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ON FUNCTIONAL DIFFUSE OPTICAL TOMOGRAPHY 

By 

Lin Chen 

August 2006 

Chair:  Huabei Jiang 
Major Department:  Biomedical Engineering 

In this thesis, optical images based on a clinical study with patients including 11 

cancer and 30 benign cases were processed and analyzed. Using multi-spectral diffuse 

optical tomography systems coupled with finite element reconstruction algorithms, we 

first obtained optical absorption and scattering maps of the breast and then derived tissue 

functional images from the recovered absorption and scattering images at multi-

wavelengths. In order to obtain accurate in vivo images, a calibration database was 

developed which was based on a series of homogenous phantom measurements with a 

range of phantom dimensions. Hemoglobin (both oxy and de-oxy) concentrations and 

water content images were obtained from the multi-spectral absorption images, and a Mie 

scattering theory approximation was applied to extract scattering amplitude and power. 

Functional parameter images of the 41 cases were investigated, and correlation plots of 

different function parameters were illustrated and compared among 4 disease categories 

including cancer, cyst, nodule and calculation. We found that the majority of the 



 

x 

carcinomas exhibited increased total hemoglobin concentration compared to the healthy 

and other benign tissues, and the correlation between total hemoglobin concentration and 

oxygen saturation of these diseased tissues showed a clear separation between malignant 

and benign lesions, while the separation among the benign lesions is not apparent for the 

cases examined. 
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CHAPTER 1 
INTRODUCTION 

Optical methods for the detection of breast cancer, especially for the early detection 

of cancer, can be traced back to as early as 1929 [1], when it was introduced by Max 

Culter. Decades of studies improved the diffuse optical tomography (DOT) as a non-

invasive imaging technique that could provide quantitative absorption and also a 

scattering distribution. In the 1980s, Carlsen [2] introduced spectral breast imaging by 

restricting the light source of a medical transillumination imager. Because of the 

introduction of these technologies, optical imaging of human tissue using near-infrared 

(NIR) light provides the possibility of obtaining new types of physiological information 

from the tissue in vivo, while the traditional method, using conventional x-ray 

mammography techniques could only provide structural information. 

The near-infrared light passing through breast tissues is sensitive to several 

physiological components such as hemoglobin, water, lipid, melanin, carotene, proteins, 

DNA, and so forth. Thus NIR absorption in breast tissue is influenced by hemoglobin 

concentration, oxygen saturation, water content, and to a lesser extent by lipid. Therefore, 

NIR techniques could be fashioned into an inexpensive and portable alternative solution 

for distinguishing malignant (even in an early stage) from benign diseased or health 

tissues. NIR can accomplish this by obtaining quantitative hemoglobin concentration, 

oxygen saturation, water fraction and other functional information from absorption 

distribution of tissue. The goal of the studies described in this thesis is a pilot approach to 

evaluate the possibility from substantive patient cases. 
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Our experimental device was developed as a silicon photodiodes-based DOT system, 

and employed a finite element algorithm for the frequent-domain optical data 

reconstruction based on a well-known diffusion equation. In Chapter 2, we review the 

reconstruction algorithm for absorption and reduced scattering coefficients in detail. Also, 

it includes a general review on the spectra characterization of breast tissue. 

The experimental system and the preparation for clinical examination are covered in 

Chapter 3. In order to assist in obtaining the first quantitative reconstructed data of both 

absorption and reduced scattering coefficients, the calibration method was employed. We 

built a database based on a series of homogenous phantom with a range of dimensions 

(from 60mm to 11cm with an increment of 10mm) to fit with various sizes of clinical 

human breasts. Meanwhile, clinical experiments were performed on more than 100 

volunteers including those with malignant cancer, benign diseased and healthy breast 

conditions. Typical cases with both mammography and ultrasound reports (and biopsy 

reports if they exist) were selected, reconstructed and evaluated. We also introduced our 

fitting methods on both absorption and scatting spectra based on the simplified models in 

Chapter 3. 

Results of the clinical experiments are presented in Chapter 4. With a comparison to 

the mammography and ultrasound reports, we were able to recognize the tumors in the 

corresponding position, and evaluate the functional information. We noticed specific 

differences for total hemoglobin, corresponding to physiological and pathological 

knowledge, with different kinds of tumors. A series of analyses were carried out for the 

purpose of investigating these visible images and quantitative values. 
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These analyses attempt to provide a basis for the aid of diagnosing malignant cancer 

and other breast diseases. 
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CHAPTER 2 
THEORY 

Introduction 

Yearly mammograms are recommended starting at age 40 and continuing for as long 

as a woman is in good health; and clinical breast exam should be taken as part of a 

periodic health exam, preferably at least every three years for women in their 20s and 30s, 

and every year for women, for the presence of breast cancer which is one in eight women 

in the United States. Thus, diffuse optical tomography (DOT), tries to investigate an 

alternative method for the early detection of preclinical breast cancer. 

Currently, conventional x-ray mammography and palpation are the most common 

method for breast cancer detection. However, obvious limitations to conventional x-ray 

mammography have been recognized. For example, conventional x-ray mammography is 

not suitable for young women in early pre-menopausal stage, by reason of their increased 

cellularity and subsequent radiodense tissue structure. That is to say, due to hormone 

fluctuations, the pre-menopausal women with preclinical breast cancer are at increased 

risk of more rapid tumor growth. In addition, the positive predictive value of 

conventional x-ray mammography is quite low in both medical and economic terms, and 

as a result, numerous biopsies are required to be performed each year. Moreover, women 

with the familial gene for breast cancer (e.g., family history, genetic tendency, past breast 

cancer) might experience risk when subjected to the x-irradiation.  

As a result, DOT, a non-ionizing, non-invasive near-infrared optical imaging holds 

great promise to become an alternative for breast cancer screening, especially for cancer 
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in early stage. Using a laser light source, this optical method attempts to produce an 

image of the inside of the breast, with unique capability for screening high radiodense 

breasts usually for premenopausal women. Recent studies have suggested that biomedical 

optical imaging of breast tissue has significant advantages for breast cancer detection and 

diagnosis, which helps a lot for retaining the corresponding treatment to be keeping pace 

with the increased incidence of the breast cancer. Meanwhile, this method has no harm to 

human body even for patients with familial gene for breast cancer; and the 

instrumentation for optical imaging is much lower in cost than that for x-ray 

mammography. 

Further, the DOT could obtain quantitative absorption and scattering distributions 

from breast tissue, which can not be measured by conventional x-ray mammography or 

other radiologic techniques. The spectral dependence of quantitative tissue absorption aµ  

and reduced scattering 'sµ  distributions could provide tissue functional information in 

breast with the introduction of near-infrared (NIR) migration spectroscopy. Multi-spectral 

measurements helps for determination of the concentrations of de-oxy and oxy- 

hemoglobin, water, and other components in  breast; and the scattering properties of the 

tissue could also yield important physiological information, such as the scattering 

amplitude and scattering power. These typical values within the breast are believed to 

help doctors for better diagnoses on breast diseases. 

Reconstruction Algorithm 

Our reconstruction algorithm for absorption and reduced scattering coefficients, 

previously described in detail [3, 4], is an iterative finite element algorithm based on the 

well-known diffusion equation 



6 

 

( )( , ) ( , ) ( , )i
a cD r r S rωω µ ω ω∇⋅ ∇Φ − − Φ = −      (1) 

where D  is the diffusion coefficient, ( , )r ωΦ  is the radiance, aµ  is the absorption 

coefficient, c  is the wave speed in the medium, ( , )S r ω  is the source term as an i te ω−  

time variation is assumed. And the diffusion coefficient D  can be expressed as 

1
3[ (1 )]a s

D
gµ µ

=
+ −

        (2) 

where sµ  is the scattering coefficient and g  is the average cosine of the scattering angle. 

And the reduced scattering coefficient is defined as ' (1 )s sgµ µ= − .With known aµ  and 

sµ  distribution, the diffusion equation becomes a standard boundary value problem for 

spatially varying radiance subject to appropriate boundary conditions (BC’s). There are 

three classical boundary conditions for this diffusion equation: 

i) specification of the field, Φ  (Dirichlet or Type I); 

ii) specification of its flux, ˆD n− ∇Φ ⋅  (Neumann or Type II); 

iii) specification of a relationship between field and flux (mixed or Type III) 

In our study, we employed Type III BC’s in the reconstruction algorithm, that is 

ˆD n α∇Φ ⋅ = Φ , where n̂  is the unit vector normal to the boundary surface, and α  is  

related to the internal reflection, which can be derived from the Fresnel reflection 

coefficient. 

