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Abstract: The principles of diffuse optical tomography (DOT) of tissues are presented. 
The DOT capabilities as a method of breast cancer diagnostics are analysed. The state-of-
the-art of the DOT instrumentation and methodological base in application to solving 
the mammography problems are described. The significant contribution of Russian 
scientists to the development of the DOT methodology is emphasised. Basing on the 
results of the analysis, the authors expect the possibility of soonest entry of diffuse 
optical mammotomographs to the market of medical imaging instrumentation, and the 
capability of Russian researchers to take part in the competition for this market.  
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4.3 Instrumentation for diffuse optical tomography 

5 Methods of diffusion tomogram reconstruction  

5.1 Methods based on inverting the operator 

equation 

5.2 Perturbation semianalytic methods 

5.3 Projection methods 

5.4 Methods approximately formulating the inverse 

problem of diffuse optical tomography 

6 Conclusion 

1 Introduction 

In the present-day practice of noninvasive and low-

invasive diagnostics of breast cancer, alongside with the 

traditional X-ray mammography, the new methods of 

medical imaging, such as X-ray computed tomography 

(X-ray CT), magnetic resonance tomography (MRT), 

methods of ultrasonic imaging (B-scan imaging, 

ultrasonic reflectivity tomography), methods of nuclear 

medicine (scintigraphy, positron emission tomography, 

and single-photon emission computed tomography) are 

used. However, the clinical efficiency of these methods 

is still not very high. One of the reasons is the absence 

of a relatively cheap method that could reliably 

differentiate malignant and benign tissues at different 

stages of the disease. The theoretical and experimental 

studies (see books [1–6], reviews [7–28], and papers 

[29–110]), as well as successful clinical tests [1–4, 6, 

13, 17, 18, 20, 22, 23, 25–28, 59, 61, 63, 77, 81, 100, 

101, 111–157] of recent years show that with high 

probability this gap can be filled by the rapidly 

progressing diffuse optical tomography (DOT) of 

strongly scattering (optically turbid) media. The 

diffusion tomography, like any other tomography, is 

aimed to answer the questions “What is there inside? 

What is the inner tissue structure? Are there any 

features that can be identified as pathological ones?” To 

answer these questions, the DOT technique reconstructs 

the spatial distributions of the tissue optical and 

functional parameters, basing on the results of spatially 

dependent measurements of the optical signal. 

Similar to other kinds of tomography, DOT first 

solves the forward problem, i.e., seeks the 

characteristics of the radiation passed through the 

medium. Then the inverse problem is formulated and 

solved, i.e., the problem of determining and visualising 

the spatial distribution of the physical parameters of the 

medium itself. However, in contrast to the X-ray CT 

and the nuclear medicine methods, DOT makes use of 

the visible and near infrared (IR) radiation, harmless for 

humans in the so called therapeutic transparency 

window (650 – 1200 nm), where tissues possess the 

minimal level of absorption. DOT allows imaging with 

essentially higher contrast resolution than ultrasonic 

reflectivity tomography. As compared to MRT, DOT 

makes use of very simple and compact equipment and is 

a significantly cheaper method of medical imaging. In 

contrast to optical coherence tomography, successfully 

used in recent years for the diagnostics of optically 

transparent tissues of eye and surface layers of turbid 

tissues, DOT allows for the contribution to the recorded 

signal not only from ballistic photons that pass through 

the tissue without interaction, but also from the 

diffusion photons, experiencing multiple scattering. 

This property allows the examination of rather thick 

tissue samples (to 10-12 cm thick) if they do not contain 

bone structures. The mammary gland is just the suitable 

tissue. Therefore, the diagnostics of breast oncological 

diseases is the main potential clinical application of 

DOT. In this review, we present the state-of-the-art and 

prospects of breast DOT. In the literature, including the 

Russian one, for this method of medical imaging they 

also use the terms “diffuse optical reconstructive 

mammography” and “diffuse optical 

mammotomography”. We will mainly use the latter of 

these terms. 

The unique capability of DOT is that of separate 

reconstruction of the spatial distributions of different 

optical parameters of a tissue (first of all, the absorption 

coefficient and the reduced scattering coefficient) at 

different wavelengths. This feature makes it possible to 

visualise the concentrations of haemoglobin in 

oxygenated and deoxygenated forms and, therefore, to 

obtain the spatial pattern of the tissue oxygen saturation, 

as well as to visualise the fractional blood volume, the 

concentrations of cytochromes (bilirubin, melanin, and 

cytochrome oxidase), lipids and water. The visualisation 

of functional parameters, first of all, the haemoglobin 

concentration, the tissue oxygen saturation, and the 

fractional blood volume, is the main feature that 

determines the potential perspectives of DOT as a 

mammography method, since it offers a possibility of 

spatial localisation of such phenomenon as 

vascularisation of cancer tissues and, hence, of breast 

oncologic disease diagnostics. 

