height of the 

four-layer fiber array covers 2.0 cm.  

 The fiber optic probe is mounted right below an aperture on the exam table. During a 

clinical imaging measurement, the patient places her breast through the aperture so that the 

breast comes in contact with the fiber optic array. While the four-layer fiber optics is good 

enough to image the tissue volume for most cases in which we are currently interested, different 
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vertical positioning can be realized through the vertical translation of the ring. The position of 

the four planes/rings of fiber optic bundles is extended up intentionally. This allows the fiber 

optic probe to be positioned close to the patient’s chest wall if necessary.   

2.1.4 Detection Unit  
 

Low noise light sensors, silicon photodiodes (S8745, Hamamatsu, Bridgewater, NJ) are 

chosen for low level light measurement. Each sensor, integrated into a small package, consists of 

a large area silicon photodiode (D1), an operation amplifier, a feed back resistance (Rf = 1GΩ) 

and a capacitance (Cf = 5pF), as shown in Figure 2-5. The external feed back resistors, Rf1, Rf2 

and Rf3, are used to adjust the feedback gain. By controlling the  relay (8L02-05-01, COTO 

Technology) switches (switch 1, switch 2 and switch 3), the sensor gain can be set to one of four 

gains (gain0, gain1, gain2 and gain3). The gain switching is discussed in detail in section 4.B 

below.  

 Four detection boards are made with 16 sensors mounted on each board. There are 64 

sensors totally in the detection unit, which receive light intensities delivered from the 64 

detection fiber bundles simultaneously. Figure 2-6 shows the diagram of mounting configuration 

for one sensor as well as the coupling between the detection fiber bundle and the silicon window 

of the sensor. The ten pins of each sensor are easy to be bent/broken. To protect the pins, one 

piece of plastic is used to hold the sensor and the plastic is attached to the circuit board to insure 

that there is no relative movement between the plastic and the circuit board once the pins are 

soldered on the circuit board. The plastic also isolates the circuit board from the grounded 

aluminum box, which shields any external electric/magnetic noises.  

 Figure 2-7a shows the schematic of a circuit board we designed. The 4-16 decoder is used 

to select the sensors. A four-bit digital signal from the computer is sent to the decoder directly. 
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Once a sensor is selected, the external feedback resistors are connected with pin4 and pin6 such 

that the gain is adjusted by the “gain switch controller”, whose function is to reduce the gain 

whenever the output is saturated and to increase the gain whenever the output is below 0.2 V. 

The controller sends the gain status (digital signal) to the computer. The signal output from the 

inverting amplifier is subsequently sent to a low-pass filter with a cutoff frequency of 10 KHz. 

Finally, the output signal from the low-pass filter, is sent to the A/D board. The A/D board 

collects only one output at a time from each time. The whole detection unit has four detection 

boards, hence four channels of data can be acquired at the same periods and 16 times of data 

collection are needed for all the 64 detection channels. Figure 2.7b shows the layout of the 

detection board, which is designed by the ORCAD.  

2.1.5 Gain Control  

 When all the three gain switches are off, the detector gain is set to maximum (gain0). 

Whenever one of the switches is on, the other two must be off. The gain ratio, gain0: gain1: 

gain2: gain3, is 27000:900:30:1.  

  Figure 2-8 is a schematic, showing how the three switches are controlled. Once the 

output voltage is larger than 9.9V, the controller switches the gain to next level and the voltage is 

reduced by a factor of 30 to the level of 0.33V, shown by arrows 2, 4, and 6. Whenever the 

output voltage is less than 0.2V, the gain is switched to upper level and the voltage is amplified 

by a factor of 30, shown by arrows 1, 3, and 5. The hysteresis loop makes the controller 

insensitive to small signal fluctuations.    

 All the detector gains are set to gain1 initially. Most signal levels are between 0.2 and 

9.9V, and the signal-to-noise ratio (SNR) is as high as 200:1 since the background noise 

measured in dark room is around 1 mV. But for a very large size phantom or breast tissue (e.g., 
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larger than 10 cm), the minimum output is as small as 20mV at gain0. The SNR is then 

deteriorated to 20:1 in this case. 

2.1.6 Detector Sensitivity and Dynamic Range 

 According to the data sheet of S8745 provided by Hamamatsu, photon sensitivity (S) of 

the detector is 0.3V/nW at 673 nm. Using a laser module of 673 nm and neutral density (ND) 

filters, the photon sensitivity of a representative photodiode sensor is measured. With a power 

meter, optical signal directed to the sensor is measured at different levels of laser input. Photon 

sensitivity for one detector at gain 0 (maximum gain), gain 1, gain 2 and gain 3 (minimum gain) 

is 0.23V/nW, 7.7V/uW, 0.257V/uW and 8.5V/mW, respectively. At gain 0, there are no 

externally connected resistors and the photon sensitivity is approximately equal to that provided 

by the manufacture data sheet. The slight difference is due to the loss occurred in the fiber 

coupling.  

The maximum output voltage of a detector unit is 9.9V while the minimum output voltage 

or the electronic noise level is 1mV. At gain 3, the maximum detectable optical intensity is 

mW
mWV
V 164.1

/5.8
9.9

= . At gain 0, the noise equivalent intensity is pW
nWV

mV 34.4
/23.0

1
= . Thus 

the dynamic range can be calculated to be 2.682×108.  

2.1.7 Stability 

 For testing the stability, one laser module and one detector are chosen randomly. Laser 

beam with a power of 40 mw is sent to the optical switch, then to a 5 cm diameter phantom 

through one source fiber bundle.  The diffused light delivered by a detector fiber bundle is 

measured by a photodiode detector. The data points are acquired every 10 seconds and the output 

voltage is normalized. The measurement fluctuation is less than 0.5%. 
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2.1.8 DC Offset/Noise Reduction 

 The DC offset came from the preamplifier and the low pass filters deteriorates the system 

performance. Before each experiment, the DC offset of each detection channel is collected. The 

setup is the same as that for experiments except the laser sources were off. The maximum offset 

is below 1mV.    

 Both optical and electronic noises exist in the system. Optical noises are from the laser 

modules and ambient environment. Electronic noises come from the electrical power grounding, 

fluctuation of power supply, electromagnetic disturbance, digital grounding of the computer, 

preamplifier in the photodiodes, operational amplifier offset, and resistance variation in the 

resistors. Since the experiments are performed in a dark room, influence from environmental 

light can be eliminated. To remove the remaining noises, the following routine methods are 

applied:  low pass filers at a cutoff frequency of 1 KHz, a sealed aluminum box for each 

detection unit, a Tantalum capacitor to remove the power supply fluctuation and other standard 

techniques.   

2.1.9 Data Acquisition Unit 

 The data acquisition unit is composed of PCI-DAS6035 and PCI-DDA08/12 

(Measurement Computing, Middleboro, Massachusetts). PCI-DAS6035 is a 16-bit resolution 

A/D board with a maximum ADC rate of 200 KS/s. It has 8 differential channels, four of them 

are used currently (one for each board). The digital I/O ports of PCI-DDA08/12 are configured 

as two 8255 mode 0 emulations, each consisting of four ports: port A (8 bits), port B (8 bits), 

port C high (4 bits), and port C low (4 bits). These digital I/O lines either send digital signal to 

the decoder or receive the gain status from the boards. A LABVIEW program controls the 

operation of the data acquisition unit. 
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2.1.10 System Timing 

 When the gain of a sensor is set to gain0, the cutoff frequency of operational amplifier 

equals 32 Hz. To increase signal quality, 150 ms settling time used before the signal is converted 

by the A/D board when the sensor gain is set to gain0. Most sensors need to be set at gain0 for 

large size phantoms or tissues due to the associated small SNR. For each illumination position, 

the detection unit needs 2.4 seconds to collect all the data. The optical switch operates at the 

speed of 330 ms per switching action. Thus for 64 illumination and 64 detection positions, the 

total data acquisition time is about 2.9 minutes per wavelength. For a ten-wavelength 

measurement, the data collection time adds up to 29 minutes. 

2.2 DOT Imaging System Operation 

 Before the imaging experiment, the system should be powered for half an hour for warm 

up. Figure 2-9 shows the power buttons of the system. Usually, the optical switch is powered at 

first, then the computer, and at last the laser modules. The switching power supply for the 

computer will affect the boot of the optical switch if the computer is powered before the optical 

switch.    

Since our imaging system can only cover 2 cm slice of a breast at one imaging time, doctor 

has to tell us which breast of the patient has problems and the approximate location of the 

abnormality in the breast from the mammography films. When the patient comes, the consent 

form must be read and signed by the patient. The examined breast is positioned in correct 

location by the operator.  

Figure 2-10 shows the LABVIEW control panel of the imaging system. Operator changes 

the output data file names, one for voltage signals and the other for gain stages of corresponding 

voltage signals. Then the number of detection layers and the number of laser modules are 

selected from the control panel. At last, the system runs automatically for the data acquisition. 
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The collected data will be calibrated and then used for the DOT image reconstruction using our 

finite element based algorithms.  
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Figure 2-1. Schematic of the experimental system. 
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Figure 2-2. Photographs of the experimental system. 
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Figure 2-3. Optical switch (a) Schematic and (b) photograph. 
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                                             (a)                                                                  (b)                            
Figure 2-4. Photographs of the ring structure. 

 

 
Figure 2-5. Internal and external connections of a silicon photodiode S8754. 
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Figure 2-6. Diagram of mounting configuration for one sensor. 
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Figure 2-7. The detection board: (a) Schematic;(b) layout. 
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Figure 2-8. Flow chart of a detector gain controller. 

 
 
 

 

 
 

Figure 2-9. The control panel of the DOT imaging system. 
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Figure 2-10. The LABVIEW control panel of the DOT imaging system.  
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CHAPTER 3   
SYSTEM CALIBRATION AND DOT ALGORITHM REFINEMENTS 

3.1 System Calibration 

 We describe a new calibration method that takes advantages of both the reference 

phantom based method and the data optimization scheme we developed. Various phantom 

experiments are performed using our newly developed silicon photodiodes-based DOT system in 

order to evaluate the calibration method. The dependence of the calibration method on phantom 

size and optical properties is also studied systemically. The results show that our new method 

can significantly improve the quality of quantitative absorption and scattering imaging even 

under the condition of very low absorption contrast. 

3.1.1 Image Reconstruction Algorithm 

 An iterative finite element based algorithm, previously described in details elsewhere69, is 

used for our image reconstruction of absorption and reduced scattering coefficients. Briefly, the 

stead-state photon diffuse equation 

)r(S)r()r()r()r(D a −=Φμ−Φ∇⋅∇                         (3.1) 

coupled with Type III boundary conditions, ,nD Φα=•Φ∇− )  is transformed into the following 

matrix form of  

  [ ]{ } { },bA =Φ                                                               (3.2) 

by the finite element discretization, where Φ(r) is the photon density, μa(r) is the absorption 

coefficient; D(r)  is the diffusion coefficient which can be written as )]r()r([3/1)r(D sa μ′+μ=  

where )r(sμ′ is the reduced scattering coefficient; )rr(SS 00 −δ= , is used where 0S  is the source 

strength and )rr( 0−δ  is the Dirac delta function for a source at 0r ;  n)  is the unit normal vector 

for the boundary surface; α  is the BC coefficient related to the internal reflection at the 
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boundary; the elements of matrix [ ]A  are ,Da ijaijij φφμ−φ∇•φ∇−=  where  indicates 

integration over the problem domain; { }b  is ∑ ∫
=

φφΦα+φ−
M

1
dsS

j
jiji ; M is the number of 

boundary nodes; iφ  and jφ  are locally spatially varying Lagrangian basis functions at nodes i 

and j, respectively. Four critical parameters (the BC coefficient α , the source strength S0, and 

the initial guess of D and aμ ) can be accurately determined by a preprocessing data optimization 

scheme28. Then a regularized Newton’s method is used to update the initially guessed optical 

property (D and aμ ) distribution iteratively in order to minimize an object function composed of 

a weighted sum of the squared difference between computed and measured optical data at the 

medium surface.  

The pre-processing data optimization scheme for determining the four initial parameters is 

discussed in detail elsewhere28. Briefly, Χ -square errors, ( )[ ]
21M

1

)c(m2 ~X ∑
=

Φ−Φ=
i

ii , are minimized 

as the function of the above four parameters, where M1 is the number of boundary 

measurements, ( )m
iΦ  is the measured photon density from a given experimental heterogeneous 

medium, and )c(~
iΦ  is the computed photon density from a numerical simulation of a 

homogeneous medium with the same geometry as the experimental medium. Given reasonable 

ranges for the four parameters, the minimum 2X  corresponds to the best initial guess of the four 

parameters. 

3.1.2 Calibration Method 

 We present the calibration method here and provide further discussion about the method 

in subsection below. For a 2D imaging experiment, the calibration procedure is described by the 

following six steps: 



 

47 

A. Make a homogeneous phantom that has the same diameter as the heterogeneous phantom 

of interest.  

B. Perform experiments with the homogeneous phantom. For 2D imaging experiments, there 

are 16 transmitters and 16 receivers. Obtain a set of measured data ijD , where i is the transmitter 

number from 1 to 16 and j is the receiver number from 1 to 16. For each source i, light intensities 

from the 16 detectors are normalized. 

C. Find the initial values of absorption coefficient aμ , reduced scattering coefficient  sμ′  and 

the boundary conditions coefficient α using ijD . These initial parameters are required by our 

nonlinear iterative algorithm and can be found using the pre-processing method briefly described 

in Subsection 2.1 above. 

D. Generate a 2D finite element mesh with the same diameter as the phantom. Using a unit 

source intensity for the 16 illuminated positions, the 2D photon propagation is simulated with the 

optical properties aμ , sμ′ and the boundary conditions coefficient α identified in Step C. This 

creates a new set of data *
ijD  from the simulation. 

E. Obtain a factor matrix ijf  using the following equation 

16...1,/* == jiijDijDijf                                            (3.3)  

F. Multiply fij by the data set ( ijE ) from the heterogeneous phantom to get the final data set for 

image reconstruction: 

16...1,* == jiijEijfijE                                              (3.4) 
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3.1.3 Experimental Methods and Materials 

This system has been described in detail in subsection 2.1.  The phantom materials used 

consisted of Intralipid as scatterer and India ink as absorber. Agar powder (1-2%) was used to 

solidify the Intralipid and Indian ink solutions. A single off-center target was embedded in a 

homogeneous background phantom in these imaging experiments. Figure 3-1 depicts the 

geometrical configuration for the test cases under study. One 14-mm-diameter cylindrical hole 

was drilled in the homogeneous background phantom for inclusions of the target with various 

optical contrasts. Three groups of experiments were performed to evaluate the calibration 

method. The three groups each contained three experiments with different phantom diameters 

and different levels of contrast in the target. The optical properties and geometry properties used 

in Groups 1 to 3 experiments are detailed in tables 3-1 to 3-3. The optical properties of the 

background phantoms for groups 1 to 3 are the same: aμ =0.005 mm-1 and sμ′ =1.0 mm-1.  

3.1.4 Results and Discussion 

 Figs. 3-2 to 3-4 present the reconstructed absorption and reduced scattering images from 

Groups 1, 2 and 3 experiments, respectively, where each set of imaging data was calibrated with 

the homogeneous phantom measurements from reference 1 (50mm diameter; left column), 

reference 2 (75mm diameter; middle column), and reference 3 (100mm diameter; right column), 

respectively. We can see that the best image quality is achieved when both the imaging and 

reference phantoms have the same dimension (see left column in Figure. 3-2, middle column in 

Figure. 3-3 and right column in Figure. 3-4). Under this situation, the recovered absorption and 

scattering images are quantitatively accurate in terms of the location, size and optical properties 

of the target. The reconstruction of the background is overall of high quality without any artifacts 

for smaller dimension cases and with minimal slight artifacts for larger dimension cases. In 
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particular, the very low absorption target is quantitatively resolved for all three background 

dimensions (Figure. 3-2a, Figure. 3-3b and Figure. 3-4c), which was impossible previously. 

Figure. 3-5 shows the one-dimensional (1D) profile of the absorption coefficient along the 

transect AB (see Figure. 3-1) for the images shown in Figs. 3-2a and 3-2d. This demonstrates a 

close quantitative examination of the selected images. Other cases have similar quality. 

 When the imaging data were calibrated using homogeneous phantom measurements 

having different dimension than the heterogeneous phantom of interest, the quality of the 

recovered images is clearly degraded (Figs. 3-2 to 3-4). These degradations are generally shown 

as a ring-pattern artifact (Figs. 3-2b and 3-2e; Figs. 3-4b, 4-4d and 3-4e) or a few millimeters 

shifting of the target toward the center of the background (Figs. 3-2c and 3-2f; Figs. 3-3a and 3-

3d). It is interesting that there is no target shifting for all cases with the phantom of 100mm 

diameter. In general, the target is clearly detectable for most cases and the reconstruction is 

quantitative except for two cases with 100mm diameter phantom (Figs. 3-4j and 3-4k) where the 

recovered value of the reduced scattering coefficient is incorrect.  

 Quantitatively the improvement in image reconstruction with proper calibration is 

striking. For example, for the 1.4:1 absorption contrast experiments, when proper calibration was 

used, i.e., when the reference phantom had the same diameter as that of the heterogeneous 

phantom, the errors of the peak absorption coefficient recovered relative to the exact value were 

found to be 1.4% (Figure. 2-10a), 1.2% (Figure. 2-11b), and 2.8% (Figure. 2-12c) for the 50, 75 

and 100mm diameter heterogeneous phantom cases, respectively. Whereas when improper 

calibration was performed, i.e., when the reference phantom had different diameter than that of 

the heterogeneous phantom, such errors are large as 110% and even the target cannot be detected 

for some of the cases (e.g., see Figs. 3-2b, 3-2c, 3-2e and 3-2f). For the 2:1 absorption and 
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scattering contrast experiments, the errors of the peak scattering coefficient compared to the 

exact value were calculated to be 5.5% (Figure. 3-2j) and 4.1% (Figure. 3-4l) for the 50 and 

100mm diameter heterogeneous phantom cases, respectively, when proper calibration was 

applied. Whereas such errors are up to 60% when improper calibration was used. 

 Although the results shown above indicate the dependence of the image reconstruction on 

the size of reference phantom used, the calibration method described here will prove to be useful 

for clinical studies. For example, in the case of breast imaging, we can build a database based on 

a series of homogenous phantom measurements with a range of dimensions (e.g., from 4 to 11 

cm with an increment of 5 mm). Whenever imaging measurements are performed on a particular 

size of breast, the imaging data obtained can be calibrated with one factor matrix from the 

database whose reference phantom diameter is equal or closest to that of the breast under 

measurement.  

 The calibration method described in this section is novel in that it takes advantages of 

both the pre-processing optimization scheme and the reference homogeneous phantom based 

method. The homogeneous phantom only based calibration method can remove systematic 

measurement errors while the pre-processing optimization scheme or model-based calibration 

methods can reduce the model mismatch errors due to the difference between the photon 

diffusion model and the physics involved.  Thus the new calibration method can remove both 

types of errors which are resulted from the division of the measured data from the heterogeneous 

and reference homogeneous phantoms and multiplication of the computed data based on the pre-

processing optimization scheme.  

 In sum, in this subsection a new calibration method is developed and evaluated by a 

series of phantom experiments with our newly developed diffuse optical tomography system. We 
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have shown that when the heterogeneous phantoms of interest and the reference homogeneous 

phantom have the same dimension, quantitative optical images can be obtained even under the 

conditions of very low absorption contrast. This study shows that this calibration method is 

sensitive to the reference phantom size.  

3.2 Dual Mesh Method 

As a finite element based reconstruction method, 3D DOT imaging needs a mesh with 

much more elements and nodes than 2D DOT imaging. For the nonlinear iterative DOT 

reconstruction, forward computation needs O(n) multiplications (n is the node number), and the 

reverse computation needs O(n2) multiplications due to the full matrix property related with the 

Marquardt and Tikhonov regularization method69. Therefore 3D DOT reconstruction 

computation burden is undesirable, especially for phantoms or tissues of large volumes. The dual 

mesh method utilizes two separate meshes: one fine mesh for the accurate photon density 

solution and a coarse mesh for the inverse process to update optical properties. It allows a 

significant reduction of computation burden for the problem with a big mesh, thus increasing the 

overall computational efficiency. In fact, the idea of dual meshing has been implemented in early 

works in both CW and frequency domains, where this method has been proved to significantly 

enhance the quality of reconstructed images33. However, these early works did not exploit the 

potentials of this method in 3D DOT reconstruction. In this subsection, the dual mesh method is 

applied in the CW 3D DOT reconstruction. And the comparison with the single mesh method is 

made.    