For the finite element forward solution, Φ  and ˆF D n= − ∇Φ ⋅  are expanded as the 

sum of coefficients multiplied by a set of locally spatially varying Lagrangian basis 

functions 

1

N

j j
j

φ
=

Φ = Φ∑          (3a) 
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1

M

j j
j

F F φ
=

=∑          (3b) 

where jφ  is the known basis and jΦ , jF  are the respective radiance and flux at node j . 

Similarly, aµ  and D  are expanded as a collection of unknown parameters multiplied by 

a known spatially varying expansion function 

1

K

k k
k

D Dψ
=

=∑          (4a) 

1

L

a l l
l

µ µ ϕ
=

=∑          (4b) 

As a result, the diffusion equation becomes 

1 1 1

1

                        

N K L

j k k j i l l i j
j k l

M

i j j i
j

iD
c

S F ds

ωψ φ φ µ ϕ φφ

φ φ φ

= = =

=

⎡ ⎤⎛ ⎞Φ − ∇ ⋅∇ − −⎢ ⎥⎜ ⎟
⎝ ⎠⎣ ⎦

= − +

∑ ∑ ∑

∑ ∫
    (5) 

which could be express in the matrix form as 

[ ]{ } { }A bΦ =          (6) 

where the elements of matrix [ ]A  are 

1 1

K L

ij k k j i l l i j
k l

ia D
c
ωψ φ φ µ ϕ φφ

= =

⎛ ⎞
= − ∇ ⋅∇ − −⎜ ⎟

⎝ ⎠
∑ ∑     (7a) 

as  indicating integration over the problem domain. 

The column vector { }Φ  is composed of the photon density iΦ  at node i . 

And { }b  is filled with elements that 

1

M

i i j j i
j

b S dsφ α φ φ
=

= − + Φ∑ ∫        (7b) 
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where ∫ expresses integration over the boundary surface with jF  replaced by jαΦ  as 

Type III BC defined, and M  is the number of boundary nodes. 

With finite element discretization, the photon density (computed optical data) is 

obtained as the solution of the diffusion equation. Then a regularized Newton’s method is 

exploited here to update the initially guessed 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. We 

assume that the computed and/or measured values of Φ  or F  are analytic functions of 

D  and aµ , and D  and aµ  are independent since s aµ µ . Then Φ  and F  could be 

Taylor expanded as an assumed ( ), aD µ  distribution, which is a perturbation away from 

some other distribution, ( ), aD µ , such that a discrete set of radiance and flux values can 

be expressed as 

( ) ( ), ,a a a
a

D D D
D

µ µ µ
µ

∂Φ ∂Φ
Φ = Φ + ∆ + ∆ +

∂ ∂
     (8a) 

( ) ( ), ,a a a
a

F FF D F D D
D

µ µ µ
µ

∂ ∂
= + ∆ + ∆ +

∂ ∂
     (8b) 

where D D D∆ = −  and a a aµ µ µ∆ = − . If the assumed optical property distribution is 

close to the true profile, the left-hand side of (8) can be considered as true data (either 

imposed or observed), and the relationship truncated to produce 

o cJ χ∆ = Ψ −Ψ          (9a) 

where oΨ  and cΨ are observed and calculated [based on the estimated ( ), aD µ  

distribution] data, either Φ  or F , depending on boundary conditions for 1,2, ,i M= …  
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locations and kD  for 1, 2,k K= …  and lµ  for 1, 2, ,l L= … ; and J  is Jacobian matrix 

consisting of derivatives of Ψ with respect to D  or aµ  at each boundary observation 

node. 

1 1 1 1 1 1

1 2 1 2

2 2 2 2 2 2

1 2 1 2

                                   

                                  

                                                

K L

K L

D D D

D D DJ

µ µ µ

µ µ µ

∂Ψ ∂Ψ ∂Ψ ∂Ψ ∂Ψ ∂Ψ
∂ ∂ ∂ ∂ ∂ ∂
∂Ψ ∂Ψ ∂Ψ ∂Ψ ∂Ψ ∂Ψ
∂ ∂ ∂ ∂ ∂ ∂=

1 2 1 2

                      

                           M M M M M M

K LD D D µ µ µ

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥∂Ψ ∂Ψ ∂Ψ ∂Ψ ∂Ψ ∂Ψ⎢ ⎥
⎢ ⎥∂ ∂ ∂ ∂ ∂ ∂⎣ ⎦

  (9b) 

And χ∆  is the vector that gives the perturbation of aµ  and D  

1

2

1

2

  

  

K

L

D
D

D
χ

µ
µ

µ

∆⎧ ⎫
⎪ ⎪∆⎪ ⎪
⎪ ⎪
⎪ ⎪
∆⎪ ⎪∆ = ⎨ ⎬∆⎪ ⎪
⎪ ⎪∆
⎪ ⎪
⎪ ⎪
⎪ ⎪∆⎩ ⎭

,  

1

2

 

o

o
o

o
M

⎧ ⎫Ψ
⎪ ⎪
Ψ⎪ ⎪Ψ = ⎨ ⎬
⎪ ⎪
⎪ ⎪Ψ⎩ ⎭

,  

1

2

 

c

c
c

c
M

⎧ ⎫Ψ
⎪ ⎪
Ψ⎪ ⎪Ψ = ⎨ ⎬
⎪ ⎪
⎪ ⎪Ψ⎩ ⎭

   (9c) 

In order to realize an invertible system of equations for χ∆ , the Eq. (9a) could be 

multiplied by TJ  on both sides to obtain 

( )T T o cJ J Jχ∆ = Ψ −Ψ         (10) 

which can be used for updating the optical property distribution. 

As the matrix TJ J  is known to be ill conditioned, techniques should be performed to 

regularize or stabilize the decomposition of TJ J . Thus, a quantity is adding to the 

diagonal of TJ J  in practice, and the problem transformed to 
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( ) ( )T T o cJ J I Jλ χ+ ∆ = Ψ −Ψ        (11) 

where I  is the identity matrix and λ  may be a scalar or a diagonal matrix. 

 

Figure 2-1 Flow chart of the Newton-type iteration for estimating the distribution of the 
optical properties 

START 

Initial Value ( ), aD µ  

Forward Computation 
FEM solution of Diffusion Equation 

( )( , ) ( , ) ( , )i
a cD r r S rωω µ ω ω∇⋅ ∇Φ − − Φ = −  

Measured data 
o
iΦ  

Converged? 

( )22 4

1
10

M
c o
i i

i
χ −

=

= Φ −Φ ≤∑

STOP 

Inverse Computation 
Build Jacobian Matrix: χ

∂Φℑ = ∂  

Solve matrix Equation: ( ) ( )T T o cIλ χℑ ℑ+ ∆ = ℑ Φ −Φ  

Update Optical Property Values ( ), aD µ  
'i i iD D D= + ∆   'i i iµ µ µ= + ∆  
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By adding a contribution to the diagonal terms in Eq. (11), the matrix TJ J  is made 

more diagonally dominant, which improves its invertibility. Hence, there is no need for 

any “exact” solution from Eq. (10), which is already an approximation. 

The flow chart in Fig. 2-1 describes the iterative update of  aµ  and D  to approach 

the true profile starting from a uniform initial guess.  

Characterization of Spectra in Breast Tissue 

Physiologically, the breast is a turbid, light scattering medium combined with 

different shapes of absorbers, scatterers, fluorophores and anisotropic interfaces [5]. For 

biomedical optical imaging, the techniques aiding for cancer diagnosis depend primarily 

on detection for the aberrations of reflected, transmitted and emitted light that due to the 

physiological characterization or cellular growth of cancer and the host response to the 

cancer. Thus, it is important for us to get to the bottom of physiological and pathological 

factors of human breast disease that can influence optical diagnosis. 

There are two primary optical properties, the absorption coefficient aµ  and the 

reduced scattering coefficient 'sµ , which determine the propagation of the diffusive light 

through the breast. The diffuse optical tomography allows for measuring quantitative 

absorption and scattering distribution of tissues at any wavelength of interest, hence it is 

possible to use the spectra of which to obtain tissue functional information, such as 

quantify typical values of hemoglobin concentration, oxygen saturation, water content, 

scattering power, scattering amplitude and so forth within the breast tissue.  

With a single integrating sphere technique, a few measurements of optical properties 

have been done in vitro on both normal and diseased breast tissues shown in Table 2-1 

[6]. The optical coefficients for the tissues with fibrocystic diseas, fibroadenomas and 
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ductal carcinoma have no significant difference with the normal tissues. However, due to 

the material of their experiments, which are tissue specimens of human breast, blood 

drainage caused by the surgical and pathological dissections of the breasts have greatly 

diminished the contributions of hemoglobin when measuring this group of optical 

properties. 