At present many universities, research centres and 

large commercial companies perform intense studies in 

the field of DOT aimed at the entry to the consumer 

market. The main obstacle for wider use of DOT in 

everyday practice of medical diagnostics is the lack of 

fast reconstruction algorithms that could provide 

diffusion optical tomograms in real time with acceptable 

accuracy. The problem is that due to multiple scattering, 

the photons have no regular trajectories and are 

distributed over the entire studied volume. As a result, 

every point of the volume makes an essential 

contribution to the recorded signal, which causes strong 

nonlinearity of both the forward and the inverse DOT 

problems. From the mathematical point of view, the 

solution of the inverse problem implies the inversion of 

a nonlinear operator equation. Therefore, for 

reconstructing the spatial distributions of optical 

parameters they commonly use multistep algorithms [3, 

7, 12, 21, 24, 29, 33, 37, 40–42, 45, 48, 50, 55, 59–62, 

68, 70, 73, 76, 77, 88, 91, 103, 116, 119, 123-125], 

based on step-by-step linearization of the reconstruction 

problem and multiple inversion of the system of linear 

algebraic equations that describe the discrete model. 

Although these algorithms are considered as the most 

precise DOT algorithms, they do not allow reliable 

resolution of objects smaller than 4 mm. Just this fact 
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causes the doubt in the potential possibility of using 

DOT for cancer diagnostics at the very early stages of 

the tumour development, since only the cancer tumours 

smaller than 2-4 mm have real possibility to be 

noninvasive [158]. Moreover, the multistep algorithms 

take tens of minutes or even hours to get a 3D image, 

which is also not quite satisfactory for modern 

requirements of medical diagnostics. Thus, the increase 

of the reconstruction accuracy and the reduction of the 

processing time are two goals pursued now by the 

researchers, developing the methods for diffusion 

tomogram reconstruction. 

The simplest way to reduce the time of data 

processing is to use the perturbation model of 

reconstruction that neglects the nonlinearity of the 

inverse problem, reduces its solution to the inversion of 

a linear integral Fredholm equation of the first kind, and 

allows one to replace the multistep reconstruction 

procedure with a single-step one. The perturbation 

model is considered as particularly applicable in the 

optical mammotomography, when the objects to be 

reconstructed and spatially localised are small optical 

inhomogeneities (cancer tumours) against the 

background of a “quasihomogeneous” scattering 

medium (healthy fibrous-glandular tissue). In recent 

years the collaboration of researchers from the Vavilov 

State Optical Institute Corporation (SOI, Saint-

Petersburg) and the Russian Federal Nuclear Center – 

Zababakhin Institute of Applied Physics (RFNC-

VNIITF, Snezhinsk) [5, 35, 36, 43, 46, 47, 57, 59, 66, 

75, 79, 80, 83, 84, 93, 98, 104, 106, 110] developed 

theoretically an original perturbation approach to the 

solution of the inverse DOT problem, based on the 

probabilistic interpretation of the transfer of light energy 

by photons from the source to the detector. The 

proposed approach not only reduces the processing time 

to seconds and parts of a second [5, 57], but also is able 

to compete successfully with the multistep algorithms in 

the precision of reconstruction. Thus, the recent studies 

by the RFNC-VNIITF researchers [104, 106] 

demonstrated, yet in the numerical experiment, the 

resolution of an inhomogeneity smaller than 3 mm 

within the object with the size of 8 cm, which is record-

breaking for diffusion tomography. 

High-quality diffusion tomograms using the own 

original reconstruction methods are obtained also by the 

Russian researchers from the Biophotonics Laboratory, 

Institute of Applied Physics of the Russian Academy of 

Sciences (IAP RAS, Nizhny Novgorod) [143, 159-161] 

and the International Laser Center, Lomonosov Moscow 

State University (MSU, Moscow) [44, 53, 54, 58, 105]. 

The approximate DOT methods, such as the methods of 

optical inhomogeneity localisation, were developed by 

the team from the Biomedical Engineering Chair, 

Tambov State Technical University (TSTU, Tambov) 

[92, 99, 102, 109]. Each of these Russian teams has its 

experimental base and tests its original DOT methods 

using phantoms and laboratory animals. 

Acknowledging the achievements of Russian 

scientists in DOT, we should mention also the 

development of methods for in vitro and in vivo 

measurement of tissue optical parameters [1, 162-171]. 