3.2.1 Dual Mesh Method 

There are two meshes used for the dual mesh computation. One is the coarse mesh and the 

other is the fine mesh. For the cases in this section, the fine mesh is generated by splitting each 

coarse element into four fine mesh elements with equivalent volume for reducing the new mesh 
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singularity and for simplicity. And the new node i, is created at the centroid of each coarse mesh 

element, as shown in Figure. 3-6. For the single mesh method, both forward and inverse 

computations are performed in the coarse mesh. The coarse mesh contained 2,241 nodes 

corresponding to 10,368 linear tetrahedral elements. And the fine mesh, generated from coarse 

mesh, contains 12,609 nodes corresponding to 41,472 linear tetrahedral elements. 

 The dual mesh method for the 2D DOT reconstruction is described in detail elsewhere33. 

The principle of dual mesh algorithm in 3D DOT reconstruction is similar. The forward 

computation is performed in the fine mesh. The local Lagrangian basis iφ  and jφ , the optical 

properties D and μa in equation are defined in the fine mesh. The impact of the dual mesh method 

on the inverse process appears during the construction of the Jacobian matrix [ ]ℑ , which is used 

to update the optical property values. The elements of [ ]ℑ  are composed of the partial derivatives 

of the photon density at the observation sites with respect to the values of D and μa at each node 

within the coarse mesh. Considering the impact of the dual meshing, elements of the Jacobian 

matrix can be written as  

,jik
kD
ij

φ∇•φ∇Ψ−=
∂

α∂
                                                                 (3.5)                                                      

,jil
l

ij
φ∇•φ∇Ψ−=

μ∂

α∂
                                                                   (3.6) 

where k and l are the nodes on the coarse mesh, kΨ  and lΨ  are the basis functions centered on 

nodes k and l in this mesh, and inner products are still performed over the elements in the fine 

mesh.  
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3.2.2 Experiments 

The phantoms and targets were made of water, Intralipid (as scatterers), Indian Ink (as 

absorpter) and agers (2%，used to solidifying the phantom). Figure 3-7 describes the geometry 

of the phantom. A homogeneous background phantom ( aμ =0.005 mm-1 and sμ′ =1.0 mm-1) was 

made at first. Then a cylindrical hole with diameter of 14 mm was drilled at desired location in 

the background phantom and the target was put inside it. At last the hole with the target was 

refilled with background phantom materials. The location and the optical properties of the targets 

are shown in Table 3-4. For the three phantom experimental cases, the optical properties of the 

target are same ( aμ =0.02 mm-1 and sμ′ =2.8 mm-1) but with different off-center locations 

(15mm, 10mm, 5mm respectively). These three cases were performed to investigate lateral 

resolutions of the target.  

3.2.3 Results and Discussion 

For the dual mesh method, the reconstruction time was about 30 minutes per iteration on a 

2.88 GHz PC with 1 Gb of RAM. For the single mesh method, the reconstruction time was about 

15 minutes per iteration on the same PC. Reconstructed 3D aμ  and sμ′  images for each case are 

displayed at a series of transverse (coronal) sections perpendicular to axis Z and selected 

longitudinal (sagittal) sections perpendicular to axis X or axis Y. Quantitative one dimensional 

(1D) profiles of recovered optical properties along selected transects are also shown for all the 

cases.   

 Figure. 3-8, Figure. 3-9 and Figure. 3-10 plot the reconstructed aμ  images (a-d) and sμ′  

images (e-h) for case 1 (4:1 aμ , 2.8:1 sμ′  contrast, 15 mm off-center), case 2 (4:1 aμ , 2.8:1 sμ′  

contrast, 10 mm off-center) and case 3 (4:1 aμ , 2.8:1 sμ′  contrast, 5 mm off-center) phantom 

experiments with the dual mesh method (left column) and the single mesh method (right 
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column), respectively. Rectangular figures plot recovered images at the sagittal cross section 

y=0mm and circular figures plot recovered images at the coronal cross section z=2 mm for each 

case. The color scale bar indicates values of aμ  (a-d) and sμ′  (e-h) in mm-1.  For all three cases, 

in the reconstructed aμ images, the target is detected quantitatively, although there are some 

boundary artifacts in Figs. 3-8c, 3-8d, 3-9c, 9d, 10c and 10d. When the dual mesh method is used 

we see artifacts in the reconstructed aμ  images (Figs. 3-8c, 3-9c, 3-10c) are less than those in 

aμ  images (Figs. 3-8d, 3-9d, 3-10d) reconstructed with the single mesh method. In the 

reconstructed sμ′  images, with the dual mesh method, the target is differentiated quantitatively 

for all three cases, as shown in figures 3-8e and 3-8g for case 1, figures 3-9e and 3-9g for case 2, 

figures 3-10e and 3-10g for case 3, while with the single mesh method, we can see the target 

shape is deteriorated by artifacts although target sμ′  value is close to the exact value, as shown in 

Figure. 3-8h for case 1, Figure. 3-9h for case 2 and Figure. 3-10h for case 3. 

 Figure 3-11 plots the three-dimensional view of the reconstructed absorption coefficient 

images (Figs. 3-11a, c, e) in mm-1 and the reconstructed reduced scattering coefficient images 

(Figs. 3-11b, d, f) in mm-1 for case 1 (Figs. 3-11a, b, 15mm offset), case 2 (Figs. 3-11c, d, 10mm 

offset) and case 3 (Figs. 3-11e, f, 5mm offset) using dual mesh method. The showing slices in 

each figure are crossed at the center of the target. It is clear to see that the reconstructed targets 

are located in the expected positions.  

Three-dimensional DOT reconstruction for tissue mimicking phantoms or tissues of large 

volumes, a mesh with thousands of elements is needed and the computational cost is high. The 

dual mesh method provides a way to reduce the computational burden without sacrificing the 

extracted image quality. The results shown in this section illustrate the feasibility and potential of 

the dual mesh method application in CW 3D DOT. We have reported that the dual mesh method 
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performed very well in two-dimensional DOT reconstruction for several coarse mesh and fine 

mesh combinations.33 Here the coarse mesh and the fine mesh are fixed. It is not the purpose of 

this subsection to study the mesh effects on the 3D DOT reconstruction. One set of coarse mesh 

and fine mesh is enough to illustrate the dual mesh application in the CW 3D DOT.  

To date, we have not found any resolution studies on CW 3D DOT. In frequency domain, 

Dehghani et. al. have investigated 3D DOT resolutions and localizations of property 

heterogeneity24 and good accuracy in localization (within 7 mm of the true position in the worst 

case) was obtained. While the accuracy of quantitative imaging is almost 100% of the target 

values with a priori information regarding the anomaly location, the target absolute value of 

optical properties is 10% of the expected values without the information. In this section, the 

target localization error is less than 2 mm with the dual mesh method and less than 4 mm with 

the single mesh method. The target value errors from the reconstructed optical properties aμ and 

sμ′  images are less than 2.5% and 10.7% with both methods without a priori information. The 

difference is possible due to more measurement of data pairs for our experiments (64 by 64), 

smaller background phantom size, different 3D DOT algorithm, compared with theirs.  

In sum, an axial spatial resolution of 5 mm in the CW 3D DOT is achieved with a set of 

tissue mimicking phantom experiments by using both the dual mesh method and the single mesh 

method. In addition, for both the high and low contrast anomalies in the turbid media, the dual 

mesh method has the capability of detecting them with better image quality and more accurate 

maximum coefficient values than the single mesh method. 

3.3 Source Intensity Optimization Method 

We have previously demonstrated quantitative 3D image reconstruction of absorption and 

scattering images in CW domain using phantom and in vivo experiments.29, 37, 70   While our 
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results are promising, we intend to improve our 3D imaging capability by developing a method 

of source intensity optimization. Together with a pre-processing method previously developed 

for 2D imaging,28 we experimentally show in this paper that the 3D imaging quality can be 

significantly enhanced for both absorption and scattering image reconstructions.  

3.3.1 Source Intensity Optimization Methods 

In our reconstruction algorithm, the diffusion equation is iteratively solved based on a 

regularized Newton’s method in order to update an initially guessed optical property (D and aμ ) 

distribution. In addition to the initial optical properties, it is clear that the BC coefficient α  and 

the source strength Sk must also be given for the entire solution procedure. In fact these initial 

parameters need to be accurately determined for quantitative image reconstructions as illustrated 

in [28] where we developed a preprocessing data optimization scheme for such a purpose. In the 

following we first describe two previous source calibration methods, uniform source intensity 

and normalized source intensity, and then introduce the new source optimization method. 

Uniform source intensity method. In the uniform source intensity method, all the source 

terms, Sk ( 64,,2,1 L=k ), are assumed to be the same, i.e., ok SS = .  Thus there are only 4 

parameters (α , S0, and initial D and aμ  values) that need to be optimized before the 

reconstruction. In our pre-processing data optimization scheme for determining the four initial 

parameters, χ -square errors, ( )[ ]
2

1i

)(
ii

2 ~∑
=

Φ−Φ=
M

cmχ , are minimized as a function of the above 

four parameters, where M is the number of boundary measurements (in this study, M=64×64), 

( )m
iΦ  is the measured photon density from a given experimental heterogeneous medium, and 

)c(~
iΦ  is the computed photon density from a numerical simulation of a homogeneous medium 
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with the same geometry as the experimental medium. Given reasonable ranges for the four 

parameters, the minimum 2χ  corresponds to the best initial guess of the four parameters. 

Normalized unit source intensity method. The second preprocessing method used 

previously is a normalized unit source calibration method. In this method, the source terms Sk=1 

while the measured data at 64 measurement sites are normalized using the maximum of the 64 

measured data for a given source location. Thus, using this method we only need to optimize 

three initial parameters (α  and optical properties D and aμ ), and the normalized measured data 

must be used for reconstructions. Similarly, square errors, ( )[ ]2M

1
norm

)c(
norm

m2 )~()(∑ Φ−Φ=χ
=i

ii , 

are minimized as a function of the above three parameters, where M is the number of boundary 

measurements (in this study, M=64×64), ( )
norm

m )( iΦ  is the normalized measured photon density 

from a given experimental heterogeneous medium, and norm
)c( )~( iΦ  is the normalized computed 

photon density from a numerical simulation of a homogeneous medium with the same geometry 

as the experimental medium. The minimum 2χ  gives the best initial guess of the three 

parameters.  

Source intensity optimization method. In the source intensity optimization method, α  

and initial D and aμ  are optimized first using the normalized source intensity method described 

in the above subsection. Then for each of the 64 excitations, the corresponding source intensity, 

Sk, is obtained using the similar preprocessing procedure described in above two subsections. For 

each of Sk (k from 1 to 64),  square errors, ( )[ ]21M

1
k

)c(
k

m2
k )~()(∑ Φ−Φ=χ

=i
ii , are minimized as a 

function of Sk, where M1 is the number of measurement for each source excitations (in this 
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study, M1=64),  ( )
k

m )( iΦ  indicates the original measured photon density from a given 

experimental heterogeneous medium for excitation at k, and k
)c( )~( iΦ  is the computed photon 

density for excitation at k from a numerical simulation of a homogeneous medium with the same 

geometry as the experimental medium and with the α , D and aμ  obtained in the first step. The 

optimized source intensity Sk is obtained when 2
kχ are minimized. Finally a total of 67 initial 

parameters are searched for full 3D image reconstructions.  

3.3.2 Experiments 

 The phantom materials used consisted of Intralipid as scatterer and India ink as absorber. 

Agar powder (1-2%) was used to solidify the Intralipid and Indian ink solutions. A single off-

center target was embedded in a homogeneous background phantom in these imaging 

experiments. Figure 3-12 depicts the geometrical configuration for the test cases under study. 

One 14 or 9-mm-diameter cylindrical hole was drilled in the homogeneous background phantom 

for inclusions of targets with various optical contrasts. A cylindrical target (14mm in diameter 

and 10 mm in height for cases 1-4 and 9 mm in diameter and 10 mm in height for cases 5-6) was 

placed into the hole where the rest of the hole was filled with phantom material that was the 

same as the background. Six experiments with different optical contrast levels between the target 

and background were performed to evaluate the three optimization methods discussed in Section 

2. The geometrical information and optical properties used for the target in the 6 experiments are 

detailed in Table 3-5. The optical properties of the background were the same for all the 

experiments: aμ =0.005 mm-1 and sμ′ =1.0 mm-1.  
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3.3.3 Results and Discussion 

The results presented in this section were obtained using a 3D mesh with 10386  

tetrahedron elements and 2241 nodes. Reconstructed 3D aμ  and sμ′  images for each case are 

displayed at a series of transverse (coronal) sections perpendicular to axis Z and selected 

longitudinal (sagittal) sections perpendicular to axis X or axis Y.  Quantitative 1D profiles of 

recovered optical properties along selected transects are also shown for some cases. 

 Figure 3-13 shows the reconstructed aμ  images at a selected sagittal and coronal section 

for case 1 (2:1 aμ contrast). From Figs. 3-13a and 3-13b, when the uniform source intensity 

method was used we see that boundary artifacts dominate the images and the target cannot be 

detected for this relatively low contrast case. The target is detectable with the normalization 

method (Figs. 3-13c and 3-13d), while we note relatively strong artifacts in the background. The 

detection of the target is clearly improved when the source optimization method was used (Figs. 

3-13e and 3-13f), although there are still some small artifacts in the background region.  

 Reconstructed aμ images at a series of coronal sections for case 2 (4:1 aμ  contrast) are 

plotted in Figure 3-14. As shown from column 3 in Figure. 3-14, when the uniform source 

method was used the target cannot be detected at most coronal sections except that at z=-2mm 

the target was barely visible. For the images obtained by the normalization method (column 2 in 

Figure. 3-14), the target is resolvable, but with a marked circularly shaped artifact in the 

background. Again, when the source optimization method was utilized, the target is clearly 

detected with minimal artifacts, as shown from column 1 in Figure. 3-14.   

 Figure 3-15 plots the absorption and scattering images reconstructed for case 3. For the 

aμ  images in this case, the target is differentiated successfully from the background with all 

three methods (Figs. 3-15a-f). However, we can see that the quality of the extracted aμ  images 
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with the source intensity optimization method is still the best (Figs. 3-15a and 3-15d). For 

example, as shown in Figs. 3-15a  and 3-15d, the shape and size of the target is better recovered 

and there are much less artifacts in the background. Forthe sμ′  images shown in Figs. 3-15g-o, 

we note that the uniform source intensity method basically fails to detect the target (Figs. 3-15i, l 

and o). The normalization method has the capability to detect the target, but with strong artifacts 

in the background (Figs. 3-15k and n).  In addition, the recovered target position is shifted 

towards the center of the background (Figure. 3-15k). Figures 3-15g, j and m illustrate that the 

source intensity optimization method is capable of reconstructing sμ′  images with much better 

accuracy and with much less artifacts relative to the other two methods. 

 Figures 3-16 and 3-17, respectively, show the recovered absorption and scattering images 

at a selected sagittal section and a series of coronal sections for case 4. In this relatively high 

contrast case, we note that the target is detected for both the aμ and sμ′  images with all three 

methods (e.g., see the images shown at y=0 and z=2 in Figs. 3-16 and 3-17). However, we can 

still see that the images with the source intensity optimization method have the best overall 

quality (column 1 in Figs. 3-16 and 3-17). For the absorption images, we observe that the 

normalization method (column 2 in Figure. 3-16) gives almost the same quality as the source 

optimization method, except that it generated more boundary artifacts (see the images at z=-6 in 

Figure. 3-10).  The boundary artifacts in the images from the uniform source intensity method 

are clearly the strongest such that the target is invisible at several cut planes (e.g., see column 3 

at z=6mm in Figure. 3-16). For the scattering images shown in Figure. 3-17, we see that the 

recovered target position is shifted to the center of the background at several cut planes (see the 

images at z=6mm in Figure. 3-17).  
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 For a more quantitative assessment of the results, Figure 3-18 shows aμ and sμ′ profiles 

along a transect through the centers of the target and background for the images at  y=0mm and 

z=2mm for the cases 1-4 when the source intensity optimization method was used. The dotted 

line corresponds to the exact values and the solid line are referred to the extracted optical 

property values. From Figure.3-18, we calculated the relative errors of the recovered aμ  

(maximum value) in the target to be 13.0%, 0.95%, 0.1% and 0.2% for cases 1-4, respectively. 

The relative errors of the extracted sμ′  (maximum value) in the target were found to be 2.0% and 

8.8% for cases 3 and 4, respectively.  

 Figure 3-19 plots the absorption images (Figs. 3-19a and 3-19b) and scattering images 

(Figs. 3-19c and 3-19d) reconstructed with the source optimization method for case 5 (4:1 

aμ and sμ′ contrast) at the section y=0 mm (Figs. 3-19a and 3-19c) and at the section z=-3 mm. 

The target is superficial and the closest distance between the target and one fiber bundle is 2 mm. 

The source intensity at the fiber bundle obtained with the source optimization method increased 

by 56% above the average. From figure 3-19 we see that both the scattering images and the 

absorption images were reconstructed successfully. The intensity increase did not appear to 

degrade the quality of image reconstruction. 

 Figure 3-20 shows the absorption images (Figs. 3-20a and 3-20b) and scattering images 

(Figs. 3-20c and 3-20d) reconstructed with the source optimization method for case 6 (4:1 

aμ and sμ′ contrast) at the section y=4 mm (Figs. 3-20a and 3-20c) and at the section z=-6 mm. 

Again, the target is superficial and is embedded between two source fiber bundles. The source 

intensities at these two fiber bundles increased by 45% and 7.5%, respectively. Both the 

scattering images and the absorption images were reconstructed successfully while the shape of 



 

62 

the target (Fig 3-20c) was degraded because the target was close to the bottom of the background 

phantom. 

 Figures 3-21(a) and 3-21(b) plot the uniform source intensity obtained by the uniform 

source intensity method (dotted line) and the source intensity distribution obtained by the source 

intensity optimization method (solid line) from the original measurements of case 4 and the 

normalized measurements for case 4, respectively. Both the uniform source intensity method and 

the normalized unit source intensity method assume that all the 64 source intensities are the 

same. However, the real source intensity distributions are not uniform (the solid line in figure 3-

21) due to the experimental and numerical errors. And for case 4, the maximum/minimum ratios 

are about 3.0 and 1.8 for the original and normalized data, respectively. The normalization 

reduced the source intensity maximum/minimum ratio from 3.0 to 1.8 and made the source 

intensity distribution more uniform. That may be the reason why the normalized unit source 

method is capable of obtaining better images than the uniform source intensity method. 

 Based on the results presented above, it is clearly seen that the source optimization 

method provides significantly improved image quality over the existing two source calibration 

methods. This is not surprising because both the uniform source intensity and the normalization 

methods assume that all the 64 source intensities are the same, while the real source intensity 

distributions are not uniform due to experimental errors. We believe that Sk’s (k from 1 to 64) 

represent real emitter intensities at the source locations around the phantom surface. The real 

emitter intensity at one location equals the multiplication of the corresponding laser module 

output intensity, the source fiber attenuation and the source fiber-phantom coupling coefficient.   

 While detailed evaluation to what extent 3D model can improve DOT imaging over 2D 

model is beyond the scope of this paper, it is interesting to initially compare the 3D results 
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presented here with our 2D results obtained previously. We have demonstrated that both aμ  and 

sμ′  images in heterogeneous media can be extracted quantitatively using 2D model with 

appropriate calibration and preprocess methods.31, 71 These 2D images gave similar quantitative 

accuracy as 3D images presented in this work.  One expects that 3D model would provide better 

accuracy for image reconstruction than 2D model, however. A possible reason for explaining this 

contradiction is that the volume/amount of measured data available in the current 3D imaging 

system may not be enough relative to the number of unknown parameters involved in the 3D 

image reconstructions.  

 It is well known that the source intensity difference among the different source locations 

significantly degraded the DOT reconstructed image qualities. One way to calibrate the source 

intensity is that the optical source coupling coefficients and/or the optode positions are 

reconstructed simultaneously with the image extraction.72-74 Another way is to estimate the 

coupling coefficients with a homogenous and isotropic phantom before experiments.75-76 In this 

paper, our method estimated the source intensities at the different source locations by a fitting 

procedure with measured data from an inhomogeneous phantom and simulated data 

corresponding to a homogeneous model phantom. The presented results show that our proposed 

method can significantly improve the quality of reconstructed images. Combined the methods 

reported in Refs.72-74 with the source optimization method described here may result in further 

improvement. We plan to evaluate this combined method in future.  