Table 2-1. The Optical Properties of Human Female Breast 

Tissue Type 
Optical 

Properties 
λ  

(nm) 
Glandular (3) Adipose (7) Fibrocystic (8) Fibro-adenoma 

(6) Carcinoma (9) 

540 0.358 0.156±  0.227 0.057± 0.164 0.006±  0.438 0.314± 0.307 0.099±  
700 0.047 0.011±  0.070 0.008± 0.022 0.009±  0.052 0.047± 0.045 0.012±  

Absorption 
Coefficient 

aµ  (
1mm−
) 900 0.062 0.005±  0.075 0.008± 0.027 0.011±  0.072 0.053± 0.050 0.015±  

540 2.44 0.58±  1.03 0.19±  2.17 0.33±  1.11 0.30±  1.90 0.51±  
700 1.42 0.30±  0.86 0.13±  1.34 0.19±  0.72 0.17±  1.18 0.31±  

Reduced 
Scattering 
Coefficient 

'sµ (
1mm−
) 

900 0.99 0.20±  0.79 0.11±  0.95 0.17±  0.53 0.14±  0.89 0.26±  

* Modified from Peters, V. G. et al. 1990. Optical properties of normal and diseased breast tissues in the visible and 
near-infrared. Phys. Med. Biol. 35: 1317-1334 
* The numbers in parentheses give the number of tissue specimens examined for each tissue type. [6] 

 
Recent studies have demonstrated that the near-infrared photon migration is sensitive 

to several important tissue biochemical compositions; for instance, especially in the 

400~600 nm range, hemoglobin is strong, and could even be seen as some hemoglobin 

contamination in some of the spectra. Thus, dual-wavelength was introduced into DOT 

researches for quantifying the concentrations of de-oxy hemoglobin (reduced hemoglobin  

Hb R− ) and oxy-hemoglobin ( 2Hb O− ) in tissue. However, research suggests that the 

near-infrared light absorption in breast is produced by more than just hemoglobin. In the 

intact living human breast, the most significant light absorbers include hemoglobin, 

melanin, water, carotene, proteins and DNA. As reported, the absorption increases toward 

shorter wavelengths owing to the protein absorption, and toward longer wavelengths due 
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to water absorption. That is to say, water and lipid, although they are just weak near-

infrared light absorbers, for their high abundance in the breast, could shadow a significant 

influence on absorption relative to hemoglobin in the wavelength of 900~1000nm range, 

especially water.  

The scattering properties of the tissue also yield important physiologic and 

pathological information. However, the distribution of near-infrared light scattering in 

tissue is not well understood yet. However, multi-spectral near-infrared light 

measurements of the reduced scattering coefficient 'sµ  have still shown there are 

relationship between scattering and wavelength. The scattering decreases with the 

increase of wavelength. At shorter wavelengths below 600 nm, the scattering behavior is 

likely dominated by scattering from the periodicity and size of refractive index 

fluctuations of the collagen fibrils in the size range of 70 nm to hundreds of nm; whereas 

at longer wavelength behavior beyond 600 nm, the scattering behavior is increasingly 

dominated by scattering from the larger cylinders of collagen fibers (2-3 µm diameter) 

composed of collagen fibrils. Similar to other biological tissues, all cellular and extra-

cellular components within the breast tissue contribute to light scattering; thus, besides 

the collagen fibers at the micro and macro scale, other tissue components also contribute 

to the overall scattering, but the collagen fibers probably play the main role in scattering 

behaviors. Thus, information about the types of the scattering centers within certain 

lesion of breast tissue could be provided by spectral measurements to the scattering 

coefficient. 

Recent advances in our experimental studies have provided reconstruction datum and 

images with separate aµ  and 'sµ , and phantom experiments have presented solid 
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evidence that the reconstruction value has no clear differences with the practical designed 

value. In this work, the principal near-infrared light absorbers within the breast tissue are 

assumed to be de-oxy hemoglobin ( Hb R− ), oxy-hemoglobin ( 2Hb O− ) and water 

( 2H O ). For the scattering coefficient 'sµ , we made use of some a priori information, 

that is, the introduction of the simple power-law which is well known in the near-infrared 

light theory.  As a result, the scattering amplitude and the scattering power were reported 

in each experiment. 
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CHAPTER 3 
MATERIALS AND METHODS 

General Approach 

The chromophore concentration on the absorbance of near-infrared light depends on 

[ ]a c lµ ε= , where ε  is the molar extinction coefficient ( 1 1M cm− − ), [ ]c  is the 

concentration of chromophore c  ( 1ML− ), and l  is the photon path length (cm). the path 

length l  is increased by scattering and is not known a priori. As reported, the absorption 

coefficients translate into tissue chromophore concentrations based on the equation 

[ ]2.303a cµ ε=          (12) 

where the factor of 2.303 originates from the base conversion between the logarithm for 

absorbance and the natural logarithm for aµ  [7, 8, 9]. 

We assume that the chromophores contributing to aµ  in the human breast tissues are 

principally de-oxy hemoglobin ( Hb R− ), oxy-hemoglobin ( 2Hb O− ) and water ( 2H O ) 

(Cope 1991; Sevick et al. 1991) . Thus, the concentrations of components in the tissue we 

need to determine for study includes the concentration of de-oxy hemoglobin [ ]Hb  (in 

units of Mµ ), oxy-hemoglobin [ ]2HbO  (in units of Mµ ) and water [ ]2H O  (in units of 

percentage) in the tissue. The respective extinction coefficient 
[ ].chrom

λε  for a given 

chromophore at wavelength λ , could be obtained from literature values. In the 

experiments, as the absorption coefficients a
λµ  are measured from 3 to 10 wavelengths 

optionally [10, 11], we could use at least three equations to determine the three unknown 
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quantities of the functional concentrations of [ ]Hb , [ ]2HbO , and [ ]2H O . The extinction 

coefficients of all the wavelengths are listed in the following table [12]: 

Table 3-1. The Extinction Coefficients of All the Wavelengths in the Experiments 

λ  (nm) 2HbO ( 1 1M cm− − ) Hb ( 1 1M cm− − ) 
Optical Absorption of Water 
Compendium ( 1cm− ) 

673 287.8 2668.24 0.00478 
690 276 2051.96 0.005535 
733 403.2 1102.2 0.023144 
775 683.2 1188.28 0.027565 
808 856 723.52 0.021773 
840 1022 692.36 0.039494 
915 1219.8 778.22 0.076 
922 1225.6 777.04 0.09268 
965 1175.6 484.34 0.470099 
 
785 735.4 977.04 0.025933 
808 856 723.52 0.021773 
830 974 693.04 0.0320205 
 

The scattering spectrum of tissue yields information on the nature of the scattering 

particles. In general, ( )'sµ λ  is the sum of contributions from the various tissue scatterers. 

Unfortunately, the detailed information about these individual scatterers was not well 

understood yet. Since it has been observed that the reduced scattering coefficient has a 

general trend to decrease as the wavelength increased, with some a priori information, 

the simple power-law dependence were employed to fit the near-infrared light scattering 

in tissue [7, 8]: 

' SP
s Aµ λ−=           (13) 

where A  is the arbitrary model parameters for amplitude (a constant), λ  is he 

wavelength (in nanometers), and SP , the magnitude of the exponent, is the scatter power. 

As known, the value of scattering power SP  increases significantly as the decreasing of 

the scattering center size, combined with the optical wavelength. In the case of Rayleigh 
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scattering ( d λ , where d  is the scattering center size, and λ  is the responsible 

wavelength), 4SP =  is well established. As scattering objects become larger size, the 

scatter power SP  decreases to approximately 1 for larger Mie-like scatters ( d λ∼ ); and 

the value of SP  decreases to zero when d λ  [8, 13]. 

Instrument and Calibration 

System Setup 

There are two imaging systems used for the clinic experiments are automated multi-

channel frequency-domain systems, both of which employ multiple diode lasers that 

provide visible and near-infrared light. The DOT system setups are schematically shown 

in the Following Figure. One could provide near-infrared laser at 3 different wavelengths 

(785, 808, and 830nm), and the other at 10 different wavelengths (638, 673, 690, 733, 

775, 808, 840, 915, 922 and 965nm). The ring of the instruments holds different layers of 

fibre bundles, and each of those layers has 16 source and 16 detection fibre bundles 

alternately distributed by turns. The radio-frequency intensity-modulated near-infrared 

beams are transmitted to the optical switch, and sequentially be passed to the source 

probes that gently touched the surface of the experiment materials or clinic human breasts. 