From the point of view of DOT methodological base, 

the knowledge of optical parameters is necessary for 

constructing adequate spatial optical models of tissues 

and for testing the methods of diffusion tomogram 

reconstruction at the stages of numerical and physical 

experiments, as well as in clinical testing. 

In the present review, we briefly characterise the 

achievements of each of the above teams of Russian 

researchers. The paper is organised as follows. Section 1 

is devoted to the structure and physiological properties 

of the mammary gland in the normal condition and in 

the presence of neoplasms. Section 2 presents the 

methods of measurement and visualisation of optical 

parameters, the development of which was the main 

premise for the present-day DOT success. In Section 3, 

the main problems of designing the diffusion 

mammotomograph are formulated and the time-domain 

DOT instrumentation is briefly described. Finally, in 

Section 4 the methods of solving the inverse DOT 

problem are considered, with the emphasis on the 

methods developed by Russian research teams. The 

conclusions about the state-of-the-art and the prospects 

of diffusion mammotomography development are 

formulated in the end of the paper. 

2 Structure and physiological properties of 

mammary gland in the norm and with 

neoplasms 

The mammary gland is located in the subcutaneous 

layer of the thoracic cage. It occupies the gap between 

the sternum edge and the anterior axillary line at the 

level of III-VI (VII) ribs, in front of the greater pectoral 

muscle and partially the serratus anterior muscle, 

covered with fascia pectoralis (Fig. 1) [172]. The shape 

and size of the gland in women depends upon the sexual 

development and individual features. The skin over the 

mammary gland is thin and stiff in relation to the gland, 

mainly because the subcutaneous fatty tissue of the 

breast is penetrated by connective tissue intersections 

connecting the skin with the gland capsule. Near the 

nipple and areole, there is no subcutaneous fat. The 

mammary gland is surrounded by the capsule formed by 

the leaves of the superficial fascia. Between the upper 

edge of the gland and the collarbone, the fascia is 

thickened and 1-3 ligaments can be distinguished in it, 

which suspend the mammary gland [173, 174]. 

The basic components of a mature mammary gland 

are the alveoli (hollow cavities, a few millimetres large) 

lined with milk-secreting cuboidal cells and surrounded 

by myoepithelial cells. These alveoli join to form 

groups known as lobules [175]. From the fascial capsule 

of the mammary gland multiple connective tissue 

branches penetrate into its depth and surround 15-20 

lobules of the mammary gland as such, having 

lactiferous ducts with the diameter of 2-3 mm. The 

ducts radially converge towards the nipple, near the 

base of which they become wider forming the 
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lactiferous sinuses. In the nipple, the lactiferous ducts 

become narrow again and merge by 2-3 to end via 8-15 

point openings at the top of the nipple. Behind the 

mammary gland capsule between it and fascia propria, 

covering the greater pectoral muscle, there is a layer of 

loose cellular tissue referred to as retromammary tissue. 

The looseness of this tissue provides the mobility of the 

mammary gland with respect to the chest wall [173, 

174]. 

Multiple branches of blood vessels implement the 

blood supply of the mammary gland. Deep veins 

accompany the arteries of the same name, and the 

surface ones form a subcutaneous network, connected 

with the axillary vein and other branches of 

subcutaneous vein network. The chains of lymph nodes 

accompany the arteries [174]. 

 

Fig. 1 Schematic of breast [172]. 

The lymphatic system of the mammary gland is well 

developed and closely connected with the adjacent 

lymphatic basins. The surface network of lymphatic 

capillaries is connected with the skin lymphatic 

network; the deep network begins from the intralobular 

and interlobular lymphatic capillaries and anastomoses 

with the surface skin lymphatic vessels. From the deep 

network of the mammary gland, the larger deferent 

lymphatic vessels take origin [173, 174]. The central 

nodes serve as collectors for all vessels that carry the 

lymph to the axilla, and are most frequently affected by 

the breast cancer [174]. The relative frequency of 

remote metastases of the breast cancer, particularly, in 

lungs and bones, is explained by early penetration of 

tumour elements from the lymphatic bed to the blood 

circulation one, even before the expressed metastases 

appear in the regional lymphatic nodes [174]. 

 
Fig. 2 Content of the main components of breast tissue 

depending on the type: (a) water, (b) lipids, (c) collagen, 

(d) haemoglobin (tHb), (e) haemoglobin oxygen 

saturation (SO2). The results are presented in the form 

“mean value ± standard deviation”. The difference 

between the groups was considered significant if 

р<0.05. The abscissa shows the mammographic density 

of the breast (from 1st to 4th type). The analysis 

involved 49 volunteers [178]. 