 In sum, we have developed a new source optimization method in this paper. The imaging 

results shown indicate that this new method can quantitatively improve 3D image 

reconstructions.  
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Figure 3-1. Geometry of the phantom configuration. 
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                       (a)                                                  (b)                                                  (c)           

 
                      (d)                                                  (e)                                                  (f)           

 
                      (g)                                                  (h)                                                  (i)           

 
                      (j)                                                  (k)                                                  (l)        

Figure 3-2. Reconstructed absorption and scattering images for the 3 cases in Group 1 when each set of 
imaging data was calibrated with 50mm diameter homogeneous phantom (left column), 
75mm diameter phantom (middle column), and 100mm diameter phantom (right column), 
respectively. (a)-(c): absorption images from the case of target 1. (d)-(f): absorption images 
from the case of target 2. (g)-(i): absorption images from the case of target 3. (j)-(l): 
scattering images from the case of target3. The grey scale shows the absorption or reduced 
scattering coefficient value (mm-1), while the axes indicate the spatial dimension (mm).  
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                       (a)                                                  (b)                                                  (c)           

 
                      (d)                                                  (e)                                                  (f)           

 
                      (g)                                                  (h)                                                  (i)           

 
                      (j)                                                  (k)                                                  (l)           

Figure 3-3. Reconstructed absorption and scattering images for the 3 cases in Group 2 when each set of 
imaging data was calibrated with 50mm diameter homogeneous phantom (left column), 
75mm diameter phantom (middle column), and 100mm diameter phantom (right column), 
respectively. (a)-(c): absorption images from the case of target 1. (d)-(f): absorption images 
from the case of target 2. (g)-(i): absorption images from the case of target 3. (j)-(l): 
scattering images from the case of target 3. The grey scale shows the absorption or reduced 
scattering coefficient value (mm-1), while the axes indicate the spatial dimension (mm). 
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                       (a)                                                  (b)                                                  (c)           

 
                      (d)                                                  (e)                                                  (f)           

 
                      (g)                                                  (h)                                                  (i)           

 
                      (j)                                                  (k)                                                  (l)           

Figure 3-4. Reconstructed absorption and scattering images for the 3 cases in Group 3 when each set of 
imaging data was calibrated with 50mm diameter homogeneous phantom (left column), 
75mm diameter phantom (middle column), and 100mm diameter phantom (right column), 
respectively. (a)-(c): absorption images from the case of target 1. (d)-(f): absorption images 
from the case of target 2. (g)-(i): absorption images from the case of target 3. (j)-(l): 
scattering images from the case of target 3. The grey scale shows the absorption or reduced 
scattering coefficient value (mm-1), while the axes indicate the spatial dimension (mm).  
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Figure 3-5. 1D profile of the absorption coefficient along the transect AB (see Figure. 3-1) for 
the image shown in Figure. 3-2a (a) and for image shown in Figure. 3-2d (b). The 
dotted and solid lines are, respectively, the exact and reconstructed absorption 
coefficient distributions. 
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Figure 3-6. Four fine mesh elements generated from one coarse mesh element. 
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Figure 3-7. Geometry of the tissue mimicking phantom. 
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Figure 3-8. The aμ images (a-d) and sμ′  images (e-h) reconstructed for case 1 (4:1 aμ , 2.8:1 

sμ′ contrast, 15 mm off-center) phantom experiment with the dual mesh method (left 
column) and the single mesh method (right column). The rectangular and circular 
figures are at the cross sections y=0 mm and z=2 mm respectively. The color scale 
bar indicates values of aμ  (a-d) and sμ′  (e-h). 
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Figure 3-9. The aμ images (a-d) and sμ′  images (e-h) reconstructed for case 2 (4:1 aμ , 2.8:1 

sμ′ contrast, 10 mm off-center) phantom experiment with the dual mesh method (left 
column) and the single mesh method (right column). The rectangular and circular 
figures are at the cross sections y=0 mm and z=2 mm respectively. The color scale 
bar indicates values of aμ  (a-d) and sμ′  (e-h). 
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Figure 3-10. The aμ images (a-d) and sμ′  images (e-h) reconstructed for case 3 (4:1 aμ , 2.8:1 

sμ′ contrast, 5 mm off-center) phantom experiment with the dual mesh method (left 
column) and the single mesh method (right column). The rectangular and circular 
figures are at the cross sections y=0 mm and z=2 mm respectively. The color scale 
bar indicates values of aμ  (a-d) and sμ′  (e-h). 
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Figure 3-11. The three-dimensional views of the reconstructed absorption coefficient images (a, 
c, e) in mm-1 and the reconstructed reduced scattering coefficient images (b, d, f) in 
mm-1 for case 1 (a, b, 15 mm offset), case 2 (c, d, 10mm offset) and case 3 (e, f, 
10mm offset) respectively using the dual mesh method. In each image, the showing 
slices are crossed at the center of the target.  
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Figure 3-12. Geometry of the phantom under study. 
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Figure 3-13. The absorption images reconstructed for case 1 (2:1 aμ contrast) with the uniform 

source intensity method (a, b); the normalization method (c, d) and the source 
optimization method (e, f). Column 1 shows that images at y=0 mm plane and 
Column 2 gives the images at z=0 mm plane.  
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Figure 3-14. The absorption images reconstructed for case 2 (4:1 aμ contrast) with the uniform 

source intensity (column 3); the normalization method (column 2) and the source 
optimization method (column 1).   

z=-2 mm 

z=2 mm 

z=-6 mm 
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Figure 3-15. Reconstructed absorption images (rows 1 and 2) and scattering images (rows 3-5) 
for case 3 (2:1 aμ and sμ′ contrast) with the uniform source intensity (column 3); the 
normalization method (column 2) and the source optimization method (column 1)  



 

78 

 

 

 

 

 
 

 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) 

(j) 

(i) 

(k) (l) 

(n) (o) (m) 



 

79 

 

                          

                          

                          

                          
 
Figure 3-16. The absorption images reconstructed for case 4 (4:1 aμ and sμ′ contrast) with the 

uniform source intensity (column 3); the normalization method (column 2) and the 
source optimization method (column 1).  
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Figure 3-17. The scattering images reconstructed for case 4 (4:1 aμ and sμ′ contrast) with the 

uniform source intensity (column 3); the normalization method (column 2) and the 
source optimization method (column 1). 
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Figure 3-18. Recovered aμ values along a transect through the centers of the target and 
background for the images at y=0 mm, z=2 mm for case 1 (a), case 2 (b), case 3 (c) 
and case 4 (e). Reconstructed sμ′  values along a transect through the centers of the 
target and background for the images at y=0 mm, z=2 mm for case 3 (d) and case 4 
(f). Both the aμ  and sμ′ images were reconstructed using the source intensity 
optimization method. The dotted lines are the exact values and the solid lines indicate 
the extracted coefficients. 
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Figure 3-19. The absorption images (a and b) and scattering images (c and d) reconstructed with 

the source optimization method for case 5 (4:1 aμ and sμ′ contrast) at the section y=0 
mm (a and c) and at the section z=-3 mm. 
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Figure 3-20. The absorption images (a and b) and scattering images (c and d) reconstructed with 

the source optimization method for case 6 (4:1 aμ and sμ′ contrast) at the section y=4 
mm (a and c) and at the section z=-6 mm. 

 
 
 

    

Figure 3-21. The source intensity obtained with the uniform source intensity method (dotted line) 
and the source intensity distribution obtained with the source intensity optimization 
method (solid line) from original measured data (a) and the normalized measured data 
(b) of experiment case 4. 
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Table 3-1 Optical and geometric parameters used for Group 1 experiments. 

 R2 
(mm) 

D 
(mm) 

aμ  
(1/mm) 

sμ′  
(1/mm) 

 R1 
(mm) 

Target 1  
(1.4:1 aμ contrast) 7.0 9.0 0.007 1.0 

Target 2 
(2:1 aμ contrast) 7.0 9.0 0.01 1.0 

Target 3 
(2:1 aμ and sμ′ contrast) 7.0 9.0 0.01 1.8 

Background 
( aμ =0.005 mm-1, 

sμ′ =1.0 mm-1) 
25.0 

 
 
 
Table 3-2 Optical and geometric parameters used for Group 2 experiments. 

 R2 
(mm) 

D 
(mm) 

aμ  
(1/mm) 

sμ′  
(1/mm) 

 R1 
(mm) 

Target 1  
(1.4:1 aμ contrast) 7.0 11.0 0.007 1.0 

Target 2 
(2:1 aμ contrast) 7.0 11.0 0.01 1.0 

Target 3 
(2:1 aμ and sμ′ contrast) 7.0 11.0 0.01 1.8 

Background 
( aμ =0.005 mm-1, 

sμ′ =1.0 mm-1) 
37.5 

 
 
 
 
Table 3-3 Optical and geometric parameters used for Group 3 experiments. 

 R2 
(mm) 

D 
(mm) 

aμ  
(1/mm) 

sμ′  
(1/mm) 

 R1 
(mm) 

Target 1  
(1.4:1 aμ contrast) 7.0 21.0 0.007 1.0 

Target 2 
(2:1 aμ contrast) 7.0 21.0 0.01 1.0 

Target 3 
(2:1 aμ and sμ′ contrast) 7.0 21.0 0.01 1.8 

Background 
( aμ =0.005 mm-1, 

sμ′ =1.0 mm-1) 
50.0 
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Table 3-4 Optical properties of the phantom background and the target for all 5 cases. 

 d aμ  
(1/mm) 

sμ′  
(1/mm) 

 

case 1 
(4:1 aμ and sμ′ contrast) 15 mm 0.02 2.8 

case 2 
(4:1 aμ and sμ′ contrast) 10 mm 0.02 2.8 

case 3 
(4:1 aμ and sμ′ contrast) 5 mm 0.02 2.8 

Background 
( aμ =0.005 mm-1, 

sμ′ =1.0 mm-1) 

 
 
 
 
Table 3-5 Optical properties of the target and background used in the six experiments performed.  

 
 d H aμ  

(1/mm) 
sμ′  

(1/mm) 
 

case 1 
(2:1 aμ contrast) 10 mm 3 mm 0.01 1.0 

case 2 
(4:1 aμ contrast) 10 mm 3 mm 0.02 1.0 

case 3 
(2:1 aμ and 

sμ′ contrast) 
10 mm 3 mm 0.01 1.8 

case 4 
(4:1 aμ and 

sμ′ contrast) 
5 mm 3 mm 0.02 2.8 

case 5 
(4:1 aμ and 

sμ′ contrast) 
19 mm 9 mm 0.02 2.8 

case 6 
(4:1 aμ and 

sμ′ contrast) 
19 mm 12 mm 0.02 2.8 

Background 
( aμ =0.005 

mm-1, 
sμ′ =1.0 

mm-1) 
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CHAPTER 4  
PARTICLE SIZE IMAGING: PHANTOM EXPERIMENTAL STUDIES 

4.1 Measurement of Particle Size Distribution and Concentration in Heterogeneous Turbid 
Media 

In this section we attempt to establish a method directly based on more rigorous Mie 

scattering theory for the reconstruction of particle size distribution and concentration without the 

limitations existing in the use of the power law. We use both simulations and phantom 

experiments to validate our method.  We also describe a new scheme for optimizing the initial 

parameters needed for reconstructions in MSDOT and a method for calibrating the scattering 

spectra obtained from phantom experiments.  

4.1.1Materials and Methods 

 Two inverse algorithms are required in order to obtain particle size distribution and 

concentration with MSDOT. The first is a DOT algorithm for the recovery of spectroscopic 

scattering images in heterogeneous turbid media. Our DOT algorithm, described in detail 

elsewhere, uses a regularized Newton’s method to update an initial optical property distribution 

iteratively in order to minimize an object function composed of a weighted sum of the squared 

difference between computed and measured optical data at the medium surface. The computed 

optical data (i.e., photon intensity) is obtained by solving the photon diffusion equation with 

finite element method. The second algorithm is one that extracts the particle morphological 

information using the scattering spectra obtained from the first algorithm described above. It 

casts the reconstruction as an optimization problem in which the optimization parameters are 

coefficients in a probability function such as Gaussian distribution function using a priori 

assumptions. This inverse algorithm is based on a least squares optimization, where the 

difference between measured and computed scattering spectra is iteratively minimized by 

adjusting the optimization parameters under Mie scattering theory. 
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 It is known that an optimized initial optical property distribution is critical for quality 

image reconstruction using DOT algorithm. We reported an effective preprocessing scheme for 

such purpose previously; however, it requires time-consuming computational procedures to 

obtain the initial parameters needed for image reconstruction at a single wavelength. Clearly this 

would not be efficient for image reconstruction at multiple wavelengths in MSDOT. Thus we 

implemented an algorithm for optimizing initial optical properties based on the following core 

relationship: 

( )coTT J)IJJ( Φ−Φ=χΔβ+                                           (4.1) 
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oΦ  and cΦ are the observed and calculated photon density; D and aμ  are the diffusion and 

absorption coefficients, respectively;  χΔ  is the update of optical properties; N is the number of 

nodes used in the finite element mesh used; β  is a regularization parameter and I is an identical 

matrix. In this algorithm, optimized initial optical properties are obtained by iteratively solving 

Eq. (4-1). Since there exist only two variables, it is very fast to reach convergence.  

 Once ( )λD  is recovered using DOT algorithm, the reduced scattering spectra can be 

obtained by the following relationship for turbid media:  

( ) ( ) ( )λλμ
D

g s 3
11 ≈−                                                                              (4.2) 
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where ( ) sg1 μ−  is the reduced scattering coefficient and g is the average cosine of scattering 

angles. Following Jiang et al.77-80, the scattering spectra are correlated with particle size 

distribution and concentration through the following relationship under Mie Theory:   

( ) ( ) ( ) ( ) ( )[ ] ( )∫
∞

φ
λ−λ

=λμ′=λμ−
0

scat
ss dxxf

x2
,n,xg1,n,xQ3

g1                   (4.3) 

where scatQ is the scattering efficiency; x is the particle size; n is the refractive index of particles; 

φ  is the particle concentration/volume fraction; f(x) is the particle size distribution. Both scatQ  

and g can be computed with Mie Theory.81 In Equation (4.3) we have assumed that particles act 

as independent scatterers without particle-particle interaction.  In order to solve for f(x) and φ  

from measured scattering spectra, an inversion of Eq. (4.3) must be obtained. Our numerical 

inversion is based on a Newton-type iterative scheme through least-squares minimization of the 

objective functional: 
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2                                                                         (4.4) 

where ( )ojsμ′  and ( )cjsμ′  are the observed and computed reduced scattering coefficients  at ten 

wavelengths, j= 1λ , 2λ ,…, 10λ  (more wavelengths can be used, depending on the number of 

wavelength available from the experimental system).  In the reconstruction, we have assumed a 

Gaussian particle size distribution in this study (a priori knowledge about the mode and 

distribution form of the particle size are usually available in a practical situation), 

( )
( )

2b2

2ax

2
e

b2

1xf

−
−

π
= , where a is the average size of particles and b is the standard deviation. 

Substituting above f(x) into Eq. (4.3), we obtain  
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           (4.5)                     

Now the particle sizing task becomes to recover three parameters a, b and φ . As described 

in detail in Refs. 77-78, we have used a combined Marquardt-Tikhonov regularization scheme to 

stabilize the reconstruction procedure. 

4.1.2 Simulations and experiments  

 Simulations are used to test the sensitivity of particle sizing algorithm to noise effect with 

reduced scattering coefficients at ten wavelengths (This is the number of wavelength available 

from our imaging system). Simulated scattering spectra were generated using Eq. (4.5) when the 

particle size distribution and concentration were given. Particle size distribution and 

concentration were reconstructed using the particle sizing algorithm when 0%, 1%, 5%, 10%, 

and 20% noise was added to the “measured” scattering spectra, respectively.  

 Phantom experiments were conducted using our ten-wavelength DOT system (638, 673, 

690, 733, 775, 808, 840, 915, 922 and 960nm). This newly developed imaging system and its 

calibration were described in detail elsewhere. Briefly, light from one of the ten laser modules is 

transmitted to an optical switch, which sequentially passes it to 16 pre-selected points at the 

surface of the phantom for 2D imaging experiments. 16x16 measured data is then input into our 

DOT reconstruction algorithm to generate a 2D cross-sectional image of the phantom. Three sets 

of phantom experiments were conducted to validate the overall approach for extracting particle 

size distribution and concentration using MSDOT. The background phantom materials used 

consisted of Intralipid as scatterer and India ink as absorber. Agar powder (1-2%) was used to 

solidify the Intralipid and India ink solutions. The cylindrical background phantom had a radius 

of 25mm, an absorption coefficient of 0.005/mm and a reduced scattering coefficient of 1.0/mm. 

A thin glass tube (9mm in inner diameter, 0.4mm in thickness) containing polystyrene 
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suspensions (Polysciences, Warrington, PA) was embedded off-center in the background solid 

phantom. Three different types of polystyrene spheres were used in the three experiments: 

2.06μ m in diameter, 0.02μ m in standard deviation and 0.52% in concentration for Case 1; 

2.85μ m in diameter, 0.14μ m in standard deviation and 1.02% in concentration for Case 2; 

5.66μ m in diameter, 0.30μ m in standard deviation and 2.62% in concentration for Case 3.  The 

refractive index of the spheres and their surrounding aqueous medium are 1.59 and 1.33, 

respectively.  

4.1.3 Results   

 Results from two simulations are displayed in Tables 4-1 and 4-2. From simulation 1 for 

a particle diameter of 2.855μm, we can see that both the mean size and concentration of particles 

can be recovered accurately with up to 20% noise; the relative errors of reconstruction of these 

two parameters were calculated to be within 3.0 ~ 44.9% and 2.9 ~ 33.3%, respectively, given 

the noise levels used. We also note that the recovery of the standard deviation is quite sensitive 

to noise effect: the relative error is as large as 100%. From simulation 2 for a particle diameter of 

10.0μm, the relative errors of reconstructed parameters a and φ  are within 0.5 ~ 20.2% and 0.4 ~ 

21.8%, respectively, given the noise levels used. Similarly we see that the standard deviation 

recovery is sensitive to the noise levels and the relative errors is up to 96.6%. Overall the 

extraction of particle concentration is least sensitive to noise effect. Using these reconstructed 

parameters at different noise levels, we calculated the scattering spectra using Eq. (5) for 

simulation 1 and present them in Figure. 4-1. 

 Phantom data at 10 wavelengths for all three cases were collected, and both absorption 

and scattering images were recovered at each wavelength using our DOT algorithm (only the 

scattering images are needed here for particle sizing). Figure 4-2 shows the reconstructed sμ′  
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images for Case 2 at 10 different wavelengths. In particle sizing, both peak and average sμ′  

values of the target area were used to recover the particle size distribution (PSD), f(x), and 

concentration, φ .  

 We found that best particle sizing was achieved when the reconstructed peak or average 

sμ′  values calibrated using the optimized initial sμ′ values. In this calibration, the subtractions of 

the mean initial sμ′  at 10 wavelengths from each individual initial sμ′  value are defined as 

calibration factors. Then a calibrated sμ′  spectrum was obtained by subtracting the calibration 

factors from the peak or average sμ′  values. For all three experimental cases studied, the 

calibrated sμ′  spectra were used to reconstruct the particle size parameters.  

 The mean particle diameter (a), the standard deviation (b) and the concentration (φ ) 

reconstructed from both the peak and average sμ′ values for the three cases are listed in Table 4-3 

where the exact parameters from the manufacture are also given for comparison. We 

immediately note that both the mean size and concentration are recovered with good quality, 

consistent with the simulations. We found the relative error of the reconstructed mean particle 

size is within 8.4% for the three cases examined, while the relative error of the recovered 

concentration is 33.3%, 0.8% and 11.1% for Cases 1, 2 and 3, respectively.  Similar to the 

simulations, the standard deviations were recovered with errors as large as 86.6% (Case 3). 

When the average sμ′  spectra were used, we see that the reconstructed results are generally 

similar to that with the peak sμ′  spectra; however, overall the peak spectra-based reconstruction 

has better quality. Figure. 4-3 presents the exact and recovered PSD (normalized) for the three 

different polystyrene suspensions when the peak spectra were used for reconstruction. In Figure. 

4-4, scattering spectra obtained with different methods for Cases 1 and 3 are shown, in which we 
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can see that the calibrated spectra match well with the Mie theory fittings using the recovered 

particle parameters. 