The diffused light collected by the detection fibre bundles is then sensed by the detection 

Units, which convert the light intensity into voltage signals, which are collected by the 

computer through the data acquisition board. We use the measured data for absorption 

and scattering images through our reconstruction algorithm. 
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Figure 3-1. Schematic of 2 experimental systems.  a. Schematic of the experimental 
system with 10 wavelengths  b. Schematic of the experimental system with 3 
wavelengths 
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System Calibration Method 

It has been demonstrated that the system calibration could provide helpful aid to the 

quantitative reconstructions of both absorption and scattering coefficients in turbid media 

[14]. In clinical experiments, the diameters of breasts various from person to person, a 

data base for calibration has better to be established. For 2D imaging experiments, the 

calibration procedure could be described as following approaches: 

(1) Make a group of homogeneous phantoms with different diameters of interest for 
data base. 

(2) Perform experiments individually with the homogeneous phantoms and collect the 
measured data { }ijD  respectively for each phantom. 

(3) For each set of measured data ijD , find the respective initial values of absorption 
coefficient aµ , reduced scattering coefficient 'sµ  and the boundary conditions 
coefficient α . 

(4) Generate a 2D finite element mesh with the same diameter for each phantom. Using 
a unit source intensity for the 16 illuminated positions, simulate the 2D photon 
propagation with the initial values of the optical properties and the boundary 
conditions coefficient α  obtained in the former approach, then a new set of data 

*
ijD  could be generated. 

(5) Obtain a factor matrix ijf using the following equation 

* ,         i, j=1,2, ,16ij ij ijf D D=            (14) 

The factor matrix ijf  could be added into the calibration data base. For experimental 

data of whether heterogeneous phantom or clinical breast, multiply ijf  from the 

homogeneous phantom with the nearest diameter by the experiment data set { }ijE , a final 

calibrated data set { }*
ijE  could be obtained, and used for further image reconstruction 

* ,         i, j=1,2, ,16ij ij ijE f E=        (15) 
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Phantom Experiments for System Calibration 

Phantom is used as an object to make in imitation of biological tissues in terms of 

absorption and scattering coefficients. In our study, the phantom materials employ 

composition of Intralipid as the scatterer and India Ink as the absorber, as the Intralipid is 

an aqueous suspension consist of glycerin, lecithin, soybean and water. A boiled agar 

powder solution in a concentration of 2% is chosen as the hardener to solidify the 

aqueous mixture of Intralipid and India Ink, taking advantage of its non-absorption and 

low-turbidity.  

Considering the various size of human breast, homogeneous phantoms in different 

diameters (60mm, 70mm, 90mm, 100mm, and 110mm) were prepared for the imaging 

experiments under the calibration method. The optical properties of phantoms in 

calibration experiments are the same: 10.005 a mmµ −= , and 1' 1.0 s mmµ −= . 

Results of Calibration Experiments 

To examine the results of calibration data base, heterogeneous phantoms that have 

similar diameters to the homogeneous phantoms were employed during the examination 

for calibration experiments. The optical properties for the background of the 

heterogeneous phantoms are still the same with the homogeneous phantoms: 

10.005 a mmµ −= , and 1' 1.0 s mmµ −= ; and a single target was embedded in each 

homogenous background phantom, with position departs from the center. Thus, one 

14mm  diameter hole was cylindrical drilled in each homogenous background phantom 

for the inclusions of the target. As the related researches have shown that there is obvious 

difficulty to get quantitative optical images under conditions of very low absorption 

contrast, and this instance do not happen under conditions with just low scattering 
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contrast or both low absorption and low scattering contrast. Considering this, the optical 

coefficients of the off-center targets for the heterogeneous phantoms in the calibration 

examine experiments were set as low absorption contrast only, that is 10.010 a mmµ −= , 

and 1' 1.0 s mmµ −= . The following figure depicts the geometrical configurations for the 

test cases of phantom diameter under study. 

 
Figure 3-2 . Geometry of the phantom configuration 

Figure 3-3 present the reconstructed absorption images, both without calibration and 

with calibration, from phantom experiments in diameters 60mm and 70mm, respectively, 

take the imaging data from the same iteration of reconstructed data with the same filter 

times, and from the same wavelength (take 922nmλ = , in which wavelength it is almost 

the most difficult than most other wavelengths for quantitative absorption images). 

From the Fig. 3-3, the results accords very good with our former conclusion. In other 

words, when the heterogeneous phantoms has the same diameter as the homogenous 

phantom that used for obtaining calibration data, the calibration method could improve 

the quantitative optical images in size, shape and value, even under the conditions of very 

low absorption contrast. 

s

2 7R mm=
1 / 2R d=  
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 a b 

c d 

Figure 3-3 Comparison between the reconstructed absorption images of original data (left 
column) and of calibrated data (right column) for cases of 2:1 absorption 
contrast. a and c are the reconstructed absorption image from the original data 
in diameter 60mm (first row) and 70mm (second row) respectively; b and d 
are the corresponding absorption image from the data with calibration 
compare respectively to image a and c. 

In clinical experiments, the sizes of human breasts were not the same as the 

diameters we set for calibration phantom experiment. Thus, another group of experiments 

were performed. As the space between different homogenous phantoms is 10mm, we 

could use the calibration data from phantoms whose diameters border upon the diameter 

of the heterogeneous phantoms. Take the data from heterogeneous phantom (Absorption 

only, 10.007 a mmµ −=  and 1' 1.0 s mmµ −= ) with diameter of 100 d mm=  for example, 

we use calibration data from homogenous phantoms with diameters of 90mm, 100mm, 
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and 110mm respectively. Figure 3.4 present the corresponding reconstructed absorption 

images for 922nmλ = . 

a b 

c d 

Figure 3-4 Reconstructed absorption images for heterogeneous phantoms with or without 
calibration from different diameters in the case of 1.4:1 absorption contrast  

In the Figure 3-4 (where the Figure 3-4 a is the reconstructed absorption image for 

original data without any calibration, and Figure 3-4 b, 3-4 c, and 3-4 d are the 

reconstructed absorption images for data with calibration of 100mm, 90mm, and 110mm 

respectively), obviously the results are much better for calibrated data, even with 

calibration data from that of homogenous phantoms with different diameters. Comparing 

to the reconstructed image of 100mm-calibrated data, there are slight shifts for the target 

position for 90mm-calibrated and 110mm-calibrated data, and the sizes of target changes 

also. The maximum values of reconstructed data from 90mm-calibrated data and 110mm-
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calibrated data have errors around 5% compared to the maximum values of reconstructed 

data from 100mm-calibrated data, and the minimum values do not show visible errors 

among the three images. Since 10mm is the largest distance in the calibration data base, 

we can conclude that the errors of the values are acceptable in the experiments, and the 

calibration data base we obtained is suitable for most clinical case. 

Clinical Experiments 

Over the past years, more than 100 volunteers, healthy or having pathological lesions 

in their breasts, ranging from 30 years old to 80, have been enrolled in this study of 

optical clinical human female breast experiments. All these cases could be divided into 

two sets: patients in the first set have strong evidence of abnormality, and the patients 

grouped in the other set have mammograms with unclear significance. 

After each patient was informed about this experiment, the patients would undergo 

the procedure lasting about half an hour. The ring holding the optical fibre bundles was 

gently attached to examine the breast (only one breast) under the lesion position based on 

guidance or suggestion from professional doctors, without any discomfort or even 

significant pressure on the breast. When started, the breast would be illuminated by laser 

beams from a series of source probes, and at the same time, the detectors from multiple 

positions around the breast would collect the diffused light transmitted from the breast 

tissue. After these datum collections, our reconstruction algorithm could be applied for 

further study. 

In this paper we present representative cases from the selected subset of abnormal 

cases from 2 groups of patients (from 3 wavelengths to 10 wavelengths selectively, 

examined by two different system respectively), generate breast images with comparison 

to the mammograms, obtain absorption and reduced scattering coefficients with 
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calibration methods, and finally gain and analyze the optical properties and further 

functional information revealed by chromophore concentration from absorption 

coefficient aµ  and scattering properties from scattering coefficient 'sµ . 

The diseased human female breast could be divided into two categories as benign 

and cancer. The benign breast tumor includes Fibroadenomas, Fibrocustic Disease (Cyst) 

and miscellaneous lesions such as lipomas, blunt trauma, mastitis tissue and even 

ruptured or leaky silicone implants. These benign lesions are distinct pathologic entities, 

but for detection and diagnosis, they can be and usually are intermixed within the same 

breast. Thus, we selected clinical cases listed in the following table. 

Table 3-2 The Number of Lesions Selected for Experiment and Analysis 
Benign Lesions  Cancer Lesions Cyst Calcification Nodules 

OMH 4 4 3 14 
Greenville 7 2 3 4 
 

The data obtained in the OMH (Oconee Memorial Hospital) were collected for 10, 7 

or 5 wavelengths, considering the size of the breast; and the data obtained in the hospital 

of Greenville were collected for 2 or 3 wavelengths. 

Fitting Consideration 

Absorption Fitting 

With the measured absorption coefficients aµ  and relative absorption spectrum, a 

weighted least-squares problem is put forward for recovering the concentrations of 

absorbers in breast tissues. The dependence equations 
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       (17) 

could be written in a more general form 

{ } [ ]{ }a E cµ =           (18) 

As { }aµ  is a vector containing the measured aµ  values for N wavelengths, and { }c  

is the vector containing the concentrations of M different chromophores interested in the 

study. And [ ]E  is the relative extinction coefficients N M×  matrix, where the traditional 

literature molar extinction coefficients should be convert into extinction coefficients by 

multiply a 2.303). Hence, a general solution for this matrix problem could be expressed 

as 

{ } [ ] [ ]( ) [ ] { }
1T T

ac E E E µ
−

=         (19) 

To minimize calculation errors, normalizing scheme were employed to balance the 

variation of elements in the extinction coefficients matrix [ ]E  by normalize columns of 

extinction coefficients for each chromophore with their respective maximum. Assuming 

,  1, 2,iM i m=  are the maximum value for extinction coefficient { }( ) ,  1, 2, ,i j j nε λ = , 

the normalized extinction coefficient matrix convert into 

1 1 1
1

1
1
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Then { } { }
1

,
T T

ac E E E µ
−

⎡ ⎤= ⎢ ⎥⎣ ⎦
 and finally 1

i i
i

c c
M

=      (21) 

For these cases we report four hemoglobin parameters: [ ]Hb , [ ]2HbO , total 

hemoglobin concentration HbT , and the hemoglobin saturation 2tS O , where 

[ ] [ ] [ ]2HbT Hb HbO= +          (22a) 

[ ]
[ ] [ ]

2
2

2
t

HbO
S O

Hb HbO
=

+
         (22b) 

Scattering Fitting 

The wavelength-dependent tissue reduced-scattering coefficient is assumed to take 

on this simplified Mie-scattering form ( ) SP
s Aµ λ λ−′ =  as described in the beginning of 

this chapter. A  and SP  are related to the size, the index of refraction, and the 

concentration of scatterers in the tissue as well as the index of refraction of the 

surrounding medium. This Mie-scattering form is judged as a robust nonlinear form, and 

is transformed into a linear form 

ln ( ) ln lns A SPµ λ λ′ = − ×         (23) 

For every two wavelengths iλ  and jλ  we could obtain a relative ln ijA  and ijSP , 

hence, the final ln A  and SP  were gained as the average value of a group of relative 

ln ijA  and ijSP  

1

1 1

1 ( 1)exp ln ,  as '
' 2

n n
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= = +
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⎝ ⎠
∑ ∑       (24a) 
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−
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where n is the number of measured wavelengths. 
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CHAPTER 4 
RESULTS AND DISCUSSIONS 

Tumor Result-Images for Selected Examples 

All these volunteers that were selected for our studies including benign and cancer 

patients, have 41 abnormal lesions, which could be divided into 4 primary kinds of breast 

tumors: 18 benign nodules, 6 calcifications, 6 cysts, and 11 cancers. All lesions were 

examined by professional physician and showed clear signs on mammography or have 

distinct evidences on other examination reports. Figure 4-1 shows a rough relationship 

between the clinic breast front views (which was used for the breast examination reports) 

and our 2D optical images. In the following section, we will discuss some selected cases 

(in Fig 4.2 – 4.5, we present one selected patient for each disease category), in order to 

gain a general view before further quantitative analysis. 

 Nodule 

This patient is a 43-year old white female with two smooth lobulated solid nodules 

presented in the medial aspect of the left breast at the 9:30 o’clock. The more anterior 

nodule measures 5.8mm × 4.8mm × 8.3mm, and the mid left breast nodule measures 

6.9mm × 3.6mm × 9.1mm. These two nodules lasted for at least six months before our 

optical imaging, and were recommended to follow up examinations in another six months 

to access stability. The optical image experiments were done by the 10-wavelengh-

system, and 64 sources and 64 detectors were distributed uniformly for four planes along 

the surface of patient’s left breast at the lesion position (the respective radii of the four 
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layers that attach the breast are: 1 46.42 r mm= , 2 44.06 r mm= , 3 42.18 r mm= , and 

4 40.30 r mm= ; 16 sources and 16 detectors at each plane). As layer 1 ( 1 46.42 r mm= ) 

showed the most similar results compare to the mammography and ultrasounds report, so 

we took the plane 1 for further studies. And the x-ray mammography (Figure 4-2a) and 

our optical imaging results (Figure 4-2b – 4-2e) are presented as figures 4-2. 

 

Figure 4-1 Corresponding position from report to optical 2D images.  a The Front View 
on Breast Examination Report.  b The 2D Image View for Experiment Results 
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Figure 4-2 The X-ray mammography, reconstructed optical properties and functional 

information images of a selected nodule case.  a. The X-ray Mammography 
for this patient.  b. The Respective Absorption Coefficients Images from 
Wavelength 638nm to 922nm.  c The Resolved Chromophore Concentration 
Images from Absorption Coefficients.  d Respective Reduced Scattering 
Coefficients Images from Wavelength 638nm to 922nm.  e Scattering 
Amplitude and Scattering Power Images 

c
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Figure 4-2 Continued. 

Hence, the two disease lesions near the 9:30 position were distinct at the 

corresponding position of optical images for both absorption and reduced scattering 

coefficients from the shortest wavelength 638nm to 840nm. Unfortunately, for the 

longest three wavelengths, we could not obtain reconstructed images with lesions legible 

for further study, due to the weaker signals. Therefore, we use those qualified 

reconstructed datum for resolving chromophore concentrations, scattering amplitude, and 

scattering power. Those two tumors were distinct around 9:00 o’clock position in images 

for de-oxy hemoglobin concentration, oxy-hemoglobin concentration, and water content: 

all the functional information of the two tumors shows an increase compared to the 
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surrounding tissue. Total hemoglobin concentration HbT , and the hemoglobin oxygen 

saturation 2tS O  were also gained. Only the HbT  shows increases at the tumors’ 

positions, but at the corresponding position, no tumor emerged in shape. For resolved 

scattering amplitude and power images, tumors are visible, showing increases for 

scattering amplitude and decreases for scattering power at their respective positions. 

 Calcification 

This patient was a 65-year-old white female with the presence of coarse 

calcifications which were clustered together in the upper outer right breast at 10 o’clock 

position. No underlying soft tissue component is apparent on the spot compression views. 

In addition to the ultrasound, there is a fairly well circumscribed slightly lobular 

hypoechoic focus associated with the calcifications, which measures approximately 5mm 

× 8mm in size and could represent fat necrosis. The optical image experiments were also 

done by the 10-wavelengh-system, with the radii for three planes along the surface of 

patient’s right breast at the lesion position are: 1 36.43 r mm= , 2 34.07 r mm= , and 

3 32.19 r mm= (the probes for the 4th plane was not touched fully on the breast because of 

its own shape). Layer 1 ( 1 36.43 r mm= ) showed the best results compared to the 

mammography and ultrasounds report. And the x-ray mammography (Figure 4-3a) and 

our optical imaging results (Figure 4-3b – 4-3e) are presented as Figures 4-3. 
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Figure 4-3 The X-ray mammography, reconstructed optical properties and functional 
information images of a selected calcification case. a The X-ray 
Mammography for this patient.  b The Respective Absorption Coefficients 
Images from Wavelength 638nm to 922nm.  c The Resolved Chromophore 
Concentration Images from Absorption Coefficients.  d Respective Reduced 
Scattering Coefficients Images from Wavelength 638nm to 922nm. e 
Scattering Amplitude and Scattering Power Images 
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Figure 4-3.  Continued. 

Still, the absorption and reduced scattering images were vivid, and the lesion position 

is in accordance with the examination reports, except the images for the longest 3 

wavelengths. Clearly, the calcification lesion at 10 o’clock position is apparent on almost 

all the resolved functional coefficients images except for the concentration of 2tS O . 

Remarkably, the nodule which could be fat necrosis was not apparent on mammograms 

and only shadowed on the ultrasound examination, but did appear clearly on our optical 

images for most wave lengths in terms of both absorption and reduced scattering 

coefficients. Also, the resolved images for chromophore concentration (except 2tS O ), 

scattering amplitude and scattering power, shadowed this nodule near the corresponding 
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location. Both the calcification and nodule lesion present in silhouette, with increases in 

chromophore concentrations and scattering amplitude, and decreases in scattering power. 