4.1.4 Discussion and Conclusions   

 The ultimate goal of our work is to see if we can extract cellular morphological 

information of breast tissue using MSDOT. The simulations and phantom study presented here 

represent our first step toward that goal. In our simulations and phantom experiments, the 

choices of 2, 3, 6 and 10μm polystyrene scatterers were intended to mimic mitochondria and 

nuclei, the two primary contributors to tissue scattering reported in the literature to date.42, 82-83  

We have used Mie theory to recover the particle size distribution and concentration from the 

scattering spectra obtained using MSDOT at 10 different wavelengths. It is known that Mie 

theory assumes spherical particles without particle-particle interactions. While these assumptions 

do not pose problems in our phantom study, they may do so in real tissue where scatterers 

generally are not spherical. Interestingly, Mourant et al.82 presented Mie calculations of sμ′  in 

cultured cell suspensions which showed excellent agreement between the Mie theory and 

diffusion approximation. In a prior study, we have shown that accurate PSD can be recovered in 

concentrated TiO2 suspensions where TiO2 particles are not spherical.78-79  In another study, we 

have demonstrated that the PSD in KCl suspensions can still be well reconstructed when the 

concentration of KCl particles is as high as 40%.78,80  Thus it is reasonable to believe that the 

approach described here for particle sizing would provide quality results from in vivo data 

particularly if we focus on the reconstruction of only particle mean size and concentration.   

 In our particle sizing, the refractive indices of the polystyrene suspensions and the 

surrounding medium (water) are important parameters and have been assumed known as a priori. 

In a clinical situation, we can obtain these information empirically from the literature, or we can 
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ultimately recover the refractive indices of scatterers as we reconstruct the PSD and 

concentration. Our phantom results have shown that the calibration method developed for 

correcting the initial scattering values is able to provide quality reconstruction of PSD and 

concentration. However, there is no clear physical explanation about the spectra subtraction used 

in the calibration. We suspect that the spectra subtraction might have reduced the scattering 

impact of the background medium on the particle suspensions in the target.  In addition, we have 

set the boundary conditions (BC) coefficient as constant for all 10 wavelengths in the calibration. 

We plan to implement a method that can provide optimized wavelength-dependant BC 

coefficient, which should give better initial scattering spectra. 

 In summary, we have presented an approach for reconstruction of PSD and concentration 

in heterogeneous turbid media from scattering spectra measured using MSDOT. Both 

simulations and phantom results have shown that the PSD and concentration of polystyrene 

spheres contained in the target can be reconstructed with 10-wavelength data available from our 

current MSDOT system. We expect to apply the approach described in this section to in vivo 

clinical data obtained from tumor-bearing breasts in the near future. 

4.2 Imaging of Particle Size Distribution and Concentration in Heterogeneous Turbid 
Media 

 In this section, we present for the first time images of particle size and concentration 

using tissue phantom experiments where a target is embedded in a scattering medium. The 

recovered images obtained are quantitative in terms of the target size and shape, and the particle 

size and concentration in both the target and background media. 

4.2.1 Methods and materials 

 The methods were described in above subsection. Phantom experiments were conducted 

using our ten-wavelength DOT system (638, 673, 690, 733, 775, 808, 840, 915, 922 and 960nm). 
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Two sets of phantom experiments were conducted to demonstrate the overall approach for 

imaging particle size and concentration using MSDOT. The cylindrical background phantom had 

a radius of 25mm, an absorption coefficient of 0.005/mm (India ink as absorber) and a reduced 

scattering coefficient of 1.0/mm (Intralipid as scatterer). A thin glass tube (9mm in inner 

diameter, 0.4mm in thickness) containing polystyrene suspensions (Polysciences, Warrington, 

PA) was embedded off-center in the background solid phantom. Two different types of 

polystyrene spheres were used in the experiments: one had a diameter of 2.06μm and a 

concentration of 0.52%, and the other had a diameter 5.66μm and a concentration of 2.62%.  

The refractive index of the spheres and their surrounding aqueous medium are 1.59 and 1.33, 

respectively. 

4.2.2 Results and discussion 

 We first performed simulations to evaluate the sensitivity of particle sizing on the number 

of wavelengths used. “Measured” sμ′  spectra were generated using Eq. (8) with a=2.86 μm, 

b=0.145 μm and φ =1.02% for 10, 20 and 50 wavelengths between 600 and 1000nm, 

respectively. When 5% noise was added to each set of “measured” sμ′  spectra, we found that the 

relative errors of recovering the particle parameters were within 14% using the 10-wavelength 

spectra, while such errors were as low as 4% when 50-wavelength spectra were used. The Mie 

theory fittings using the extracted parameters at 10, 20 and 50 wavelengths are shown in Figure. 

4-5(a) where the exact spectra are also presented for comparison. We see that the 10-wavelength 

spectra are able to provide quantitatively accurate reconstruction. We also performed simulations 

to test the noise sensitivity when 1, 5, or 10% random noise was added to the 10-wavelength 

spectra. The relative errors of the recovered parameters (a and φ ) were calculated to be 3, 14, 

and 17% for parameter a and 3, 11 and 14% for the parameter φ . However, the recovery of the 
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standard deviation was sensitive to noise, which had a relative error of 93% when 10% noise was 

added.  

 A finite element mesh with 634 nodes was used for the DOT reconstructions. To show 

the accuracy of the DOT reconstruction, Figure. 4-5(b) depicts the recovered sμ′  spectra at a 

typical node location in the target area for the 2.06 μm polystyrene case, in comparison with the 

corresponding Mie theory fitting using the extracted particle parameters. And the DOT 

reconstructed absorption and reduced scattering images for the 2.06 μm polystyrene case for all 

ten wavelengths are shown in the Figure. 4-6. The recovered mean size and concentration at each 

node are used for imaging display. Figure. 4-7 presents the reconstructed images of particle size 

and concentration for the 2.06 and 5.66μm polystyrene cases. We immediately note that the 

particle size and concentration of both the target and background are quantitatively imaged. The 

reconstructed mean particle size and concentration in the background were found to be within 

154.7~155.1nm and 0.92~1.21% for the 2.06μm polystyrene case, and 155.3~155.5nm and 

1.17~1.95% for the 5.66μm polystyrene case, compared to 150nm and 1%, the equivalent mean 

particle size and concentration of the actual Intralipid/Ink background.  In the target region, the 

recovered mean particle sizes are in the range of 1.31 to 2.25μm with average value of 1.72μm 

for the 2.06μm polystyrene case and 3.48 to 5.97μm with average value of 4.62 μm for the 

5.66μm polystyrene case, while the reconstructed concentrations are in the range of 0.48 to 

0.87% with average value of 0.65% for the 2.06μm polystyrene case and 1.76 to 2.70% with 

average value of 2.25% for the 5.66μm polystyrene case. Similar to the simulations, we see that 

the standard deviation recovery is sensitive to the noise. The maximum relative errors of the 

extracted standard deviation are up to 67.9% and 84.9% for the 2.06μm and 5.66μm polystyrene 

case respectively.   



 

96 

 It should be noted that while only the recovered sμ′  spectra were needed for particle 

sizing, the absorption images were quantitatively reconstructed for the experimental two cases 

studied [see Figs. 4-7(a1)-4-7(a10); note that the absorption contrast between the target and 

background was extremely low in both cases, resulting in strong artifacts along the boundary]. 

Others and we have recently shown repeated experimental evidence that the cross-talk between 

aμ  and sμ′  images can be minimized using CW based DOT reconstructions, suggesting that 

future work involving phantom studies with different levels of absorption in the target are 

feasible and worthy.  

 In our particle sizing, the refractive indices of the polystyrene suspensions and the 

surrounding medium are important parameters and have been assumed known as a priori. In a 

clinical situation, we can obtain these information empirically from the literature, or we can 

ultimately recover the refractive indices of scatterers as we reconstruct the PSD and 

concentration. In response to the possible perturbation of the glass tube used in the experiments, 

we have previously shown that such perturbation was insignificant in the image reconstruction84. 

In this work, we assumed that the scatterers are spherical. But in tissues, while larger scatterers 

such as nuclei are spherical, the smaller scatterers such as mitochondria are ellipsoidal. A 

possible solution to this is to consider a modified Wentzel-Kramers-Brillouin model (WKB) 

theory for non-spherical particles as described in [63]. Compared with the diffuse reflectance 

spectroscopy (DRS), our method can image the particle size and concentration in heterogeneous 

media whereas DRS can only deal with homogeneous media. In addition, we believe our method 

can provide more accurate particle sizes and concentrations than DRS, because DRS often is 

based on analytical solutions to the diffusion equation with the assumption of infinite or semi-

infinite media. 
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 In conclusions, we have demonstrated quantitative imaging of particle size and 

concentration of heterogeneous turbid media using MSDOT. The choices of the 2.06 and 5.66 

μm polystyrene particles were intended to simulate typical mitochondria and nuclei, 

respectively. The phantom results presented suggest that the method described in this section 

may be applied for in vivo imaging of tissue morphology, adding more parameters for clinical 

decision-making. 

4.3 Experimental Results from Concentrated Suspensions with Bi-modal Particle Size 
Distribution 

 A method directly based on more rigorous Mie scattering theory for the reconstruction of 

particle size distribution and volume fraction has already been proposed and validated by a set of 

phantom experiments in the above sections. A single particle size distribution was assumed and 

the only one kind of particles was used in the phantom studies. In pure optical spectroscopy 

studies, it has been shown that scattering spectra are correlated with tissue morphology.42, 82-83, 85 

These experimental studies had suggested that both nuclei and mitochondria contributed to tissue 

scattering significantly. But it remained unclear how much the contribution of nuclei and 

mitochondria was to the scattering.  

 In this section, two kinds of particles with different diameters and volume fractions were 

mixed together and their contributions to the scattering were studied experimentally. This section 

was organized as follows. Subsection 4.3.1 discussed the experiment system and phantom 

materials. The experimental results and discussion were in subsection 4.3.2. Finally, the 

subsection 4.3.3 was about the conclusions. 

4.3.1 Experimental system and materials 

The ten wavelength (638, 673, 690, 733, 775, 808, 840, 915, 922 and 965 nm), the 

experimental system and its calibration have already been described in detail elsewhere.40, 71 In 
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this section, two dimensional images were reconstructed. Only fiber probes of 16 sources and 16 

detectors located in one layer were used for the 256 measurements at each wavelength. 

 The cylindrical background phantom had a radius of 25mm, an absorption coefficient of 

0.005/mm (India ink as absorber) and a reduced scattering coefficient of 1.0/mm (Intralipid as 

scatterer) at wavelength of 808nm. A thin glass tube (9mm in inner diameter, 0.4mm in 

thickness) containing polystyrene suspensions (Polysciences, Warrington, PA) was embedded 

off-center in the background solid phantom. Three sets of experiments were performed. The 

targets were composed of two kinds of polystyrene suspensions and water, as shown in Tables 4-

4, 4-5, and 4-6, respectively. For experiment set 1, there were 5 cases, with fixed volume fraction 

1.255% of polystyrene with diameter of 6μm and decreased volume fraction from 1.255% to 

0.05% for polystyrene with diameter of 1μm. For experiment set 2, there were four cases, with 

fixed volume fraction 0.77% of 1μm polystyrene spheres and volume fraction of 6μm 

polystyrene spheres reduced from 0.7% to 0.1%. In the 3 cases of experiment set 3, the volume 

fraction of 6μm polystyrene spheres was fixed on 1.255% and other kind of polystyrenes spheres 

had different diameters and volume fraction concentrations for each of 3 cases, as shown in 

Table 4-6.     

4.3.2 Experimental results and discussion 

For all the 11 experimental cases in the three sets, the absorption coefficient image and the 

reduced scattering coefficient image at each of ten wavelengths were reconstructed using our 

CW DOT algorithm although only the reduced scattering coefficient images were used for the 

further particle size and volume fraction extraction. For each case at each wavelength, the 

preprocess method for searching initial value of absorption coefficient aμ , ( )λμ′s and αwas 

implemented and the initial values corresponding to the global minimum error, which was the 
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square sum of the difference between the computed and measured photon density, resulted in the 

best reconstruction image quality31. Figure. 4-8 plotted the reconstructed scattering images at 

nine wavelengths for case 1 in experiment set 1, using the initial values at the global minimum 

error. However, the boundary coupling coefficient α  was supposed to be same approximately at 

all wavelengths due to their same boundary conditions. Because of the system noise, the values 

of α corresponding to the global minimum error at the nine wavelengths were not the same.  

To see how much influences of the values of α  at different wavelengths on the 

reconstructed results, we assume the values of α  at all wavelengths were same and the initial 

values were chosen when the total initial searching error, which was the sum of the initial 

searching error of all wavelengths, reached the minimum. For the case1 in experiment set 1 

(denoted as case1_1 or set1_1), the value of α  was found to be 0.29 and the reconstructed 

reduced scattering coefficient images were plotted in Figure. 4-9. One may see that the image 

quality was worse than that of Figure. 4-8 since there were more artifacts in Figure. 4-9 because 

the initial value at each wavelength was not corresponding to the one at the global minimum 

error. 

 The target region in the scattering images was segmented and the reduced scattering 

coefficient values of all nodes in the target were averaged. The average values at 10 wavelengths 

for 5 cases of experiment set 1 were plotted in Figure. 4-10 and Figure. 4-11 The average values 

in Figure. 4-10 were calculated from the images reconstructed with initial values at global 

minimum error and in Figure. 4-11 from the images reconstructed with the fixed value of α  at 

different wavelengths. The point at wavelength 965 nm was ignored due to the worst image 

quality. Only scattering values at nine wavelengths were used for further particle size and 

volume fraction extraction. The extracted scattering spectra in Figure. 4-11 were used for the 
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further process because they resulted in more stable results than the spectra in Figure. 4-10. It 

means that the same α  value assumption at different wavelengths was critical for particle size 

and volume fraction extraction. From both Figure. 4-10 and Figure.4-11, the scattering decreased 

from case 1 to case 5 as the total particle volume fraction decreased. The slopes of the five 

scattering spectra in Figure.4-11 decreased from case1 to case5 as well.  

 Figure. 4-13 and Figure. 4-14 plotted the average values of reduced scattering coefficient 

in the target at 10 wavelengths for experiment set 2 and set 3, respectively. All these values were 

calculated from the images reconstructed with the initial values when the values of α  at different 

wavelengths were assumed to be the same. Once again, one could see that the scattering at the 

tenth wavelength in Figure. 4-12 turned out to be abnormal due to the low signal noise ratio at 

that wavelength and the values at that wavelength were ignored for the further process. In Figure. 

4-12, the slope differences among the four scattering spectra were easy to see but the scattering 

level differences were not.  

 One particle size distribution was assumed when the particle size and volume fraction 

were extracted, although we mixed two different kinds of particles into the target. The extracted 

particle size and volume fraction based on the scattering spectra from Figs. 4-11, 4-12 and 4-13 

were shown in Tables 4-7, 4-8 and 4-9 for experiment set 1, set 2 and set 3, respectively. In 

Table 4-7, the calculated scattering ratio was the ratio of the calculated reduced scattering 

coefficient of 1 μm particles in the glass tube to the total calculated reduced scattering coefficient 

from both kinds of particles. The volume fraction and the particle size distribution were known 

so that the scattering coefficient was able to be calculated by Eq. (4-3). The volume fraction was 

referred to as the volume concentration of 1 μm particles in the target. Similarly, in Table 4-8, 

the calculated scattering ratio was the ratio of the calculated reduced scattering coefficient of 
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6μm particles to the total calculated scattering. The volume fraction was referred to as the 

volume concentration of 6μm particles. In Table 4-9, the calculated scattering ratio was the 

division of the calculated reduced scattering coefficient of 0.75 μm, 0.11 μm, 0.075 μm particles 

by the total calculated scattering in the target for each case. And the volume fraction was the 

volume fraction of 0.75 μm, 0.11 μm, 0.075 μm particles in the glass tube.  

 Figure. 4-14a and 4-15a plotted the extracted equivalent mean particle diameter versus 

the calculated reduced scattering coefficient ratio of 1 μm particles and of 6μm particles for 

experiment set 1 and set 2, respectively. In both sets, the extracted particle diameter increased 

almost proportionally as the calculated reduced scattering coefficient ratio of 6μm particles (the 

larger particles) increased. In contrary, the extracted particle diameter decreased almost 

proportionally as the calculated reduced scattering coefficient ratio of 1 μm particles (the smaller 

particles) decreased. The extracted equivalent particle diameters with respect to the volume 

fraction of 1μm particles for set1 and the volume fraction of 6μm particles for set 2 were plotted 

in Figure. 4-14b and 4-15b, respectively. For set1, the volume fraction of 6μm particles remains 

1.255%. When the volume fraction of 1μm particles increased from 0.05% to 1.255%, the 

extracted diameter decreased from 3.4μm to 0.7 μm. For set 2, the volume fraction of 1μm 

particles remained 0.77% and when the volume fraction of 6μm increased from 0.1% to 0.7%, 

the extracted diameter increased from 0.6 μm to 1.3 μm. For both set1 and set2, the minimum 

extracted diameter values, such as 0.7 μm in case1_1 and 0.6 μm in case2_4, were less than the 

smaller particle diameter 1 μm. The possible reason was that the background particle (Intralipid) 

diameter around 150 nm may affect the extracted diameter in the target.  

 In the set1 and set2, only two kinds of particles with different diameters of 1 μm and 6 

μm were used. To see how the particle diameters effected on the extracted equivalent mean 
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diameter, experiment set 3 was performed. For cases 1_4, 3_1 and 3_2, all of them had one kind 

of particles with diameter of 6 μm, volume fraction of 1.255% and very close calculated 

scattering ratio of the smaller particle, 0.24 for case1_4, 0.297 for case3_1 and 0.299 for 

case3_2. Another kind of particles (with smaller diameter) for them had diameter of 1 μm, 0.75 

μm and 0.11 μm and the extracted diameters were 3.2 μm, 3.2 μm and 1.8 μm, respectively. The 

extracted diameters decreased from 3.2 μm to 1.8 μm when the smaller particles diameter 

reduced from 1 μm to 0.11 μm, provided other conditions were same. Compared the case3_3 

with case1_5, one might obtain the similar conclusion. These two cases had very close calculated 

scattering ratio and had the same volume fraction of particles with diameter of 6 μm. Another 

kind of particles had diameter of 1.0 μm for case1_5 and 0.064 μm for case3_3 and the extracted 

diameters were 3.4 μm and 2.4 μm, respectively.  

 For all cases, the equivalent particle volume fraction could not be extracted 

quantitatively, but it could be obtained qualitatively. For experiment set1, the true total particle 

volume fraction was from 1.26% to 2.51% and the extracted volume fraction was    around 0.9%. 

For experiment set2, the true total particle volume fraction was from 0.87% to 1.47% and the 

extracted volume fraction was around 0.5%. One might see that the extracted total volume 

fraction was larger when the true value was bigger. 

 The particles were assumed to be spherical. It was true for the experiments. But the 

nucleus and the mitochondria in tissues are elliptical not spherical. Our ultimate goal is the 

clinical applications. How the spherical assumption affects on the clinical results will be our next 

research study. 

 In this section, we have assumed that the particle size distribution was Gaussian 

distribution although we intended to put two different kinds of particles into the target. It was our 
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goal to study how each kind of particle affected the extracted results. Currently, there are only 10 

wavelengths available. It is not feasible to assume no size distribution mode, as described in 

reference [78]. We may do so in the future when there are more wavelength measurements 

available.  

4.3.3 Conclusions 

When there were two kinds of particles with different diameters in the target and only one 

particle size distribution was assumed in the particle size extraction calculation, the extracted 

equivalent particle diameter increased almost proportionally as the calculated scattering ratio of 

the bigger particles increased and the calculated scattering ratio of the smaller particles 

decreased. The extracted diameter was also increased with the increment of the volume fraction 

of bigger particles and the decrement of the volume fraction of the smaller particles, but not 

proportionally. The extracted diameter decreased when the diameter of one kind of particle in the 

target decreased and another kind of particle diameter remained same. The equivalent particle 

volume fraction could be reconstructed qualitatively, but not quantitatively. Finally, the reduced 

scattering coefficient spectra, obtained when the boundary coupling coefficient α  was assumed 

to be constant for each wavelength, resulted in better results than the spectra obtained from the 

initial values corresponding to the global minimum error. 
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Figure 4-1. Simulated scattering spectra obtained from Mie calculation and the fittings based on 
the recovered particle size distribution and concentration at different noise levels. 10 
wavelengths were used in the simulations.  
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Figure 4-2. Reconstructed scattering images for Case 2 at 10 different wavelengths. (a) at 638 
nm (b)at 673 nm, (c)at 690 nm (d) at 733 nm, (e) at 775 nm, (f) at 808 nm, (g) 840 
nm, (h) at915 nm,  (i) at922 nm and (j) at 965 nm.  
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Figure 4-3. Normalized exact (solid lines) and reconstructed (dashed lines) particle size 
distribution from phantom measurements for Cases 1, 2 and 3. 