 Cyst 

This patient was a 43-year-old female during our optical breast experiments. The 

reports clinical recorded that there was a persistent 2.3cm diameter smooth round nodular 

density, which was demonstrated to be a benign cyst. The physician indicated the cyst to 

be located at the 12 o’clock position. A moderate to large amount of dense residual 

fibroglandular tissue within the left breast was also present on the mammography. A 

small asymmetric oval area of density could be seen in the inferior half of the left breast 

on the MLO view; however, ultrasound examination suggested no dominant masses in 

the region of the palpable abnormality. To explain this, her ultrasound report also pointed 

out that the density of the breast was such that it might decrease sensitivity of 

mammography for detection of malignancy. The 10-wavelengh-system again were 

employed for the corresponding optical imaging experiments, performing four-plane 

measurements for the lesion position, and the respective radii are: 1 49.04 r mm= , 

2 46.68 r mm= , 3 44.80 r mm= , and 4 42.92 r mm= , and the fourth layer were selected 

out for further researches. 

We could see visible tumor at the 12:00 o’clock position in reconstructed absorption 

and reduced scattering coefficient images for the middle region of wavelengths. For 

resolved functional coefficients, there are corresponding increases for this tumor at the 

respective position in images for de-oxy hemoglobin concentration [ ]Hb , oxy-

hemoglobin concentration [ ]2HbO , water content, total hemoglobin concentration HbT  

and scattering power; however, no significant decreases or increases were present at the 



36 

 

diseased lesion in the image of scattering amplitude, and neither in the oxygen saturation 

2tS O  image. Interestingly, those tissue density that recorded in her mammography reports, 

do increase the value contrast to the cyst value in the resolved chromophore 

concentration images, comparing to the images of absorption and reduced scattering 

coefficients, which made them more similar to the normal background in the 

chromophore concentration images.  

 

Figure 4-4 The X-ray mammography, reconstructed optical properties and functional 
information images of a selected cyst case.  a The X-ray Mammography for 
this patient  b The Respective Absorption Coefficients Images from 
Wavelength 673nm to 922nm  c The Resolved Chromophore Concentration 
Images from Absorption Coefficients  c Respective Reduced Scattering 
Coefficients Images from Wavelength 673nm to 922nm  e Scattering 
Amplitude and Scattering Power Images 
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Figure 4-4 Continued 
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Figure 4-4 Continued 

 Cancer 

This patient was a 62-year-old white female with two cancer masses diagnosed with 

the needle biopsy report. After our optical image experiment, the patient had surgery on 

her breast and removing the lesions. In her screening mammography reports, these two 

cancer lesions were reported as two increasing microcalcifications, one in the 

inferomedial quadrant near the dominant mass and the other in the central aspect of the 

mid breast. A few other small clusters of microcalcifications are seen laterally in the right 

breast, and more likely to be related to a benign process such as sclerosing adenosis or 

cystic hyperplasia. In addition, there was a small to moderate amount of dense residual 

fibro-glandular tissue in the breast. 

This experiment was performed on the the 10-wavelengh-system, with only two 

layers of source-detector probes touch patient’s breast surface at the lesion position and 

the respective radii are: 1 65.60 r mm= , and 2 63.24 r mm= , and the experiment datum 

collected in the second plane showed better results. 

Here, the two cancer tumors were present at the correct positions according to the 

surgery reports for reconstructed absorption images, but were not as clear in the 
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reconstructed reduced scattering images. After analysis, the two cancer tumors were more 

clear-cut in silhouette as in de-oxy hemoglobin concentration [ ]Hb , oxy-hemoglobin 

concentration [ ]2HbO , water content, total hemoglobin concentration HbT , scattering 

amplitude and scattering power. In this case, corresponding increases were present at 

images for [ ]Hb , [ ]2HbO , HbT , and scattering power; and decreases were present at 

images for water content and scattering amplitude. In addition, decreases in oxygen 

saturation 2tS O  could also be observed at the cancer tumors lesions, although the margins 

were not so fairly well circumscribed. Again, the uncertain tissues that have low contrasts 

compared to the cancer tumors’ values in the absorption and reduced scattering 

coefficient images, do increase their value contrast in the resolved chromophore 

concentration images. 

 

Figure 4-5 The X-ray mammography, reconstructed optical properties and functional 
information images of a selected cancer case.  a The Respective Absorption 
Coefficients Images from Wavelength 638nm to 922nm  b The Resolved 
Chromophore Concentration Images from Absorption Coefficients  c 
Respective Reduced Scattering Coefficients Images from Wavelength 638nm 
to 922nm  d Scattering Amplitude and Scattering Power Images 
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Figure 4-5 Continued 
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Discussions 

In this section, we will discuss the functional properties we obtained. Different 

function parameters were illustrated in correlation plots and compared, and the major part 

of our discussion is on hemoglobin concentration. Followed a general view on the 

selected cases we presented and the correlation plots of 2[ ] [ ]Hb HbO− , total hemoglobin 

concentration HbT  were investigated with age and oxygen saturation 2StO  in order to 

evaluate the feasibility of separating different breast diseases. Water content and 

scattering power were also briefly analyzed with problems presented.   

Hemoglobin Concentration 

Represented cases 

Before quantitative analysis, we obtained some general results that emerged from 

these selected cases we present above for different breast disease categories. All subjects 

with confirmed pathologic abnormalities produred respective localized increases in both 

de-oxy hemoglobin concentration [ ]Hb  and oxy-hemoglobin concentration [ ]2HbO :  

(a) Nodule case (the two nodules combined at 9:30 o’clock): the resolved images 

recorded them as: Nodule 1 has a mean de-oxy hemoglobin concentration [ ]Hb  for about 

12 Mµ (peaked at approximate 16 Mµ ), and the mean oxy-hemoglobin concentration 

[ ]2HbO  for about 45 Mµ (peaked at approximate 59 Mµ ); Nodule 2 has a mean de-oxy 

hemoglobin concentration [ ]Hb  for about 10 Mµ (peaked at approximate 14 Mµ ), and 

the mean oxy-hemoglobin concentration [ ]2HbO  for about 30 Mµ (peaked at 

approximate 40 Mµ ). Thus, the relative mean total hemoglobin HbT  is about 55 Mµ  

(peaked at approximate 70 Mµ ) and 43 Mµ ( peaked at approximate 50 Mµ ) 
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respectively. No decreases for the hemoglobin oxygen saturation 2tS O were observed at 

the corresponding location for these two nodules.  

The additional nodule lesion in the calcification case had a mean value about 10 Mµ  

for [ ]Hb (peaked at approximate 13 Mµ ) and 47 Mµ  for [ ]2HbO (peaked at approximate 

60 Mµ ); hence its relative average HbT  is about 56 Mµ ( peaked at approximate 

71 Mµ ), with no clear decreases in 2tS O  were observed at the corresponding location. 

(b) Calcification Case (calcification located at 10 o’clock position): This lesion was 

imaged with a mean value 9 Mµ  in [ ]Hb  (peaked at approximate 11 Mµ ) and 45 Mµ  

for [ ]2HbO (peaked at approximate 58 Mµ ), which suggested the mean total hemoglobin 

concentration HbT  was 54 Mµ  (peaked at approximate 68 Mµ ). Again, no decreases in 

the hemoglobin oxygen saturation 2tS O  were observed. 

(c) Fibrocustic Disease (Cyst) Case: (a simple cyst located at approximate 12:00 

o’clock position): The resolved images indicate a mean de-oxy hemoglobin concentration 

[ ]Hb  of 13 Mµ (peaked at approximate18 Mµ ) and a mean oxy-hemoglobin 

concentration [ ]2HbO  of 19 Mµ  (peaked at approximate 40 Mµ ). Therefore, the mean 

total hemoglobin concentration HbT  was close to 31 Mµ  (peaked at approximate 

49 Mµ ), and no decreases for corresponding location of 2tS O  similar to the other cases. 

(d) Cancer Cases (Two cancer tumors): The mean values of [ ]Hb  for tumor 1 was 

20 Mµ (peaked at approximate 27 Mµ ), and the relative [ ]2HbO  was 51 Mµ (peaked at 

approximate 62 Mµ ); similarly the mean values of [ ]Hb  for tumor 2 was 15 Mµ (peaked 

at approximate 17 Mµ ), and the relative [ ]2HbO  was 45 Mµ (peaked at approximate 
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51 Mµ ). Their corresponding total hemoglobin concentrations HbT  averaged at 

approximate 70 Mµ  and 60 Mµ , and peaked at about 87 Mµ  and 68 Mµ  respectively. 

In contrast to the benign cases, legible decreases could be recognized in the 

corresponding locations of the hemoglobin oxygen saturation 2tS O  image, although it 

was not clear-cut. 

At this stage of our clinical investigation, it is obvious to note that the abnormal 

tissues have higher hemoglobin concentration comparing to their surrounding normal 

background; and these increases should correlate with the blood vessel density. The two 

cancer tumors presented the highest hemoglobin concentration, whereas the reflected cyst 

case presented the lowest value. It appeared that the nodules and the calcifications in the 

cases we presented did not show distinct differences in the total hemoglobin 

concentration, nor did their individual de-oxy hemoglobin concentrations and oxy-

hemoglobin concentrations. Thus, questions about the possibility on diagnose aid from 

the hemoglobin resolution remained to be answer, and a furthermore approach then 

started.  

41 Cases 

Total hemoglobin concentration 

In Figure 4-6, we presented all cases for de-oxy hemoglobin concentration [ ]Hb and 

oxy-hemoglobin concentration [ ]2HbO  from reported diseased lesions (as (a) illustrates 

the mean concentration of the diseased lesions, and (b) illustrated their corresponding 

peak values), slight gap emerged as differentiation the malignant cancer tumors from 

benign tumors accord with the selected cases we presented above. As the malignant 

cancer tumors showed high values in both [ ]Hb  and [ ]2HbO , total hemoglobin 
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concentration (average values) were calculated and graphed in Figure 4-7 with patient 

ages. Three patients did not repeat their ages and were not included in the graph. The 

average total hemoglobin concentration of the corresponding diseased lesions were 

approximate 35 Mµ  (calcification), 80 Mµ  (nodule), and 5 Mµ  (lymph node nodule) 

respectively. 
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Figure 4-6 Graph illustrates the quantitative value for the raw de-oxy hemoglobin 

concentration [ ]Hb and oxy-hemoglobin concentration [ ]2HbO  from reported 
diseased lesions,  a mean values from the lesions, and  b peak value. For the 
special cases that illustrated lower concentration comparing to their 
surrounding tissues, we picked out the corresponding minimum values. 
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Figure 4-7 Mean hemoglobin concentrations of reported diseased lesion 

Physiologically, it has been demonstrated that most miscellaneous lesions (nodule 

cases, including blunt trauma, mastitis and so forth), usually stimulate increased blood 

flow into the very tender, firm affected area [5]. Another familiar tumor always reported 

as miscellaneous lesions, lipomas, is a benign fat tumors made up of mature adipose cells. 

Lipomas might have similar absorption and scattering characteristics as the surrounding 

fat, but should tend to have more blood vessels than them; however, its vascularity may 

not be sufficient enough to differentiate the tumors from the normal tissues. By and large, 

most miscellaneous lesions should reflect higher hemoglobin concentrations due to a 

more sufficient localized blood flow; even in the lipomas cases, though they might not 

have distinct higher hemoglobin concentrations than normal tissue (but should be no less 

than that of normal tissues), their corresponding hemoglobin concentrations should help 

differentiate them as they are always correlated with plenty of surrounding fat which 

have extremely low hemoglobin concentrations. Not only the typical cases we presented 
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out here, but all the 17 miscellaneous lesions we investigated, the nodule lesions could be 

estimated with higher hemoglobin concentrations comparing to its surrounding tissues 

except two: one was reported as indistinct abnormalities of fibroglandular, and the other 

one was at last demonstrated to be clusters of lymph node (a small bean-shaped structures 

that are found throughout the body, acting for filter substances in lymph and help fight 

infection and disease); both of which should have lower vascularity physiologically. The 

mean values for total hemoglobin concentrations of normal breasts usually ranged from 

greater than 20 Mµ  to less than 50 Mµ  as K. D. Paulsen et al investigated in clinical 

cases [15, 16, 17], the hemoglobin concentrations for our nodule lesions were mostly 

more than or approximate at 50 Mµ  in average values (11 cases), 4 cases approximate in 

the normal ranges, and the indistinct fibroglandular (approximate 16 Mµ  in average) and 

distinct lymph node (approximate 5 Mµ  in average) referred just now has lower total 

hemoglobin concentrations than normal tissue as showed in its corresponding image. The 

results accorded well with what the Physiological and Pathology theories suggested. 

The fibrocystic disease or fibrocystic change of breast tissue covers a broad spectrum 

of localized or diffuse stomal and glandular alterations that can produce diffuse masses, 

distinct tumors and/or non-palpable lesions [5]. The cases we selected for investigation 

have been diagnosed with large or small liquid-filled cysts formed by the dilatation of 

ducts. Customarily, cysts are a very common breast disease and rarely associated with 

cancer. Unlike cancerous tumors which are solid, cysts are masses that generally 

containing dark brown fluid in the breast. The fluid obtained from cysts usually contains 

degenerated cells, secretions and blood that may or may not have distinctive absorption 

characteristics. Theoretically, the fluid-filled cysts should reflect lower total hemoglobin 
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concentration than the solid tumors for the reason of containing plenty of non-bloody 

fluid. Comparing to what we obtained that illustrated in graph of Figure 4-6, by 

appearances, most cysts did exhibit obvious lower HbT  than most other diseased lesion 

categories. 

The third category we focused on, calcifications, are tiny flecks of calcium, like 

grains of salt, in the soft tissue of the breast that can sometimes indicate the presence of 

an early breast cancer [5]. Calcifications usually are not detected by ultrasound, but on 

the other hand, they could appear on a mammogram. Using our technique, we could 

image calcifications lesions, and differentiate them in relative chromophore concentration 

images successfully. But when making comparisons to other lesion categories in 

hemoglobin concentration, we could not differentiate benign calcifications clearly from 

miscellaneous lesions and cancer cases. Studies reported that big calcifications 

(diagnosed as “macrocalcifications”) are not always associated with cancer. Groups of 

small calcifications huddled together, (diagnosed as “clusters of microcalcifications”) are 

usually combined to extra breast cell activity—most of which are non-cancerous extra 

cell growth. But sometimes clusters of microcalcifications, the tiny calcium deposits 

occuring in areas of early cancer, could be regarded as the first x-ray evidence of cancers. 

Hence, the calcifications lesion should have higher hemoglobin concentration correlated 

with extra cell growth needing for a more sufficient localized blood flow, and some cases 

that have clusters of microcalcifications might demonstrate some comparability to early 

cancer cases since the malignant tumors are usually associated with increased 

microcalcifications. 
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The malignant tumors in breast are cancer that may be life-threatening [5]. 

Biologically, it has been demonstrated that various growth factors and cytokines inheres 

in cancer cells that could stimulate host responses of inflammation, blood vessel 

proliferation (cancer related angiogenesis) and fibrosis (desmoplasia). Hence, it is easy to 

apprehend that the malignant cancer tumors could reflect extremely high hemoglobin 

concentrations comparing to most benign tumors. 

Most of the diseased lesions involved in this investigation indicated increased total 

hemoglobin concentration compared to their surrounding tissue except the two nodule 

cases we referred to before; and all the diseased tumors could be distinguished from its 

surrounding tissues from quantitative hemoglobin concentration images in accord with 

the reported position. It appears that the optical mammography could allow most of the 

physical masses that were present on mammography are detectable and distinguishable 

not only for the images of optical properties ( aµ  and 'sµ ), but also for the images of 

hemoglobin concentration in vivo. Quantitatively, the results plotted in graph of Figure 4-

6 indicated that the mean values of total hemoglobin concentration can secrete functional 

information of different diseased lesions. The solid tumors (including solid nodules, 

calcifications and malignant cancer tumors) generally indicate significantly higher 

hemoglobin concentration than the tumors that contains non-bloody fluid (include cyst, 

fibro-glandular and lymph node cases); and the malignant cancer tumors generally 

shadowed significant higher hemoglobin concentration than most benign tumors except 

some cases that containing clusters of micro-calcifications. However, not all the lesions 

have significantly higher/lower hemoglobin concentration than the whole breast tissue 

plane for imaging, as even the normal breast itself is not a homogeneous organ, illustrated 
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in Figure 4-6 illustrated, we could detect that most of the non-bloody-liquid-contain 

tumors shadowed their corresponding average hemoglobin concentration in the normal 

tissue range. On the other hand, for the solid tumor cases, the possibility for quantitative 

hemoglobin concentration aiding diagnosis introduced its existence; since most solid 

tumors distinguished themselves not only from their surrounding tissue in the 

corresponding images directly, but also shadowed higher values compare to the normal 

tissues. It is also interesting to note that the malignant cancer tumors appeared to produce 

high hemoglobin concentration, as the hemoglobin concentration for most benign tumors 

are less than 60 Mµ  on average, while the malignant cancer tumors were usually greater 

than or at least approximate 60 Mµ . 