 

 
 

Figure 4-4. Experimental scattering spectra obtained with different methods for Case 1 (left) and 
Case 3 (right). Circles: spectra from the DOT reconstruction. Diamonds: spectra after 
calibration. Squares: Mie fitting using the recovered particle parameters. Crosses: 
calibration factors/spectra.  
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Figure 4-5. Scattering spectra: (a) The spectra generated by Eq. (5) and the Mie fittings using 
recovered particle parameters from simulated data (5% noise) with 10, 20, and 50 
wavelengths, respectively. (b) Experimental spectra DOT reconstructed at a typical 
node in the target area and the corresponding Mie fitting using recovered particle 
parameters for the 2.06 μm polystyrene case. 
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(a1)                       (a2)                              (a3)                        (a4)                    (a5) 

 

    (a6)                    (a7)                        (a8)                        (a9)                    (a10) 

 

(b1)                     (b2)                      (b3)                        (b4)                           (b5) 

 

         (b6)                   (b7)                     (b8)                       (b9)                          (b10) 

Figure 4-6. The DOT reconstructed absorption images (a1 to a10) and reduced scattering images 
(b1 to b10) at 10 different wavelengths: a1/b1 at 638nm; a2/b2 at 673nm; a3/b3 at 
690nm; a4/b4 at 733nm; a5/b5 at 775nm; a6/b6 at 808nm; a7/b7 at 840nm; a8/b8 at 
915nm; a9/b9 at 922nm and a10/b10 at 965nm for the 2.06 μm polystyrene case for 
all ten wavelengths. 
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Figure 4-7. Reconstructed images of mean particle size (a, c) and concentration (b, d) for the 
2.06 μm (a, b) and 5.66 μm (c, d) polystyrene cases, respectively. The axes (left and 
bottom) indicate the spatial scale, in millimeters, whereas the colorful scale (right) 
records the mean particle size or concentration, in micrometers or percentage. 
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Figure 4-8. The reduced scattering coefficient images at 9 different wavelengths for experiment 

set1_1(top row, left) 638 nm, (top row, middle) 673 nm, (top row, right) 690 nm, 
(middle row, left) 733 nm, (middle row, middle) 775 nm, (middle row, right) 808 nm, 
(bottom row, left) 840 nm, (bottom row, middle) 915 nm and (bottom row, right) 922 
nm. The α   values were same for all 9 wavelengths.  
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Figure 4-9. The reduced scattering coefficient images at 9 different wavelengths for experiment 

set1_1: (top row, left) 638 nm, (top row, middle) 673 nm, (top row, right) 690 nm, 
(middle row, left) 733 nm, (middle row, middle) 775 nm, (middle row, right) 808 nm, 
(bottom row, left) 840 nm, (bottom row, middle) 915 nm and (bottom row, right) 922 
nm. The α  value for each wavelength is different, obtained from the initial value 
search program. The global minimum error initial value is selected.  
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Figure 4-10. Reduced scattering coefficient at 10 wavelengths for 5 cases of experiment set1. 

Fixed α  value was applied for each case. 
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Figure 4-11. Reduced scattering coefficient at 10 wavelengths for 5 cases of experiment set1. 

The value of  α  corresponding to the global minimum error was applied for each 
case. 
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Figure 4-12. Reduced scattering coefficient at 10 wavelengths for 4 cases of experiment set2. 
Fixed α  value was applied for each case. 
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Figure 4-13. Reduced scattering coefficient at 10 wavelengths for 3 cases of experiment set 3. 

Fixed α  value was applied for each case. 
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Figure 4-14. The reconstructed diameter versus (a) the calculated scattering coefficient ratio of 1 

μm particles and 6 μm particles and (b) the volume fraction of 1 μm particles for 
experiment set 1.  
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                                                 (b) 
Figure 4-15. The reconstructed diameter versus (a) the calculated scattering coefficient ratio of 1 

μm particles and 6 μm particles and (b) the volume fraction of 1 μm particles for 
experiment set 2.  
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Table 4-1 Reconstructed parameters from simulated data at different noise levels for simulation 

1. 
Noise Levels Parameters Exact Reconstructed 

results and errors 0% 1% 5% 10% 20% 
Reconstructed 1.02% 1.05% 1.13% 1.16% 1.36% Φ 1.02% 

Error 0.0% 2.9% 10.8% 13.7% 33.3% 
Reconstructed 2.85 2.94 3.27 3.36 4.14 a 2.855 

Error 0.03% 3.0% 14.6% 17.6% 44.9% 
Reconstructed 0.14 0.17 0.29 0.01 0.01 b 0.145 

Error 0.7% 17.9% 100% 93.1% 93.1% 
 
Table 4-2 Reconstructed parameters from simulated data at different noise levels for simulation 

2. 
Noise Levels Parameters Exact Reconstructed 

results and errors 0% 1% 5% 10% 20% 
Reconstructed 5.0% 5.02% 4.89% 5.37% 26.4% Φ 5.0% 

Error 0.0% 0.40% 2.20% 7.40% 21.8% 
Reconstructed 10.0 10.05 10.07 10.74 7.98 a 10.0 

Error 0.0% 0.50% 0.70% 7.40% 20.2% 
Reconstructed 0.30 0.44 0.59 0.043 0.023 b 0.3 

Error 0.0% 46.7% 96.6% 85.7% 92.3% 
 
 

Table 4-3 Reconstructed parameters from experimental data using the peak and average 
scattering spectra of the target area. 

Cases Parameters Exact Reconstructed
(Peak) 

Error 
(Peak)

Reconstructed 
(Average) 

Error 
(Average)

Φ 0.52% 0.69% 33.3% 0.75% 44.2% 
a (um) 2.06 1.96 4.9% 2.40 16.4% Case 1 
b (um) 0.02 0.01 50.0% 0.01 67.9% 
Φ 1.02% 1.01% 0.8% 0.85% 16.6% 

a (um) 2.85 2.89 1.2% 2.73 4.5% Case 2 
b (um) 0.14 0.05 65.6% 0.12 15.2% 
Φ 2.62% 2.33% 11.1% 2.18% 16.8% 

a (um) 5.66 5.18 8.4% 5.19 8.2% Case 3 
b (um) 0.31 0.04 86.6% 0.05 84.9% 
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Table 4-4 Target materials of experiment set 1. The unit of volume is mL. 
Targets 

6μm, 2.51% 1μm, 2.60% water Experiment 
Sets 

volume 
particle 
volume 
percent 

volume 
particle 
volume 
percent 

volume 

Total 
Volume  

set1-1 4.0 1.255 3.86 1.255 0.14 8.0 
set1-2 4.0 1.255 1.54 0.5 2.46 8.0 
set1-3 4.0 1.255 0.77 0.25 3.23 8.0 
set1-4 4.0 1.255 0.31 0.1 3.69 8.0 
set1-5 4.0 1.255 0.15 0.05 3.8 8.0 

 
 
Table 4-5 Target materials of experiment set 2. The unit of volume is mL. 

Targets 
1μm, 2.60% 6μm, 2.51% water Experiment 

Sets 
volume 

Particle 
volume 
percent 

volume 
Particle 
volume 
percent 

volume 

Total 
Volume  

set2-1 0.77 0.25 2.23 0.7 5.0 8.0 
set2-2 0.77 0.25 1.12 0.35 6.11 8.0 
set2-3 0.77 0.25 0.64 0.2 6.59 8.0 
set2-4 0.77 0.25 0.32 0.1 6.91 8.0 

 
 
Table 4-6 Target materials of experiment set 3. The unit of volume is mL. 

Targets 
6μm, 2.51% varied diameter water Experiment 

Set3 
volume 

Particle 
volume 
percent 

diameter Volume
Particle 
volume 
percent 

volume 

Total 
Volume 

set3-1  4.0 1.255 0.75 μm 0.62  0.2 3.38 8.0 

set3-2  4.0 1.255 0.11 μm 2.96 1.0 1.04 8.0 

set3-3  4.0 1.255 0.064 μm 3.95 1.3 0.045 8.0 

 
 
Table 4-7 Reconstructed results of set1. 

cases Calculated 
Scattering ratio 

Volume ratio 
(percentage) 

Extracted total 
volume percentage 

Extracted mean 
diameter (μm) 

set1_1 0.798 1.255 0.8 700 
set1_2 0.613 0.5 0.8 1400 
set1_3 0.441 0.25 0.8 1800 
set1_4 0.240 0.1 1 3200 
set1_5 0.136 0.05 1 3400 
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Table 4-8 Reconstructed results of set2. 
cases Calculated 

Scattering ratio 
Volume ratio 
(percentage) 

Extracted total 
volume percentage 

Extracted mean 
diameter (μm) 

set2_1 0.414 0.7 0.6 1300 
set2_2 0.261 0.35 0.5 1000 
set2_3 0.168 0.2 0.5 900 
set2_4 0.092 0.1 0.4 600 

 
 
 
Table 4-9 Reconstructed results of set3. 

cases Calculated 
Scattering ratio 

Volume ratio 
(percentage) 

Extracted total 
volume percentage 

Extracted mean 
diameter (μm) 

set3_1 0.297 0.2 1.3 3200 
set3_2 0.299 1.0 0.9 1800 
set3_3 0.156 1.3 1 2400 
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CHAPTER 5  
EX VIVO AND IN VIVO STUDY OF TUMOR CELL SIZING 

5.1 Ex Vivo Study of Tumor Cells 

The cellular architecture of early cancer cells changes53. These morphological alterations 

typically include enlargement of the nuclei and increased nuclear density or nuclear crowding. 

Early tumors are readily treatable if these cellular alterations can be detected. These early 

warning signs, however, are thus far detectable only by histological examination of tissues taken 

out by biopsy. Here we describe a non-invasive imaging technique based on multi-spectral 

diffuse optical tomography (MSDOT) that can image cellular size and crowding. 

We have tested the potential of this technique for imaging cellular size and crowding in ex 

vivo breast tissue. Immediately after the mastectomy of the right breast of a 62 years old female 

with a biopsy confirmed infiltrating ductal carcinoma (≈3.3×1.7×3.0cm), a portion of the breast 

with the tumors was sectioned transversely into an approximately 1.5 cm thick section using a 

tissue slicer. From the section, a 3x2cm fresh tissue slice with both tumor and normal tissues was 

obtained. We then placed this tissue slice in the hole (4x6 cm) of a 7x10 cm cylindrical solid 

background phantom composed of agar powder, Intralipid solution and India ink for mimicking 

tissue scattering and absorption (Figure. 5-1a). We further poured liquid phantom (at 39°C) with 

the same optical properties as the solid phantom into the hole/breast tissue and then cooled down 

the liquid phantom to 20°C to obtain a full tissue-containing solid phantom for imaging (center 

in Figure. 5-1b). In Figure. 1b we also see that the multi-channel optic fibers (16 transmitters and 

16 receivers) are in gentle contact with the phantom. After the optical measurement, a tissue 

sample from the same tissue slice was taken for histological examination. The microscopic 

sections of both tumor and normal tissues are shown in Figs. 5-2a and 5-2b, respectively.  
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Figs. 5-3a and 5-3b show the recovered cellular size and crowding or volume fraction 

images, respectively, where we immediately note that the tumor, normal tissue and background 

phantom are readily differentiated. The recovered average size of the scatteres in the tumor area 

was calculated to be 5.1 μm relative to the average nuclear size of 8.9 μm in the tumor region 

measured from the microscopic sections. This relatively large difference in size makes us to 

believe that what we reconstructed is most likely an effective size of combined nuclear and 

mitochondria (normally 1~2 μm) structure, which gives an expected effective size of 

approximately 5.0~5.5 μm from the microscopic sections. From Figure. 5-3b, we found that the 

extracted average cellular volume fraction or crowding in the tumor is 17% which is close to the 

nuclear crowding of 19% estimated from the microscopic sections.   

Our results show that multi-spectral diffuse optical tomography has the potential to image 

cellular alterations, making it possible for detecting precancerous abnormal tissues. 

5.2 Morphological Characteristics of Breast Tumors: In-Vivo Study with Multispectral 
Diffuse Optical Tomography 

5.2.1 Methods 

The three dimensional multispectral (10 wavelengths) imaging system and its calibration 

were described in chapter 2 and 3. Here only two-dimensional image was discussed. And 256 

measurement data at 16 detection positions for each of 16 source locations were used for further 

image reconstruction. Chapter 4 detailed the algorithm of particle size imaging and its 

validations with numerical simulations and phantom experiments. Briefly, the tissue-mimicking 

phantom/clinical measurement data at each wavelength were used to obtain the absorption 

coefficient and reduced scattering coefficient images using our finite element based DOT 

reconstruction algorithm introduced in subsection 1.5. Then the reconstructed reduced scattering 

coefficient images at all wavelengths were utilized to extract the morphological images such as 
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the mean diameter image and the volume fraction image of the scattering particles using a 

Levenberg-Marquat inverse procedure.  

 Our clinical trail experiments, performed in the biomedical engineering department of 

University of Florida, were approved and monitored by the Institute Review Board of University 

of Florida Health Center. And our clinical trial experiments, performed in physics department, 

Clemson University, were approved and monitored by the Institute Review Board of Clemson 

University. All the patients, taking part in the clinical trial experiments, signed the consent 

forms. Since the imaging system could only cover 2 cm slice of a breast, the clinical trial 

experiments were conducted after the radiologists showed us which breast was abnormal and the 

approximate location of the abnormality from the mammogram films. The imaging results were 

compared with the mammogram report recorded by the radiologist and the biopsy report 

recorded by the pathologist. All the cases had the mammogram reports. Some clinical cases 

conducted in Clemson University did not have the biopsy report and all cases conducted in 

biomedical engineering department of university of Florida had the biopsy report.  

5.2.2 Results 

5.2.2.1 Case studies: #1, 2 and 3: Infiltrating ductal carcinomas 

 The NIR diffuse optical tomography imaging was conducted for the right beast of a 52 

years old female volunteer with patient ID #G1. The right craniocaudal (CC) and mediolateral 

oblique (MLO) mammograms for the patient were shown in Figs. 5-4a and 5-4b, respectively. 

From the mammogram, an ill-defined speculated mass was found in the center lateral portion of 

the right breast, which lay under a marker for the palpable abnormality. BI-RADS category was 

4. Sonographic images of the right breast also demonstrated an ill-defined hypoechoic mass with 

lobular margins measuring approximately 1.0×1.6×1.0 cm in the 9 o’clock position 

corresponding to the abnormality noted in the mammogram. After biopsy, mastectomy was 
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performed and the surgery confirmed that the patient had an invasive ductal carcinoma in the 

right breast. Cut surfaces revealed a 1.2 × 1.2 × approximately 1.3 cm retracted and firm nodule 

of pink-tan tumor tissue in the lower outer quadrant subject to the biopsy site on the skin.  

 The DOT imaging was conducted one week before the biopsy and the mastectomy 

surgery. The reconstructed reduced scattering coefficient images at 9 wavelengths from 638nm 

to 922nm of the examined breast for the patient were shown in Figs. 5-5a to 5-5i, respectively. 

The horizontal and vertical axis represented x and y in mm. The color bar indicated values of 

reduced scattering coefficients in 1/mm. From all the scattering images, one target was detected 

around 6 o’clock while the surgery report indicated the tumor was in the lower outer quadrant, 

which means the tumor was around 7 o’clock.  

The reduced scattering images at 9 wavelengths were used to extract the scattering particle 

mean diameter image in micrometer (shown in Figure.5-6a) and the scattering particle volume 

fraction image in percentage (shown in Figure. 5-6b).  From Figure. 5-6a, the maximum diameter 

in the tumor region was found to be 3.1 μm and the average diameters in the tumor and the 

background were 2.18μm and 0.45μm, respectively. The ratio of the average diameter in the 

tumor to that in the background was calculated to be 4.84. Similarly, from Figure. 5-6b, the 

maximum volume fraction in the tumor region was found to be 1.6% and the average volume 

fractions in the tumor and in the background were 1.32% and 0.48%. The ratio of the average 

volume fraction in the tumor to that in the background was calculated to be 2.75.   The target and 

the background were segmented by the criteria of full width at half maximum (FWHM) at each 

figure.  From both the diameter image and the volume fraction image, the suspicious tumor was 

located in a small region. This observation was consistent with the surgery report which revealed 
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a 1.2 × 1.2 × approximately 1.3 cm retracted and firm nodule of pink-tan tumor tissue in which 

the tumor was limited in.  

 The second patient (patient ID #G2) was a 50 years old female volunteer with palpable 

abnormality in the right breast. The right craniocaudal mammogram and the right mediolateral 

mammogram of the patient were shown in Figure. 5-7a and 5-7b respectively. From these 

mammograms, an extremely dense pattern of fibroglandular tissue, which limits the sensitivity, 

was identified. There was a 4-5 cm mass-like area in the upper-outer quadrant of the right breast, 

which correlated to the palpable abnormality. There was no architectural distortion or suspicious 

calcification. No skin thickening or adenopathy was noted.  The ultrasonography of the right 

breast showed a 3×1.9 cm heterogeneous hypoechoic mass with some posterior shadowing 

corresponding to the palpable abnormality located at 10 o’clock. And there was an adjacent 

9×6mm similar hypoechoic solid nodule, as well as other small nodules. After biopsy, 

mastectomy surgery was conducted. From the surgery, a white, semi-cystic, semi-solid tumor 

mass with infiltrative borders was located in the lateral inferior quadrant (6-9 o’clock) and 

measured 4.0 cm from lateral to medial, 4.5 cm from inferior to superior, and 2.4 cm form 

anterior to deep. The breast parenchyma revealed fibrocystic change beneath the areola and 

nipple, which created a solid tan-white portion of breast tissue, measuring 2.2 × 3.0 × 2.5 cm.  

 The NIR DOT imaging of the second patient was conducted two days before the biopsy 

and surgery. The reconstructed reduced scattering coefficient images at 9 wavelengths from 

638nm to 922nm were shown in Figs 5-8a to 5-8i. These images were then used to extract the 

scattering particle mean diameter and volume fraction images, which were shown in Figs. 5-9a 

and 5-9b respectively. From the scattering images, one saw that the detected target was not 

limited in one region. The detected targets were located either in the center or around 10 o’clock 
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of the breast. From the mean diameter image and the volume fraction image shown in Figure. 5-

9, one saw that the detected target were a big one located around the center and around 10 

o’clock. These findings were consistent with the surgery report.  

From Figure. 5-9a, the maximum diameter in the tumor region was found to be 5.3 μm and 

the average diameters in the tumor and in the background were 4.14μm and 0.48μm respectively. 

The ratio of the average diameter in the tumor to that in the background was calculated to be 

8.62. Similarly, from Figure. 5-9b, the maximum volume fraction in the tumor region was found 

to be 1.9% and the average volume fractions in the tumor and in the background were 1.7% and 

0.56%. The ratio of the average volume fraction in the tumor to that in the background was 

calculated to be 3.03.   

 The third patient was 50 years old female volunteer, with patient ID #G8. Unfortunately, 

we could not obtain the mammogram films because the patient moved to other hospital after the 

mammogram screening and biopsy were conducted in Shands Hospital where our CO-PI works. 

The reports of mediolateral oblique mammogram and craniocaudal mammogram of both breasts 

were obtained. The breasts were composed of very dense fibroglandular tissues, which can limit 

mammogram sensitivity. In the mammograms, there were no masses or areas of distortion. The 

mammograms’ conclusion was “Probably benign right mammogram. Benign left mammogram.” 

However, the biopsy report indicated that a ductal carcinoma in situ, non-comedo type, of breast, 

nuclear grade III is found. The biopsy found there were 2 masses in the left breast, one in the 11 

o’clock position and one in the retroareolar region. Only the 11 o’clock lesion was biopsied. 

Surgical excision was recommended.  

 Before the biopsy, the NIR DOT imaging experiments of the patient left breast were 

conducted. Because the patient felt pain in the neck during the NIR imaging experiment, 
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measurements stopped at 7th wavelength. And because the dense breast tissue resulted in low 

SNR at the shorter wavelengths, the reduced scattering coefficient images at 4 wavelengths from 

733 nm to 840 nm were reconstructed and shown in Figure. 5-10. Based on the scattering images 

at 4 wavelengths, the scattering particle mean diameter and volume fraction images were 

reconstructed and shown in Figs. 5-11a and 5-11b respectively. From both the scattering images 

and the morphological images, the detected targets were located around 12 o’clock and 3 

o’clock. There was more than one target, which was consistent with the biopsy report, while the 

mammogram report indicated that there were no suspicious masses or lesions in the left breast.  