Hemoglobin concentration and oxygen saturation 

The total hemoglobin concentration appears to be a promising avenue for a 

diagnostic aid by quantitative optical chromophore concentrations image, providing a 

deeper view from hemoglobin concentrations. The total hemoglobin concentration is one 

factor correlated by de-oxy hemoglobin concentration and oxy-hemoglobin concentration, 

and the other important factor combined with them is the oxygen saturation. 

Theoretically, the oxygen saturation which is related to the 2pO  of oxygen in tissue, 

could help in evaluating the hypoxia in tumors [17]. Evidence have been accumulated 

that hypoxia is usually involved in a vicious circle of a fundamental biologic mechanism 

of the malignant tumors. Hence, the hypoxia was regarded as one of the critical factor for 

separating malignancies from benign tumors. As a result, in several cases of the 

malignant tumor exhibit smaller oxygen saturation compared to healthy tissue, but there 

are also cases for which the opposite holds true. As known, results of cases performed by 
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Fantini et al (1998), Tromberg et al (2000) and Chernomordik et al (2002) observed 

decreases in oxygen saturation of the tumor [18, 19, 20], whereas McBride et al (2002) 

and K. D. Paulsen et al  (2005) each reported a case with no essential difference in 

oxygen saturation between tumor and healthy tissue [21, 22]. Meanwhile, for clinical 

cases, Dirk Grosenick et al (2004) recorded that blood oxygen saturation enhanced in 

some cases and reduced in some other cases under the processing of dual wavelength 

time-domain optical mammography [23, 24]. 

From our oxygen saturation images, we could distinguish 4 malignant cancer tumors 

from its surrounding tissues with obvious oxygen saturation decreases; and 1 malignant 

cancer tumors have slightly decreases comparing to its surrounding health tissues in 

oxygen saturation, but the difference is not so significant to define the tumor shape; the 

other 6 malignant cancer tumors did not show differences in their oxygen saturation 

images. For the benign tumors, we observed 2 unclear decreases in the tumor position (1 

nodule and 1calcification), 3 clear decreases (1 calcification and 2 nodule including the 

fibroglandular nodule case), and 1 increase oxygen saturation cyst case, whereas the other 

cases presented no evident differences between the diseased lesion and healthy tissue. 

Thus, our results seem to suggest that oxygen saturation decreases were more often 

visible in vivo for malignant cancer tumors (5 out of 11 lesions) and calcification lesions 

which usually be regarded as signs for early cancer (2 out 6 cases). In Contrast, benign 

nodules usually do not differentiate obvious differences in oxygen saturation from their 

surrounding healthy breast tissue. For more quantitative analysis, as most tumors could 

not be distinguish out from normal tissues, whereas their corresponding total hemoglobin 

concentration images did show distinct difference from their surrounding tissue; hence, 
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we picked out one point from each tumor, i.e. the point showed peak value for total 

hemoglobin concentration (for those tumors showed lower HbT than their surrounding 

tissue, we picked out the point with minimum value in them) and then calculated their 

corresponding oxygen saturations. These quantitative data were plotted in a 2HbT StO−  

plane showed as Figure 4-7. Clearly, compared to Figure 4-6 just have one functional 

coefficient of HbT , the data in Figure 4-7 may be an improvement to distinguish the 

malignant cancer tumors from benign tumors. However, this approach fails to yield more 

information to distinguish fluid-filled cysts than using total hemoglobin concentrations 

alone. 

 

Figure 4-8 Graph illustrates the quantitative value for the maximum hemoglobin 
concentration and the corresponding oxygen saturations in reported diseased 
lesion 

Water Content 

As above discussed, our model results of hemoglobin concentration could accord 

with the nature of tumors, not only visible but also quantitative for both malignant and 
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benign cases. However, it may not be so promising when making quantitative analysis on 

the water content obtained by the absorption coefficients aµ .  

Similar to what was presented by the selected examples, most tumor cases could be 

visible and distinguish out at the acceptable location in accordance with what the 

mammography or ultrasound reports indicated. But the values of water content we gain 

were not reasonable enough to make further quantitative analysis: negative values (as the 

cancer cases we presented) or values exceed 100% (as the first nodule case we presented) 

existed in some cases. 

The water influence on the absorption coefficients in breast tissue was not as 

significant as hemoglobin especially for light in short wavelength range. Only in the long 

wavelength, particularly in the 900-1000nm range, did absorption by water present a 

stronger influence. The wavelength we choose for these experiments were between 

638nm to 965nm, which were considered to be in the range of central wavelength region, 

and the tissue absorption is the lowest which could provide the allowance for light 

penetration through a few centimeters of tissue. From the reconstructed absorption 

coefficient image, we could notice that we always obtain clear images in most short 

wavelength that influenced more by hemoglobin. The experiment data for longest three 

wavelengths we considered most helpful in separate the water characterization usually 

were too weak to gain qualify enough reconstructed optical coefficients. That might be 

the primary reason for the problems on the values of water contents. Besides, our model 

for chromophore concentration calculation was a simplified model which does not 

account enough for the complexity of the breast tissue. Based on this model, the influence 

from other absorbers such as melanin, carotene, proteins, DNA, vegetable oil and lipids 
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were neglected, which might reflect uncertain factors on the results. It has also been 

demonstrated that interactions of various chromophores with other tissue and cellular 

constitutents may cause spectral shifts in measurements taken in vivo when compared to 

those taken in vitro or as purified chromophores in solution. In addition, the tumor 

location and visible size may influence the accuracy of tumor optical properties. All these 

factors could be added into the uncertainty of results of the chromophores concentration. 

Scattering Spectra 

The scattering spectra were thought to provide important physiological content. To 

best of our knowledge, we expect the collagen-rich-tissue-rich-breast would display a 

higher scatter power than the breasts with more adipose. Visibly, the image results we 

obtained for scattering power using 10-wavelength experiment produced evidence to 

encourage the view that most of the diseased lesions could be distinguished clearly from 

the scattering power images (except 4 nodule and 1 cyst cases), with lesion positions well 

accord with the pathological diagnoses, whereas the results from 3-wavelength were not 

as good. Figure 4-9 presents the mean value of scattering power with their mean total 

hemoglobin concentration and age. There were no evident gaps between different tumors 

in the HbT SP−  (scattering power) plane that were observed. Tromberg et al (2002) 

have reported that scattering power showed decrease with age in normal breast [7], in our 

tumor cases, the decreases combined with age were not significant. Moreover, images of 

scattering amplitude failed to illustrate anything. 
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Figure 4-9 Graph illustrates the mean value of scattering power with the total hemoglobin 
concentration.  a and the patient age  b in reported diseased lesion. 

As the algorithm accounting for scattering amplitude and scattering power employed 

a non-linear to linear transformation and a linear to non-linear transformation; besides, 
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there are more than 2 equations for solving the two scattering parameters, thus, the 

combined equations might be ill-conditioned. Any small inaccuracy in the measurements 

of optical coefficients might be enlarged while calculation. Hence, it leaves future work 

for algorithm improvements on this.  

Conclusion 

During this investigation, patients suspected of having different breast diseases, were 

imaged using a multi-wavelength optical scanning in the frequency domains. Optical 

properties were reconstructed in certain wavelengths ranging from 638nm to 965nm, and 

calculating the physiological functional information such as hemoglobin concentration, 

water content, scattering amplitude and power, with the introduction of their 

corresponding spectra. Detectability of tumors for these physiological functional 

coefficients was recorded and evaluated through comparison with breast x-ray 

mammography and ultrasound reports, or biopsy reports if suitable.  

For 41 diseased lesions we selected, all of them could be detected and distinguished 

by oxy-hemoglobin and de-oxy hemoglobin concentration. Additional factors such as 

total hemoglobin concentration and oxygen saturation were also obtained and analyzed. 

The quantitative values of total hemoglobin concentration were in accord with the 

physiological and pathological nature of different tumors. For most tumors we detected, 

total hemoglobin concentration was larger compared to its surrounding tissues (except for 

one lymph node case and one fibro-glandular case); and especially for malignant cancer 

tumors, evident increases could be observed more distinct than most of the benign tumors. 

Furthermore, when combined with the oxygen saturation, it seems promising that this 

optical image technique using continuous-wave will allow us to distinguish malignant 

tumors from benign. From this study, we can explore approaches using mathematical 
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classification from all these optical and physiological coefficients that we obtained, or a 

possibility of carcinomas diagnosis assistance could be found. 

Both water content and scattering power were obtained, and tumors were visible in 

positions in accordance with mammography and ultrasound examination reported in the 

corresponding images, but deeper quantitative analysis is a remaining problem. Hence, 

algorithms accounting for each of these will require further improvements before they 

can be used. 
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