From Figure. 5-11a, the maximum diameter in the tumor region was found to be 4.8 μm 

and the average diameters in the tumor and in the background were 3.65μm and 0.31μm 

respectively. The ratio of the average diameter in the tumor to that in the background was 

calculated to be 11.77. Similarly, from Figure. 5-11b, the maximum volume fraction in the tumor 

region was found to be 1.84% and the average volume fractions in the tumor and in the 

background were 1.61% and 0.64%. The ratio of the average volume fraction in the tumor to that 

in the background was calculated to be 2.51.   

5.2.2.2 Case studies: #4, 5 and 6: Benign nodule or mass 

 The fourth patient was a 69 years old female volunteer with patient ID #S5. Figure. 5-12 

represented the right breast mediolateral oblique mammogram (a) and the right breast 

craniocaudal mammogram (b). In the mammogram, a stellate area of architectural distortion and 

asymmetric density had developed in the superior lateral quadrant, where the patient felt a 

palpable mass. But the right breast ultrasound examination report indicated that in the area of the 

known mammographic abnormality, no discrete mass was identified. There was some slight 

shadowing in this area. No biopsy report was available for this patient.  
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The reconstructed absorption coefficient images for the right breast of the patient at 9 

wavelengths from 638nm to 922nm (a to i) were shown in Fig 5-13. Horizontal and vertical axis 

represented x and y in mm, respectively. The color bar indicated the value of absorption 

coefficient in 1/mm. And the reconstructed reduced scattering coefficient images at the right 

breast of the patient at 9 wavelengths from 638nm to 965nm (a to i) were shown in Figure. 5-14. 

The color bar indicated the value of the reduced scattering coefficient in 1/mm. Only the reduced 

scattering coefficient images at 9 wavelengths were used to extract the scattering particle mean 

diameter image (shown in Figure. 5-15a) and volume fraction image (shown in Figure. 5-15b). In 

all the absorption coefficient images, the reduced scattering coefficient images and 

morphological images, only one target around 8 o’clock is identified, while in the mammogram 

the abnormality was located around 9 o’clock.  

As shown in Figure. 5-15, the scattering particle mean diameter increased in the target 

region while the volume fraction in the target region decreased. From Figure. 5-15a, the 

maximum diameter in the tumor region was found to be 0.65 μm and the average diameters in 

the tumor and the background were found to be 0.53μm and 0.11μm, respectively. The ratio of 

the average diameter in the tumor to that in the background was calculated to be 4.82. Similarly, 

from Figure. 5-15b, the minimum volume fraction in the tumor region was found to be 0.2% and 

the average volume fractions in the tumor and in the background were found to be 0.42% and 

0.93%. The ratio of the average volume fraction in the tumor to that in the background is 

calculated to be 0.45.   

The fifth patient was a 42 years old female volunteer with patient ID #S7. Figure. 5-16 

showed the left breast craniocaudal mammogram (a) and the left breast mediolateral oblique 

mammogram (b). The mammogram report indicated that the nodular density below the scar 
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marker appeared to press out on the spot compression CC view and no persisted nodular density 

was seen on the roll views. There was reportedly no palpable mass. The ultrasound report 

indicated that two smooth lobulated solid nodules were presented in the medial aspect of the left 

breast at 9:30 o’clock. The more anterior nodule measured 5.8 × 4.8 × 8.3 mm and the mid left 

breast nodule measured 6.9 × 3.6 × 9.1 mm. The BI-RADS category is 3.  

 The NIR DOT imaging experiment was conducted after the mammogram examination. 

The reconstructed reduced scattering coefficient images at 9 wavelengths for the left breast of the 

patient #S7 were shown in Figure. 5-17. Horizontal and vertical axis represented x and y in mm, 

respectively. The color bar indicated the value of reduced scattering coefficient in 1/mm. In the 

scattering images, there were two targets located around 6:00 o’clock and 8 o’clock respectively, 

while the mammogram could not identify any target and the ultrasound detected two separate 

nodules positioned around 9:30 o’clock.  

Using the reduced scattering coefficient images, the scattering particle mean diameter 

image (shown in Figure. 5-18a) and volume fraction image (shown in Figure. 5-18b) were 

reconstructed. The mean diameter image (shown in Figure. 5-18a) had a big artifact in the center 

that was possibly resulted in from the center artifacts in the scattering images 5-17h and 5-17i. 

The volume fraction image (shown in Figure. 5-18b) identified the targets at the right positions. 

From Figure. 5-17a, the maximum diameter in the tumor region was found to be 4.7μm and the 

average diameters in the tumor and the background were 4.15μm and 1.33μm, respectively. The 

ratio of the average diameter in the tumor to that in the background was calculated to be 3.12. 

Similarly, from Figure. 5-17b, the maximum volume fraction in the tumor region was found to 

be 1.7% and the average volume fractions in the tumor and in the background were calculated to 
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be 1.41% and 0.29%. The ratio of the average volume fraction in the tumor to that in the 

background is calculated to be 4.86.   

 The sixth patient was a 60 years old female volunteer with patient ID #S9. Figure. 5-19 

showed the mediolateral oblique mammogram (a) and the mediolateral mammogram (b) of the 

right breast. The mammogram report indicated that small nodular opacity in outer aspect was 

seen only in single projection on the exaggerated craniocaudal view of the right breast (the film 

of the exaggerated CC mammogram was not available) and it had an identical appearance to 

study one year ago. And a large dominant opacity was re-demonstrated also unchanged. It 

measured approximately 1.4 cm in diameter and sit more medially within the lateral aspect of the 

right breast. The BI-RADS category was 2, benign findings. Ultrasound imaging was not 

conducted.  

 The NIR DOT imaging experiment was conducted two days after the mammogram 

screening. The reconstructed reduced scattering coefficient images at 9 wavelengths were shown 

in Figure. 5-20. Two targets, one at 5 o’clock and the other at 11 o’clock, were identified in 

almost all the scattering images, which was consistent with the mammogram report indicating 

two targets, one 4mm in diameter in the outer aspect and the other 1.4 cm in diameter within the 

lateral aspect. Using these reduced scattering coefficient images, the scattering particle mean 

diameter image (shown in Figure. 5-21a) and volume fraction image (shown in Figure. 5-21b) 

were reconstructed. The morphological images also identified two targets. From Figure. 5-21a, 

the maximum diameter in the tumor region was found to be 0.64μm and the average diameters in 

the tumor and the background were calculated to be 0.53μm and 0.12μm, respectively. The ratio 

of the average diameter in the tumor to that in the background was calculated to be 4.41. 

Similarly, from Figure. 5-21b, the maximum volume fraction in the tumor region was found to 
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be 1.42% and the average volume fractions in the tumor and in the background were found to be 

0.53% and 1.05%. The ratio of the average volume fraction in the tumor to that in the 

background was calculated to be 0.505.   

5.2.2.3 Statistical analysis and pathological co-registration 

 Besides the 6 clinical cases, the clinical experimental measurements of 7 more benign 

cases and 1 more malignant tumor case were processed. The scattering particle mean diameter 

and volume fraction for each case were reconstructed. There were 10 benign cases and 4 

malignant cases available for the statistical analysis. The peak values of the recovered scattering 

particle mean diameter and volume fraction in the target region were found in the reconstructed 

mean diameter image and volume fraction image for each case. The average values and the 

standard deviations of the mean diameter and volume fraction for the 10 benign cases and 4 

malignant cases were calculated, respectively. The calculated results were shown in Figure. 5-22, 

where the solid bar indicated the malignant cases and the bar with cross pattern represented the 

benign cases. The average diameter for the malignant tumors was calculated to be 4.325 μm with 

deviation of 1.34 μm. And the average volume fraction for malignant tumors was calculated to 

be 1.7375% with standard deviation of 0.65%. Similarly, the average diameter for the benign 

abnormalities was calculated to be 1.3455 μm with deviation of 1.43 μm. And the average 

volume fraction for the benign abnormalities was calculated to be 0.658% with standard 

deviation of 0.51%. The ratio of the average diameter of malignant tumors to that of benign 

abnormalities was 4.352/1.345=3.23. Similarly, the ratio of the average volume fraction of 

malignant tumors to that of benign abnormalities was 1.7375%/0.658%=2.64.  

 For each case, the recovered volume fraction versus the recovered diameter was plotted 

in Figure. 5-23. The square dots indicated the malignant cases and the diamond dots represented 

the benign cases. It was clear that all the malignant cases were located in the upright quadrant 
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and all the benign cases except one were located in the downleft quadrant. The exception case 

was from the patient ID #S7, discussed in above subsection. The center artifact dominated the 

reconstructed mean diameter image and the result of that case was deteriorated. The preliminary 

result showed that the recovered scattering particle mean diameter and volume fraction could be 

the new criteria to differentiate the malignant tumors from the benign abnormalities.  

 The microscopic pictures of the tumor cells for patient #G1, #G2 and #G3 were obtained 

from our cooperated pathologist in the Shands hospital and they were shown in figure 5-24. All 

these three pictures were magnified by 400 times. From these pictures, we could find the average 

diameter and the approximate volume fraction of the cancer cell nucleus and nucleolus. Please 

node that the nucleus and nucleolus were not spherical. The diameter of one nucleus was the 

average of the length and the width. The diametero of nucleolus was approximated as 0.2 times 

the corresponding the nucleus. The volume fraction of the nucleus was 0.667 multiplying the 

ratio of the area occupied by the nucleus to the whole area of the section, where 0.667 was the 

factor considering that we calculated the 3D volume fraction not the 2D area fraction. The found 

values were shown in table 5-1. The volume fraction of nucleolus was calculated as (0.2)3=0.008 

times the corresponding nucleus volume fraction. And these values were compared with average 

value calculated from the reconstructed diameter images and volume fraction images for 

corresponding cases. From the Table 5-1, we found that the relative errors of the reconstructed 

average diameters for #G1, #G2 and #G8, compared to the values of nucleus found from 

pathological pictures, are 55.3%, 6.5% and 31.9%, respectively. Similarly, we found that the 

extracted average volume fraction, compared to the values found from pathological pictures, are 

77.9%, 60.3% and 76.4%, respectively. From the table, we saw that the reconstructed diameters 

were about 2 times less than the diameters of nucleus for case #G1 and #G8 and the 
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reconstructed volume fractions were about 3 times less than those of nucleus for all three cases. 

The reconstructed diameters and volume fraction were larger than those of the nucleolus and less 

than those of the nucleus. We could conclude that the scattering particles were including both the 

nucleus and the small particles such as the nucleolus, mitochondria. We could not see 

mitochondria in these pictures but their sizes were close to that of nucleolus.  

 In sum, in this subsection, we have studies 14 clinical cases including 10 benign cases 

and 4 malignant cases and detailed 6 clinical cases, in which the tumors were identified 

successfully in both the reconstructed diameter and volume fraction images. The statistical 

analysis showed that the reconstructed diameter and volume fraction may provide new 

parameters to differentiate the malignant breast tumors from the benign abnormalities while 

more clinical results were needed to prove it further. By comparison with the pathological 

pictures, we found that the scattering particles were not only the nucleus but also the smaller 

particles such as nucleolus and the mitochondria.  
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Figure 5-1. The microscopic picture of (a) the tumor tissue (400 time magnificent) and (b) the 
normal tissue (100 time magnificent). 

 
 
 

            
 
 

Figure 5-2. Experiment preparation: (a) the removed tissue was put inside the background 
phantom; (b) The tissue was covered with background phantom and examined by the 
system. 

 

 
 
 

(a) 

(b) 

(a) (b) 
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Figure 5-3. Ex-vivo results: (a) The extracted nucleus concentration distribution in the tissue 

region and the intralipid concentration distribution in the background region 
(percentage), where the color bar indicates the percentage number; (b) The logarithm 
of extracted nucleus size distribution in the tissue region and the intraplipid size 
distribution in the background region, where the color bar responses to the logarithm 
of the diameter in micrometer. 

 
 

                        
(a)                                                                 (b)     

 
 
Figure 5-4. Mammogram films: (a) Right CC mammogram, (b) Right MLO mammogram for the 

right breast of a 52 years old patient (patient ID #G1).  

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

 
(d)                                        (e)                                           (f) 

 
(g)                                        (h)                                           (i) 

 
Figure 5-5. The constructed scattering images at 9 wavelengths from 638nm to 922nm (figs. a to 

i) of the examined breast for patient G1. Horizontal and vertical axis represent x and y 
respectively. The color bar indicated the value of the reduced scattering coefficient in 
1/mm. 

             
Figure 5-6. The extracted images of particle diameters (a) and particle volume fraction (b) of the 

examined breast for patient G1. The colorful bar in (a) represents the value of particle 
diameters in micrometer. And the colorful bar in (b) represents the value of particle 
volume fraction of percentage. Horizontal and vertical axis represent x and y 
respectively. 
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                   cc                                                                               MLO 
Figure 5-7. Mammogram films: (a) CC mammogram, (b) MLO mammogram for the right breast 

of a 50 years old patient. 
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(a)                                        (b)                                           (c) 

 
(d)                                        (e)                                           (f) 

 
(g)                                        (h)                                           (i) 

 
Figure 5-8. The reconstructed scattering images at 9 wavelengths from 638nm to 922nm (Figs. a 

to i) of the examined breast for patient #G2. Horizontal axis represents x. The colorful 
bar indicated the value of the reduced scattering coefficient in 1/mm. 

       
 

Figure 5-9. The extracted images of particle diameters (a) and particle volume fraction (b) of the 
examined breast for patient #G2. The colorful bar in (a) represents the value of 
particle diameters in micrometer. And the colorful bar in (b) represents the value of 
particle volume fraction of percentage. Horizontal and vertical axis represent x and y 
respectively. 
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(a)                                          (b) 

 
(c)                                         (d) 

 
Figure 5-10. The reconstructed scattering images at 4 wavelengths from 733nm to 840nm (Figs. 

a to d) of the examined breast for patient G8. Horizontal and vertical axis represent x 
and y respectively. The colorful bar indicated the value of the reduced scattering 
coefficient in 1/mm. 

 
 

   
Figure 5-11. The extracted images of particle diameters (a) and particle volume fraction (b) of 

the examined breast for patient G8. The colorful bar in (a) represents the value of 
particle diameters in unit of micrometer. And the colorful bar in (b) represents the 
value of particle volume fraction of percentage. Horizontal and vertical axis represent 
x and y respectively. 
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(a) (b) 

 
Figure 5-12. Mammogram films: (a) MLO and (b) CC mammography of the right breast for 

patient #S5.  

 
                     (a)                                             (b)                                                  (c)                              

 
                   (d)                                                 (e)                                               (f)   

 
                    (g)                                              (h)                                                (i)    
Figure 5-13. The reconstructed absorption coefficient images for the right breast of the patient 

#S5 at 9 wavelengths from 638nm to 922nm (a to i). Horizontal and vertical axis 
represent x and y in mm. respectively. The color bar indicates the value of the 
absorption coefficient in 1/mm. 
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                      (a)                                                (b)                                              (c)       

 
                      (d)                                                (e)                                              (f)       

 

 
                      (g)                                             (h)                                              (i)     
Figure 5-14. The reconstructed scattering images at the right breast of the patient #S5 at 9 

wavelengths from 638nm to 965nm (a to i). The color bar indicated the value of the 
reduced scattering coefficient in 1/mm. 

  
 
Figure 5-15. The reconstructed particle diameter image (a) and the particle volume fraction 

image (b) of the right breast for patient #S5. The colorful bar in (a) represents the value 
of particle diameters in micrometer. And the colorful bar in (b) represents the value of 
particle volume fraction in percentage.  
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Figure 5-16. Mammogram films: (a) CC and (b) MLO mammography of the left breast for 

patient #S7.  

 
 

 
                   (a)                                            (b)                                           (c)       

 
                   (d)                                                (e)                                              (f)       

 
                  (g)                                             (h)                                              (i)       
Figure 5-17. The reconstructed scattering images of the examined breast at 9 wavelengths from 

638nm to 965nm (a to i) for patient #S7. The color bar indicated the value of the 
reduced scattering coefficient in 1/mm. Horizontal and vertical axis represent x and y 
in mm. respectively. 
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Figure 5-18. The reconstructed particle diameter image (a) and the particle volume fraction 

image (b) of the examined breast for patient #S7. The colorful bar in (a) represents 
the value of particle diameters in micrometer. And the colorful bar in (b) represents 
the value of particle volume fraction in percentage.  

          
                 RMLO                                                         RML 
 
Figure 5-19. Mammogram films: (a)RMLO, (b)RML images of the patient #S9.  
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                   (a)                                            (b)                                           (c)       

 
                   (d)                                                (e)                                              (f)       

 
                  (g)                                             (h)                                              (i)       
 
Figure 5-20. The reconstructed scattering images of the right breast for patient #S9 at 9 

wavelengths from 638nm to 965nm (a to i). The color bar indicated the value of the 
reduced scattering coefficient in 1/mm. 
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Figure 5-21. The reconstructed particle diameter image (a) and the particle volume fraction 

image (b) of the right breast for patient #S9. The colorful bar in (a) represents the 
value of particle diameters in micrometer. And the colorful bar in (b) represents the 
value of particle volume fraction in percentage.  
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Figure 5-22. Average values of recovered mean diameter and volume fraction of scattering 

particles for 8 benign cases and 4 malignant cases, respectively. The deviations are 
shown in the corresponding bars.  
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Figure 5-23. The peak value of the recovered volume fraction in the target region versus the peak 
value of mean diameter in the target region. The diamond dots indicate the benign 
cases and the square dots indicate the malignant cases.  
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(a) 
 

 
(b) 

 

 
(c) 

Figure 5-24. The pathological microscopic pictures of tumor cells for patient #G1 ( shown in a), 
#G2 (shown in b) and #G3 (shown in c). 
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Table 5-1 Mean diameters and volume fraction of the nucleus and nucleolus found from the 
microscopic pictures and those of scattering particles calculated from the 
reconstructed images.  

from microscopic pictures reconstructed 

nucleus nucleolus cases 

diameter 
(μm) 

volume 
fraction 

diameter 
(μm) 

volume 
fraction 

diameter 
(μm) 

volume 
fraction

#G1 4.88 5.89% 0.97 0.047 % 2.18 1.32% 
#G2 4.43 4.29% 0.88 0.034 % 4.14 1.70% 
#G8 5.36 6.84% 1.07 0.054 % 3.65 1.61% 
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CHAPTER 6 
SPECTRALLY CONSTRAINED IMAGING OF ABSORPTION CHROMORPHORES AND 

SCATTERING CONCENTRATION 

6.1 Introduction 

For breast tissue, the major absorption chromorphores are oxy-hemoglboin (Hbo2), deoxy-

hemoglobin (Hb), water and lipid.86 Breast tumors have been found to have higher Hbo2 and Hb 

concentrations than the normal tissues.15 The scattering is modeled with a simple power law, 

which is reasonably accurate for most cases.14, 55 However, the parameters in the power law do 

not have a clear relationship to the scatterer size and concentration inside tissues. A new model 

based on Mie theory was proposed for describing the scattering inside the tissues.62 Previously, 

the absorption coefficient and the reduced scattering coefficient at each wavelength were 

calculated with DOT and sequentially, the absorption coefficients at all wavelengths were 

mapped into the concentrations of Hbo2, Hb, water, and lipid using their absorption spectra. The 

scattering spectra were optimized to find the parameters of power law or the scatterers’ size 

distribution and volume fractions. Recently, Corlu A., et. al., proposed to couple the absorption 

spectra and the power law into the CW DOT reconstruction algorithm to calculate the 

chromorphore concentrations and the power law parameters directly using the measurements at 

several optimized wavelength simultaneously.55 These authors found that measurements at 

optimal wavelengths yielded better separation of scattering from absorption and superior 

separation of one chromophore from the others.55  Srinivasan S. et al.87 have proven that the 

spectral constraints in the frequency domain DOT could provide better robustness and stability in 

the presence of higher level of noise and reduce cross talk between chromophore and scattering 

parameters.  

 Corlu A. et. al. found that the scattering prefactor a and the scattering power b in the 

power law were difficult to be separated and that the scattering power b was fixed and only the 
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prefactor a was reconstructed when the clinical data were processed39. Instead of the power law, 

we used the relatively rigorous algorithm in form of an integral for scattering based on Mie 

theory and we found that it was even more difficult to separate the scatterers’ size distribution 

and volume fraction when spectral constraint was applied and the chromophore concentrations, 

scatterers’ size and volume fraction were reconstructed simultaneously. In this chapter, we 

presented a new method to separate the scatterers’ size and volume fraction easily and the 

method was validated by numerical simulation and in vivo clinical experiments.  

 The remainder of this chapter was organized as follows. In section 6.2, the multi-spectral 

DOT reconstruction algorithms with constraint were introduced, in which there were two 

different methods, one was the traditional method as described in subsection 6.2.1 and the other 

was our new proposed method described in subsection 6.2.2. In section 6.3, several numerical 

simulations were performed to validate our new method. In section 6.4, two in vivo clinical 

experiments were reported and the imaging results were discussed.  

6.2 Algorithms 

6.2.1 Spectrally Constrained Reconstruction with the Method from Literature 

 In this method, we assume that the tissue absorption was contributed by L absorption 

chromophores with the concentration of Cl for lth chromophore. And the absorption coefficient 

aμ  could be expressed by  

( ) ( )∑
=

λε⋅=λμ
L

1l
llCa                                                           (6.1) 

where ( )λεl  indicates the absorption extinction coefficient of the lth chromophore at wavelength 

λ . Following Jiang et al.77-78, the scattering spectra were correlated with particle size distribution 

and concentration through the following relationship under Mie Theory:   



 

149 

( ) ( ) ( )[ ] ( )∫∞ φ
λ−λ

=λμ′ 0 dxxf
x2

,n,xg1,n,xscatQ3
s            (6.2) 

where scatQ was the scattering efficiency; x was the particle size; n was the refractive index of 

particles; φ  was the particle concentration/volume fraction; f(x) was the particle size 

distribution. Both scatQ  and g could be computed with Mie Theory81 .  We have assumed a 

Gaussian particle size distribution in this study (a priori knowledge about the mode and 

distribution form of the particle size were usually available in a practical situation), 

( )
( )

2b2

2ax

e
2b2

1xf

−
−

π
= , where a was the average size of particles and b was the standard 

deviation, which was fixed to be 1% of a in this study (the influence of b was relatively small). 

Instead of reconstructing aμ and sμ′  at each wavelength and sequentially obtaining Cl, a and φ  

using the absorption and scattering spectra, aμ and sμ′  were substituted with Cl, a and φ  in the 

diffusion equation and Cl, a and φ were reconstructed simultaneously with multi-spectral 

measurement data using the following equation:  

a,a,MC,MC1C,1C ∂⋅λℑ+φ∂⋅λφℑ+∂⋅λℑ++∂⋅λℑ=λΦ∂ K                  (6.3) 

where λΦ  was the boundary measurements at wavelengthλ , ℑwas the Jacobian matrix and 

could be calculated with the following equations:  
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where aμℑ and κℑ  were the Jacobian matrix at each wavelength which could be calculated with 

the method described by the reference [Paulsen and Jiang, 1995], κ was the diffusion coefficient. 

From Eq. (6.2), we could obtain 

( ) ( )[ ]
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Finally, the total system could be expressed as 
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where W was the wavelength number of measurements. 

6.2.2 Spectrally Constrained Reconstruction with Scatterer’s Volume Fraction Method 

 In this method, we assume that there were M kinds of particles with different size or 
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where b was fixed to be 1% of ma . The total scattering can be calculated by the summation 

( ) ( )∑
=

λμ⋅φ=λμ
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1m
'
smm

'
s                                                                                         (6.9) 

where mφ  was the volume fraction of the mth kind of particles. Now it was the mφ  and Cl needed 

to be reconstructed simultaneously with the following new equation 

M,M1,1MC,MC1C,1C φ∂⋅λφℑ++φ∂⋅λφℑ+∂⋅λℑ++∂⋅λℑ=λΦ∂ KK                    (6.10) 

where the Jacobian matrix could be obtained by  
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Finally, substitute Eq. (6.1) into Eq. (6.9), the system equation at all wavelengths could be 

expressed as 
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In the above equation, the size of wλΦ∂ is M1×1, each of Jacobain matrix l,lC λℑ and 

m,m λφℑ  had size of M1×N, and each of lC∂  and mφ∂  had size of N×1, where N is the node 

number and M1 was the measurements per wavelength.  

6.3 Numerical Simulations 

For the following numerical simulation cases, the absorption coefficient and reduced 

scattering coefficient were calculated with Eq. (6.1) and Eq. (6.2) provided the given 

concentrations of Hbo2, Hb and water (ignored the lipid) and the given diameter and volume 

fraction of particles. The “experimental measurements” used for the reconstruction were 

calculated with the diffusion equation using the finite element method, as described in [69]. 

6.3.1 Reconstruction with the Method from Literature 

For simulation case 1, the cylindrical background had a diameter of 50mm with an offset 

target of 10mm in diameter. The concentration of Hbo2, Hb and water, the diameter and the 

volume fraction of particles are 10 μM, 8 μM, 10 μM, 1000 nm and 0.2% in the background and 

20 μM, 16 μM, 20 μM, 5000 nm and 2.0% in the target. With the reconstruction method 

described in section 6.2.1 and “measurements” at 5 wavelengths (673, 733, 775, 840 and 922), 

the reconstructed results were shown in Figure. 6-1. There was no noise added to the 

“measurement” data. The concentration of Hbo2, Hb and water were extracted quantitatively. 

But the particle diameter image and the particle volume fraction image failed to be reconstructed. 

In Figure. 6-1d, the volume fraction of the target was reconstructed to be 0.36%, much less than 

the true value 2.0%. And in Figure. 6-1e, the particle diameter of the target was found to be 900 

nm, much less than the true value 5000 nm.  
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 In the numerical simulation case 2, we assume the concentration of Hbo2, Hb and water 

are same in the background and the targets and only the volume fraction and the diameter of 

scattering particles were reconstructed. Figs. 6-2a and 6-2b plotted the exact values of the 

particle volume fraction and the particle diameter for both the background and the three targets. 

These figures also indicated the geometry of the background and the targets. Using the 

reconstruction method described in section 6.2.1 and five wavelengths data (673, 733, 775, 840 

and 922 nm), the reconstructed particle volume fraction image and the particle diameter image 

were shown in Figure. 6-2c and 6-2d, respectively. There was a significant amount of cross-talks 

between the reconstructed volume fraction image and diameter image, and the reconstructed 

values in the targets were far away from the true values.  

6.3.2 Reconstruction with the Scattering Volume Fraction Method 

In the numerical simulation case 3, the absorption coefficients at all wavelengths were set 

to be 0.005mm-1 and only the particle size volume fractions were reconstructed. The geometry of 

the background and the three targets were shown in Figure. 6-3a. There were three kinds of 

particles (150 nm, 1000 nm, 6000 nm in diameters) in both the background and the three targets. 

The exact particle volume fractions for the background and the targets were shown in Table 6-1. 

The particle size volume fraction images were reconstructed with the method described in 

subsection 6.2.2. And the reconstructed volume fraction images for the particles with diameters 

of 150 nm, 1000 nm and 6000 nm were shown in Figs. 6-4a, 6-4b and 6-4c by using 

“measurements” at 8 wavelengths and in Figs. 6-4d, 6-4e and 6-4f by using “measurements” at 

20 wavelengths, respectively. The 8 wavelengths were 638, 673, 690, 733, 775, 808, 840 and 

915 nm and the 20 wavelengths were distributed uniformly in the range from 600 nm to 900 nm. 

With 8 wavelengths, the errors of extracted value of the volume fraction were 2.0 % for target1, 

10.0% for target2 and 10.0% for target3. And the reconstructed results were slightly better when 
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using data at 20 wavelengths. There were slight cross-talks between volume fraction images of 

1000 nm particles and 6000 nm particles. That was why there was 10% error in the extracted 

volume fraction values in target 2 and target 3.  

 For the numerical simulation case 4, the geometry were shown in Figure. 6-3b and the 

concentrations of Hbo2, Hb and water, the volume fraction for 1000 nm particles and 6000 nm 

particles were shown in Table 6-2 for the background and 5 targets. With the reconstruction 

method described in subsection 6.2.2 and using “measurement” data at 5 wavelengths (673, 733, 

775, 840 and 922 nm), the reconstructed concentration and volume fraction images were shown 

in Figs. 6-5a, 6-5b, 6-5c, 6-5d, 6-5e without noise added in the data and shown in Figs. 6-5f, 6-

5g, 6-5h, 6-5i, 6-5j when 1.0% random noise added. These images indicate that the 

concentrations and the volume fractions were reconstructed quantitatively for both with and 

without noise. Without noise, the errors of the extracted concentration of Hbo2, Hb and water, 

the volume fractions of 1000 nm particles and 6000 nm particles were about 2.5%, 2.0%, 1.5%, 

3.0% and 5.0%. The cross-talk between the reconstructed volume fraction images (Figs. 6-5d 

and 6-5e) was very slight. The added 1.0% random noise introduced artifacts into the 

reconstructed images, especially the water concentration image (Figure. 6-5h) and the volume 

fraction image of 6000nm particles (Figure. 6-5j). The noise made the cross-talk between the 

volume fraction images worse. The accuracy of the reconstructed water concentration and the 

reconstructed volume fraction of 6000 nm particles was reduced approximately 20% by the 

noise. In contrary, the reconstructed concentration images of Hbo2, Hb and the volume fraction 

image of 1000 nm particles were not deteriorated by the noise.  

 To see how the selection of ( )λμ'
sm  in Eq. 6.9 affected the reconstructed image quality, 

numerical simulation case 5 was performed, in which we assumed that targets 4 and 5 were 
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composed of 150 nm and 5000 nm particles but use the ( )λμ '
sm  from 1000 nm and 6000 nm 

particles, not from 150 nm and 5000 nm particles, in the reconstruction. The images at the 

bottom row in Figure. 6-5 showed the reconstructed results. The water concentration image and 

the 6000 nm particles volume fraction image were deteriorated by the intentional wrong-

selection of particle diameters in the reconstruction but they were reconstructed quantitatively 

although there were some artifacts. The concentration images of Hbo2 and Hb and the volume 

fraction image of 1000 nm particles were reconstructed quantitatively.  

 In sum, the numerical simulation results validated the new method, the scattering volume 

fraction method, with which both the absorption chromophore concentrations and the volume 

fraction of the scattering particles were reconstructed successfully and simultaneously while the 

water concentration image was sensitive to the noise.  

6.4 In-Vivo Imaging with the Molar Absorption from References 

The experimental system for the clinical study and the system calibration were described in 

reference [40, 71]. The measurement data at five wavelengths of 673, 733, 775, 840 and 922 nm 

were used for the image reconstructions. Here we assumed that the absorption chromosphores 

were Hbo2, Hb and water and the scattering particle diameters were 1000 nm (simulating the 

small particles such as mitichodria) and 6000nm (simulating the larger particles such as nucleus) 

in the breast tissue. For the clinical studies here, the concentrations of Hbo2, Hb and water, the 

volume fractions of 1000 nm and 6000 nm diameter particles were reconstructed using the 

method described in section 6.2.2.  

 The first patient, with patient Id #S28, was 58 years old female with a biopsy confirmed 

multicentric invasive ductal carcinoma at 3 and 9 o’clock. The second patient, with patient ID 

#S5, was a 69 years old female with a benign nodule at 8 o’clock. The second patient 
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mammogram films and report were discussed in subsection 5.2.2.2. The concentration images of 

Hbo2, Hb and water, and the volume fraction images of 1000 nm particles and 6000 nm particles 

were shown in Figs. 6-6a, 6-6b, 6-6c, 6-6d and 6-6e for patient1 and in Figs. 6-6f, 6-6g, 6-6h, 6-

6i and 6-6j for patient2, respectively. For patient1, the Hbo2 and water concentration images had 

two targets at correct positions but Hb concentration image only identified one target around 3 

o’clock. For patient2, the Hbo2 and Hb concentration images identified the target at the correct 

position but water concentration image failed to detect the target and only got a circular artifacts. 

Both of the volume fraction images for patient 1 obtained the targets at 3 and 9 o’clock, as 

shown in Figs. 6-6d and 6-6e. For patient 2, the target around 8 o’clock was obvious in both of 

the reconstructed volume fraction images. Consistent with the numerical simulation case 4, the 

water concentration image was vulnerable to noise and there was a circular artifact, as shown in 

Figs. 6-6c and 6-6h. And the volume fraction image of 6000 nm particles had more artifact than 

the volume fraction image of 1000 nm particles. The absolute values of the volume fraction of 

1000 nm and 6000 nm particles in the target for patient 1 (malignant tumor) were found to be 

1.6% and 4.4%, larger than 0.98% and 2.2% for patient 2 (benign tumor). The ratio of the 

extracted volume fraction of 1000 nm particles to that of 6000 nm particles for patient1 was 

calculated to be 2.75, larger than 2.24 for patient 2.  

 In sum, for both clinical cases, both the absorption chromophore concentration images 

except the water concentration image and scattering particle volume fraction images were 

reconstructed successfully and the tumors were identified in the correction locations.  

6.5 Measurements of Molar Extinction Coefficients  

In the above sections, the molar extinction coefficients of Hbo2, Hb and water, used for 

absorption chromophores’ reconstruction, were from the literature88-92. However, the system 

measurement mismatches resulted in the errors and were the possible reasons why the water 



 

157 

images failed to be reconstructed. The molar extinction coefficients’ measurements were 

necessary for accurate chromophore imaging. Here we used the human being whole blood 

(Innovative Research Inc, Southfield, MI 48034, USA) solution with blood concentration of 

0.6%, 0.8% and 1.0% and Intralipid concentration 1.0% to measure the molar extinction 

coefficients of Hbo2 and Hb. The whole blood hemoglobin concentration was measured to be 

11.3 g/dL using a hemoglobin meter. The hemoglobin concentrations of 0.6%, 0.8% and 1.0% 

blood solution were calculated to be 45.8μM, 61.7μM and 76.33μM, respectively. The water 

absorption coefficients at each wavelength were measured using the 1.0% Intralipid solution. 

The top part of the home-made liquid solution container was the top part of a drinking water 

bottle, which holded the bottom part made of Cling Wrap (The glad products company, Oakland, 

CA 94612),  as shown in Figure. 6-7. The liquid solution container was hung in the center of the 

ring with a mechanical frame and the fiber probes touched the bottom part of the container, as 

shown in Figure. 6-8. The Cling Wrap was so thin that its interferences on light propagation 

could be ignored.  

 When the liquid solution was exposed to air, the hemoglobin was totally oxygenized. The 

absorption chromorphores were Hbo2 and water. After measurements, several grams yeasts were 

put into the solution and the container was sealed. One hour later, the oxy-hemoglobin was 

deoxygenized. The absorption chromophores became Hb and water. Then measurements at each 

wavelength were made for molar absorption calculation of Hb.  

 Measurements for 1.0% Intralipid solution, Hbo2 and Hb solutions were processed by the 

algorithms described before. Briefly, for the data at each wavelength of each liquid solution, a 

preprocessing method was utilized for searching the initial values (boundary coefficient α, 

optical properties aμ and '
sμ ). The boundary coefficient α for all the data were selected as 0.49 
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for consistency. With the initial values, the reconstructions of absorption and scattering 

coefficients were performed. The average values of the reconstructed absorption coefficients of 

all finite element nodes were the solution absorption coefficients at the corresponding 

wavelengths. The tenth wavelength measurements were ignored due to its lowest SNR. 

The water absorption was calculated at first. The measurement results (the diamond line) 

were shown in Figure. 6-9. At wavelengths shorter than 700nm, the measured absorption values 

were much larger than the values from the literature (indicated by the triangle line). At the longer 

wavelengths, the measured absorption coefficients were close to the values from the literature.88-

89    

 The molar extinction coefficients of Hbo2 and Hb were calculated by the following 

equation: 

                                ( ) ( ) ( )( ) C/watersoltutionM λμ−λμ=λε                                    (6.13) 

where ( )λεM  was the molar extinction coefficient of Hbo2 or Hb in unit of 1/(mm.M) at 

wavelength λ , ( )λμsoltution  was the average value of the reconstructed absorption coefficients of 

Hbo2 or Hb solution at wavelength λ  in unit of 1/mm, ( )λμwater  was the average value of the 

reconstructed absorption coefficients of water at wavelength λ  in unit of 1/mm and C was the 

molar concentration of the Hbo2 or Hb in unit of M. The measured molar extinction coefficients 

of Hbo2 and Hb from the solution of three different concentrations were shown in Figure. 6-10 

and Figure. 6-11, respectively. The solid line indicates the values from the reference [90-92].    

 For the Hbo2, the measured molar absorptions at shorter wavelengths were the same as 

the values from the references, while the largest deviation of the measured value at the longer 

wavelengths from the reference value was about 25%. From Figure. 6-11, one could see that the 

measured molar absorptions at shorter wavelengths were 2 to 3 times smaller than the values 
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from literature. At longer wavelengths, the measured values were close to the values from 

literature. The measurements for the solutions with different concentrations were very consistent. 

Finally, the average values of the measured molar absorptions at three different concentrations 

were adopted for further image reconstructions.  

6.6 Phantom Experiments 

  Four cases of phantom experiments were performed to evaluate the measured water 

absorption coefficients and the measured molar extinction coefficients of Hbo2 and Hb. The 

background of the phantom was made of 0.5% human blood, saline water as absorption 

chromophores, 1.0% Intralipid as scatterers and 1% agar used to solidify the cylindrical phantom 

with diameter of 50 mm. An offset through hole with diameter of 9mm was drilled to hold a very 

thin glass tube, inside which the target liquid solution for each case was put. The target liquid 

solution was composed of 1.0% Intralipid, saline water and human blood with concentrations of 

1.5%, 1.25%, 1.0% and 0.75% for cases 1-4. The blood solution with concentrations of 1.5%, 

1.25%, 1.0% and 0.75% was calculated to have hemoglobin concentrations of 114.5μM,, 

95.41μM, 76.33μM and 57.25μM,   respectively.  

 The total hemoglobin concentration CHbT was defined as the sum of the concentrations of 

Hbo2 and Hb. And oxygen saturation was referred to as the ratio of CHbo2 to CHbT, where CHbo2 

represented the concentration of Hbo2. Using the measured molar extinction coefficient spectra 

of Hbo2 and Hb, the measured water absorption spectra and the algorithm described in section 

6.2.2, the reconstructed images of total hemoglobin concentration, oxygen saturation, the water 

concentration and scattering particle volume fraction for the 4 phantom experimental cases were 

shown in Figure. 6-12.  Only one scattering particle size was assumed. So there was one particle 

volume fraction φ  image for each case, as shown in Figs. 16m-p. Figs. 6-12a-d plotted the 
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images of CHbT for cases 1-4. The maximum values in the target were found to be 111.0 μM, 

89.0 μM, 80.5 μM and 55.5 μM and the relative errors were calculated to be 3.9%, 6.8%, 5.4% 

and 3.1% for cases1-4, respectively. The oxygen saturation images, the water concentration 

images and the volume fraction images for 4 cases were plotted in the second row, third row and 

forth row in Figure. 6-12. The exact value of oxygen saturation was 1.0 or 100% since the blood 

solution was exposed to the air. The water concentration was about 99% and the volume fraction 

of scattering particles was set to be 1.0%. The oxygen saturation images were deteriorated by the 

boundary artifacts. The scattering particle volume fraction images were also deteriorated by 

artifacts located in the image center. The accuracy of the reconstructed water concentration 

images were worse compared with other images.  

 In sum, four cases of phantom experiments with different total hemoglobin 

concentrations in the target were performed. The reconstructed images demonstrated that the 

total hemoglobin concentrations were extracted accurately, while the oxygen saturation images 

were deteriorated by the boundary artifacts. 

6.7 In-Vivo Imaging with the Measured Molar Extinction Coefficients 

In this section, five clinical cases were studied and the clinical experimental data were 

processed using the measured molar extinction coefficient spectra of Hbo2 and Hb, the measured 

water absorption spectra and three different reconstruction methods described in the following 

paragraphs.  

In method 1, we assume that the scattering inside the breast tissues were homogeneous and 

the scattering coefficients at each wavelength were selected from the preprocessing method 

described in section 3.2 and the scattering coefficient at each wavelength was fixed as initial 

values. Only the concentrations of absorption chromophores Hbo2, Hb and water were 

reconstructed. The system equation 6.12 is modified to be  
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 In method 2, we assume that the scattering inside the breast tissues were uniform 

homogeneous as well. But the uniform scattering coefficient at each wavelength, only one value 

for all the nodes at one wavelength, was updated as the absorption chromophores Hbo2, Hb and 

water concentrations at each node were updated in the reconstruction procedure. The system 

equation was modified to be          
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where ( )W0D λ  was the diffusion coefficient initial value at wavelength Wλ and was updated 

each iteration, ∑
=

λℑ
N

1i W,iD was the summation of N Jacobian vectors 
W,iD λℑ at wavelength 

Wλ ,  LC∂ was a vector with size of N×1 and ( )W0D λ∂  was a scalar.  

 In method 3, we assume that there was only one kind of scattering particles and the 

scattering spectra were calculated with equation 6.8. Please see the detailed description in 

subsection 6.2.2. The system equation was written as 

 

 

                      (6.16) 

 

 

 

where both LC∂ and 1φ∂ are vector with size of N×1. 

CASE S5. The patient, with ID #S5, was a 69 years old female with a benign nodule at 8 

o’clock and is the second patient discussed in section 6.4. Her mammogram films and report 

were discussed in subsection 5.2.2.2. With the measured molar extinction coefficient spectra of 

Hbo2, Hb and water absorption spectra, the reconstructed absorption chromophore concentration 

images (a, d, g for Hbo2 concentrations in μM, b, e, h for Hb concentrations in μM and c, f, I for 

water concentration in percentage) and scatterers’ volume fraction image in percentage (j) were 

shown in Figure. 6-13, using method 1 (1st row), method 2 (2nd row) and method 3 (3rd row). 

With the molar extinction coefficient spectra of Hbo2, Hb and the water absorption spectra from 

literature, the reconstructed images of Hbo2, Hb concentrations and water concentration were 

shown in Figure. 6-14. 
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 When the molar extinction coefficients from literature were used, the reconstructed water 

concentration images (Figure. 6-14c with method 1, Figure. 6-14.f with method 2) had maximum 

value larger than 100%. And the Hb concentration images (Figure. 6-14b with method 1, Figure. 

6-14e with method 2) had more artifacts than the Hb concentration images (Figure. 6-13b with 

method 1, Figure. 6-13e with method 2) reconstructed with the measured extinction coefficient 

spectra. The measured molar extinction coefficient spectra utilization improved the reconstructed 

image quality substantially. 

 In Figure. 6-13, with all three methods, the target was able to be detected in each of 

concentration images and the scattering particle volume fraction image. With method 1, the 

reconstructed Hbo2, Hb and water concentrations shown in Figs. 6-13a, 6-13b and 6-13c were 

larger than the concentrations reconstructed with method 2 shown in Figs. 6-13d, 6-13e and 6-

13f. Especially the Hbo2 concentration reconstructed with method 1 was almost 2 times larger 

than that reconstructed with method 2. Compared with method 2 and method 3, the reconstructed 

Hbo2 and Hb concentrations were very close. But the water concentration (Figure. 6-13i) with 

method 3 was two times less than the water concentration (Figure. 6-13f) reconstructed with 

method 2.  

CASE S7. The mammogram films and report for patient S7 were discussed in subsection 

5.2.2.2. Using the measured molar extinction coefficient spectra of Hbo2, Hb and the measured 

water absorption spectra, the reconstructed concentration images of Hbo2 (Figs. 6-15a, d, g in 

μM), Hb (Figs. 6-15b, e, h in μM) and water (Figs. 6-15c, f, I in percentage) were shown in 

Figure. 6-15 with method 1 (1st row), method 2 (2nd row) and method 3 (3rd row) for clinical case 

S7. Figure. 6-16 plotted the concentration images with method 1 (1st row) and method 2 (2nd 

row) using the molar extinction coefficient spectra from literature. When the molar extinction 
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coefficient spectra from literature were used, the reconstructed water concentrations (shown in 

Figs. 6-16c and 6-16f) were larger than 100% and the reconstructed Hbo2 concentrations (shown 

in Figs. 6-16a and 6-16d) were almost two times larger than the Hbo2 concentrations (shown in 

Figs. 6-15a and 6-15d) reconstructed using measured absorption spectra. The detected target in 

the images reconstructed with method 2 using the absorption spectra from reference was shifted 

to the image center, as shown in Figs. 6-16d, e, f. One could see that the measured absorption 

spectra utilization improve the reconstructed image quality substantially as well.  

 As shown in Figure. 6-15, the concentration images reconstructed with method 1 and 

method 2 were similar in terms of the target position and the concentration values. When method 

3 was applied, the concentration images of Hbo2 and Hb were similar to the images extracted 

with other two methods. But the water concentration was much less than that extracted with 

method 1 and 2.  

CASE S28. Figure. 6-17 plotted the reconstructed chromophore concentration images 

(Figs. 6-17a-6-17i) and the scattering particle volume fraction image (Figs. 6-17j) with method 1 

(1st row), method 2 (2nd row) and method 3 (3rd row) using the measured extinction coefficient 

spectra for clinical case S28. With method 1, the target in Hb concentration image (Figure. 6-

17b) was shifted to the image center and the water concentration image (Figure. 6-17c) failed to 

detect the target and was dominated by the boundary artifacts. With method 3, the water 

concentration image (Figure. 6-17i) also failed to detect the target and dominated by the 

boundary artifacts. With method 2, it was easy to see all the reconstructed concentration images 

identified the target successfully. 

CASE G1. The mammogram films and report for patient case G1 are discussed in 

subsection 5.2.2.1. Figure. 6-17 plotted the reconstructed chromophore concentration images 
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(Figs. 6-18a-6-18i) and the scattering particle volume fraction image (Figs. 6-18j) with method 1 

(1st row), method 2 (2nd row) and method 3 (3rd row) using the measured extinction coefficient 

spectra for clinical case G1. The reconstructed concentration images with method 1 (Figs. 6-18a-

c) and method 2 (Figure. 6-18d-f) were similar in terms of target locations, concentration values 

and artifacts. With method 3, the reconstructed Hbo2 concentration image (Figure. 6-18g) and 

water concentration image (6-18i) have a little bit more artifacts than the images (Figs. 6-18a, c, 

d and f) extracted with other two methods.   

CASE G14. Figure. 6-18 plots the reconstructed chromophore concentration images (Figs. 

6-19a-6-19i) and the scattering particle volume fraction image (Figs. 6-19j) with method 1 (1st 

row), method 2 (2nd row) and method 3 (3rd row) using the measured molar extinction coefficient 

spectra for clinical case G14. With all three methods, the reconstructed concentration images and 

scattering particle volume fraction identified the target successfully, while the reconstructed 

images with method 3 (Figs. 6-19g and 6-19i) had a little bit more artifacts than the images 

extracted with other two methods. 

In sum, 5 clinical cases are studied with three methods in this section. Method 2 is best 

among the three methods, while all 3 methods can reconstruct the concentration images and 

scattering particle volume fraction image successfully. And the measured molar extinction 

coefficient spectra of Hbo2, Hb and the measured water absorption spectra were critical to the 

image reconstructions and had improved the image quality substantially.  
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Figure 6-1. Reconstructed concentration images of Hbo2 (a), Hb (b) and water (c) and images of 
equivalent diameters (d) and volume fraction (e) with the method described in 
subsection 6.2.1. 

        

            
Figure 6-2. The exact images of volume fraction (a) and diameters (b) and the reconstructed 

images of volume fraction (c) and diameters (d) with the method described in 
subsection 6.2.1 when only the volume fraction and diameters are reconstructed.  
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Figure 6-3. The geometry of the numerical simulations for case 3 (a) and case 4 (b), where D=70 

mm, d=20 mm and Doffset=40 mm. 

 

   

   
 
Figure 6-4. The reconstructed volume fractions images for 150 nm particles (a, d), 1000 nm 

particles (b, e) and 6000 nm particles (c, f) with data of 8 wavelengths (images from a 
to c) and with data of 20 wavelengths (from d to f) when only the volume fraction 
images are reconstructed using the method described in subsection 6.2.2. 
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Figure 6-5. The reconstructed images of concentrations of Hbo2, Hb, water and volume fractions 

of 1000 nm particles and 6000 nm particles from leftmost column to rightmost 
column. The images at the top row and the middle row were reconstructed without 
adding noise in the numerical “measurement” data and with 1% random noise added, 
respectively. The images at the bottom row were reconstructed with intended wrong-
selected sizes of particles in the targets.  

 

 

 

 
Figure 6-6. The reconstructed concentration images of Hbo2 (a, f), Hb (b, g)j, water (c, h) and 

volume fraction images of 1000 nm particles (d, i) and 6000 nm particles (e, j) for 
patient 1 (the top row images from a to e) and for patient 2 (the bottom row images 
from from f to j). 
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Figure 6-7. The container for molar absorption measurements. The upper part is the drinking 
water bottle and the bottom part is composed of Cling Wrap, with 1.0% Intralipid 
solution inside. 

 

 

Figure 6-8. The liquid solution inside the container is ready for the measurements. The Cling 
Wrap contacts with fiber probes.  
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Figure 6-9. The absorption coefficients of water from the reference (triangle) and measurements 
of Intralipid solution (diamonds). 
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Figure 6-10. The molar absorption of oxy-hemoglobin from the reference (solid line) and 
measurements of blood solution with different concentrations (squares, diamonds, 
stars). 
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Figure 6-11. The molar absorption of deoxy-hemoglobin from the reference (solid line) and 
measurements of blood solution with different concentrations (squares, diamonds, 
stars). 
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Figure 6-12. Reconstructed images of total hemoglobin concentrations (1st row) in unit of μM, 
oxygen saturation (2nd row), water concentration (3rd row) in percentage and 
scatterers volume fraction (4th row) in percentage of phantom experiments case 1 (1st 
column from left to right)), case 2 (2nd column), case 3 (3rd column) and case 4 (4th 
column).  
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Figure 6-13. Chromophores concentration images (a, d, g for Hbo2 concentrations in μM, b, e, h 

for Hb concentrations in μM and c, f, I for water concentration in percentage) and 
scatterers’ volume fraction image in percentage (j) reconstructed with the measured 
molar spectra, using method 1 (1st row), method 2 (2nd row) and method 3 (3rd row) 
for clinical case S5.  

 

 

 
Figure 6-14. For clinical case S5, chromophores concentration images (a, d for Hbo2 

concentrations in μM, b, e for Hb concentrations in μM and c, f for water 
concentration in percentage) reconstructed with the molar spectra from reference, 
using method 1 (1st row) and method 2 (2nd row) for clinical case S5. 

(a) (b) (c)

(e)(d) 

(f)

(f)

(g) (h) (j)(i)

(a) 

(d) (e) 

(c)(b) 



 

174 

  

 

 

 
 
Figure 6-15. For clinical case S7, chromophores concentration images (a, d, g for Hbo2 

concentrations in μM, b, e, h for Hb concentrations in μM and c, f, I for water 
concentration in percentage) and scatterers’ volume fraction image in percentage (j) 
reconstructed with the measured molar spectra, using method 1 (1st row), method 2 
(2nd row) and method 3 (3rd row). 

 

 
Figure 6-16. For clinical case S7, chromophores concentration images (a, d for Hbo2 

concentrations in μM, b, e for Hb concentrations in μM and c, f for water 
concentration in percentage) reconstructed with the molar spectra from reference, 
using method 1 (1st row) and method 2 (2nd row). 
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Figure 6-17. For clinical case S28, chromophores concentration images (a, d, g for Hbo2 

concentrations in μM, b, e, h for Hb concentrations in μM and c, f, I for water 
concentration in percentage) and scatterers’ volume fraction image in percentage (j) 
reconstructed with the measured molar spectra, using method 1 (1st row), method 2 
(2nd row) and method 3 (3rd row). 
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Figure 6-18. For clinical case G1, chromophores concentration images (a, d, g for Hbo2 

concentrations in μM, b, e, h for Hb concentrations in μM and c, f, I for water 
concentration in percentage) and scatterers’ volume fraction image in percentage (j) 
reconstructed with the measured molar spectra, using method 1 (1st row), method 2 
(2nd row) and method 3 (3rd row). 
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Figure 6-19. For clinical case G14, Chromophores concentration images (a, d, g for Hbo2 

concentrations in μM, b, e, h for Hb concentrations in μM and c, f, I for water 
concentration in percentage) and scatterers’ volume fraction image in percentage (j) 
reconstructed with the measured molar spectra, using method 1 (1st row), method 2 
(2nd row) and method 3 (3rd row). 
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Table 6-1 Volume fraction of different particles in the background and the three targets for 
numerical simulation case 3.  

Volume fraction of different particles Regions Diameter of 150 nm Diameter of 1000 nm Diameter of 60000 nm 
Background 0.25% 0.25% 0.5% 

Target 1 0.5% 0.5% 1.0% 
Target 2 0.5% 0.5% 1.0% 
Target 3 0.5% 0.5% 1.0% 

 
 
 
Table 6-2 Concentrations of the absorption chromorphores and Volume fractions particles for 

numerical simulation case4.  
Concentrations of absorption chromophores 

(μM) 
Volume fraction of different 

partilces Regions 
Hbo2 Hb water Diameter of 

1000 nm 
Diameter of 
60000 nm 

Background 10.0 10.0 18.0 0.25% 0.5% 
Target 1 20.0 10.0 18.0 0.25% 0.5% 
Target 2 10.0 20.0 18.0 0.25% 0.5% 
Target 3 10.0 10.0 36.0 0.25% 0.5% 
Target 4 10.0 10.0 18.0 0.375% 0.5% 
Target 5 10.0 10.0 18.0 0.25% 1.0% 
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CHAPTER 7 
CONCLUSIONS AND FUTURE STUDIES 

7.1 Conclusions 

 This dissertation has explored the abilities of diffuse optical tomography to detect the 

breast tumors from both the hardware and the algorithm aspects. In general, both the tissue-like 

phantom experimental results and the clinical trial experimental results show that DOT is very 

promising to identify the breast abnormalities. The unique features of DOT, functional imaging 

and morphological imaging, allows DOT to detect the tumors when the tumors are at early 

stages.  

The continue-wave imaging system played a key role in this study. All the tissue-like 

phantom experiments and clinical trial experiments are conducted with the system. The 

quantitative imaging results proved that the system is very robust. Furthermore, the LABVIEW 

controller provides a very friendly interface and makes the instrument easy to be operated. 

Especially the application of gain controller and optical switch make the instrument running 

automatically whenever the patient breast is in good position.  

 Both the dual mesh method and the source intensity optimization method can improve the 

3D DOT image quality substantially, as shown by the tissue-like phantom experimental results in 

chapter 3. These results also show the robustness and the accuracy of our 3D DOT algorithm. 

The target with absorption contrast as low as 1.4 times can be identified. The spatial resolution of 

5mm in the lateral direction is achieved. Smaller spatial resolution may be obtained if higher 

contrast targets are used.  

 The morphological imaging, including the scattering particle mean diameter imaging and 

the scattering particle volume fraction imaging, is first proposed by us. The morphological 

images are extracted from the reduced scattering images at different wavelengths. The 
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morphological imaging has the possibilities to prove doctors with nucleus size and nucleus 

crowding non-invasively. The tissue-like phantom results in chapter 4 show that the 

reconstructed diameter is larger if there are relative more scattering particles with larger 

diameters. This conclusion may serve as criteria for our further clinical results of morphological 

images. Experimental data for 10 benign clinical cases and 4 malignant cases are processed to 

obtain the morphological images. These preliminary results show that the estimated maximum 

diameter and volume fraction in the malignant tumor region are 3.23 and 2.64 times as large as 

that in the benign abnormality region, respectively. The reconstructed diameter and volume 

fraction could be the new criteria to differentiate the malignant tumors from the benign 

abnormalities, although more clinical results are needed to further prove the ratio number. By 

comparison with the pathological pictures, we find that the scattering particles are not only the 

nucleus but also the smaller particles such as nucleolus and the mitochondria. 

 Spectrally constrained DOT imaging is supposed to provide better accuracy compared 

with the two steps imaging method, in which the absorption coefficients and scattering 

coefficients are obtained at first and then these coefficients are fitting to extract the absorption 

chromophore concentrations and scattering parameters. The spectrally constrained DOT imaging 

method is proposed by Corlu et al. at first. However, the scattering parameter a and b in the 

power law are difficult to be obtained simultaneously. A new method, namely scatterers’ volume 

fraction method, is proposed, in which the scattering equation is linearized. With this new 

method, both the concentration images of Hbo2, Hb and water and the volume fraction images of 

scattering particles with different diameters can be imaged simultaneously. The method is 

validated by numerical simulations and clinical results.  
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 The measured molar absorption extinction coefficients of Hbo2 and Hb and the 

absorption spectra of water are different with those in the literature at some wavelengths. When 

the measured absorption spectra for Hbo2, Hb and water are utilized, the reconstructed image 

quality is improved substantially in terms of target locations, concentration values and artifacts, 

especially for the water concentration image.  

7.2 Future Studies 

7.2.1 Imaging System and Calibrations 

 The potentials of DOT imaging are deteriorated by the artifacts. The artifacts are caused 

by many reasons, such as experimental system noise, computational errors, modeling errors, 

detection and source fiber coupling errors, etc. The calibration method, source intensity 

optimization method, dual mesh method and spectrally constraint reconstruction method 

discussed in the above chapters are used to reduce the reconstructed image artifacts. 

Computational calibration method,72-75 in which the coupling coefficients are updated at the 

same time as the optical properties are updated in the reconstruction, may further eliminate the 

artifacts. A recent study show that the difference in data for multiple wavelength pairs, instead of 

the absolute measurements at the wavelengths, is used to reconstruct absolute absorption 

chromophore concentrations and the image quality is improved substantially.93  While the DOT 

image quality, especially for clinical cases, is acceptable, more efforts are needed to further 

eliminate the artifacts because the artifacts may result in unnecessary biopsy if one day the 

optical imaging modality serves as the routine breast cancer screening.  

 There are only 10 laser modules with different wavelengths from 638 nm to 965 nm in 

our experimental system. The measurements at more wavelengths should provide more robust 

and more accurate results of morphological and functional imaging using the multi-spectral 
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DOT. Next generation of our experimental system should have more laser modules or have a 

laser with the adjustable wavelengths.  

The current system can not image the whole breast one time and only cover 2 cm slice 

each imaging time, while the whole breast can be imaged one slice after another by adjusting the 

patient vertical positions using the hydraulic pump in the system. Further modifications of the 

fiber buddle interface are needed to image the whole breast one imaging time.   

7.2.2 Multi-modality Imaging 

 One of the major drawbacks of the DOT imaging is its low spatial resolution. One way to 

overcome the drawback is using other imaging modality such as MRI, ultrasound, X-ray to 

enhance the spatial resolution. This technology is called multi-modality imaging. The 

combination of high spatial resolution MRI imaging and high contrast DOT imaging in 

frequency domain has been investigated and the DOT imaging quality has been improved using 

the co-registered MRI imaging guided structural information.94 The study of coregistered 

tomographic x-ray and optical breast imaging has been performed recently and the pilot clinical 

results have been shown.95 A study has shown that targets of 2-3mm in diameter embedded 

inside a cylindrical background phantom with 5cm in diameter could be reconstructed 

quantitatively in terms of the positions and optical properties using the ultrasound guided finite 

element based DOT imaging modality.96 Combination of two imaging modalities could integrate 

their strengths and avoid one or two weakness of an individual modality.97  

7.2.3 Scattering Theory 

 We have assumed that the scattering particles such as nucleus or mitichondra inside the 

breast are spherical due to the utilization of MIE theory. But the real shape of the scattering 

particles is nonspherical. Advanced scattering theories are needed to describe the scattering 

behaviors of the nonspherical particles. So far, there are no accurate and robust mathematical 
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models to describe the light scattering properties of complex structures.98 Recent progress in 

reduced-order expressions for the total scattering cross section spectra of nonspherical particles 

provides a possible way to solve the problem.99 Another method to study the scattering of 

complex structures is finite-difference time-domain modeling.100  

7.2.4 Clinical Studies 

 The ultimate goal of this dissertation and our study is to detect the breast tumors and 

differentiate the malignant tumors from the benign abnormalities. The hardware improvements, 

system calibration methods and new algorithms introduced in this dissertation serve the goal. 

The clinical trial experiments play a key role to validate our methods 

The phantom experiments of 3D DOT has been done. However, clinical results of 3D DOT 

imaging are needed to further show the abilities and promises of our 3D DOT for breast cancer 

detection since the real breast cancer imaging is a 3D problem. 

The preliminary clinical studies in chapter 5 shows that the reconstructed diameter and 

volume fraction could be the new criteria to differentiate the malignant tumors from the benign 

abnormalities based on the results of 14 clinical cases. However, more clinical results are needed 

to further prove the conclusion.  

The co-registration of optical imaging with other methods such as biopsy and surgery is 

important but difficult. We have compared our reconstructed diameter imaging and volume 

fraction with the pathological pictures taken from the tumor samples in the target area. But we 

don’t know the exact location of the samples corresponding to the reconstructed images because 

there are no good ways to record sample locations in the real breast during the surgery (we only 

know the approximate location) and the breasts are soft and easy to deform. A better way to do 

the co-registration should be proposed in the future clinical studies.  
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