Four types of breasts are distinguished by their 

density [176]: 1) the breasts with predominant fat 

component, the presence of heterogeneous regions of 

fibrous-glandular tissue occupying less than 25% of the 

mammogram area; 2) the regions of fibrous-glandular 

tissue occupy from 25 to 50% of the mammogram area; 

3) breasts with the area of fibrous-glandular tissue from 

51 to 75% of the mammogram area, and 4) very dense 

breasts with more than 75% of the mammogram area 

occupied by the fibrous-glandular tissue [177]. The 

content of the basic components (water, lipids, collagen, 

haemoglobin) and the oxygen saturation of haemoglobin 

vary depending on the tissue density of mammary 

glands. Thus, the authors of Ref. [178] have shown that 

the content of water in the tissue considerably grows 

with increasing density and, upon the average, varies 

from ~75 mg/cm
3
 (for the 1

st
 type) to ~540 mg/cm

3
 (for 

the 4
th

 type) (Fig. 2 (a)). This is accompanied by the 

appropriate reduction of lipid content: upon the average, 

from ~760 mg/cm
3
 (for the 1

st
 type) to 325 mg/cm

3
 (for 

the 4
th

 type) (Fig. 2 (b)). The amount of collagen, 

associated with the content of the fibrous-glandular 

tissue, also grows with the increase of the tissue density: 

from ~45 mg/cm
3
 (for the 1

st
 type) to ~135 mg/cm

3
 (for 

the 4
th

 type) (Fig. 2 (c)). Compared to the tissue with 
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predominant fat component, the dense fibrous-glandular 

one must possess enhanced vascularisation and, 

therefore, increased concentration of haemoglobin 

(tHb), which is observed in Fig. 2 (d). However, the 

difference in haemoglobin concentration in different 

types of breast tissues is not statistically significant (~8 

and ~12 µM for the 1
st
 and the 4

th
 type, respectively). 

The oxygen saturation (
2

SO ) manifests no tendency 

depending on the tissue density (the mean value for all 

types of tissues amounts to ~90%) (Fig. 2 (e)). 

In Ref. [179], as a result of averaging over 5 

patients, the following mean values of physiological 

parameters of healthy breast were found: the content of 

water 18.7±10.3%, the content of lipids 66.1±10.3%, 

the concentration of total haemoglobin 17.5±7.5 µM, 

the concentration of haemoglobin in oxygenated and 

deoxygenated forms 12.4±6.2 µM and 5.10±1.7 µM, 

respectively, the oxygen saturation 67.7±9.3%. 

Fibrous-cystous neoplasms and fibroadenoma are 

the most common benign tumours in the breast tissues. 

In the case of fibrous-cystous neoplasms, one observes 

the proliferation of the connective tissue with 

predomination of fibrous structure. The fibroadenoma is 

characterised by the dense well-shaped capsule and 

dense elastic consistence. The heterologous 

fibroadenoma possesses soft elastic consistence and 

tendency to progressive growth. In Ref. [180] it was 

shown that the epithelium-to-stroma ratio in the 

fibroadenoma amounts to 0.27, which means the growth 

of stroma as a characteristic feature of this neoplasm. 

Histologically the following types of breast cancer 

tumours are distinguished: ductal carcinoma in situ, 

lobular carcinoma in situ, invasive (infiltrating) ductal 

carcinoma, invasive (infiltrating) lobular carcinoma, 

inflammatory breast cancer, tubular carcinoma, 

medullary carcinoma, colloid (mucin-producing, signet 

ring cell) carcinoma, papillary carcinoma, metaplastic 

cancer (squamous-cell carcinoma), cancer with 

osteoclast-like cells, adenoid-cystous cancer, secretory 

carcinoma (juvenile cancer), cystous hypersecretory 

carcinoma, apocrine cancer, cancer with signs of 

endocrine neoplasm (primary carcinoid tumour, 

apudoma), cribrous cancer [181]. 

The aetiology of breast cancer is subject to multiple 

factors. In particular, the neoplasm development can be 

provoked by early menarche, late menopause, burdened 

familiar history, obesity, diabetes mellitus, using 

exogenous hormones for contraception or treatment, etc. 

[175]. Almost all cases of breast cancer occur in the 

lobules or ducts of the mammary glands. The frequent 

ductal carcinoma in situ and invasive ductal carcinoma 

are characterised by the increased cellularity and 

enlarged nuclei depending on the stage [182]. 

According to Ref. [118] the epithelium-to-stroma ratio 

for the invasive ductal carcinoma amounts to 1.41, 

which means the predomination of malignant 

epithelium. The colloid carcinoma is a relatively rare 

disease, in which the cancer cells secrete extracellular 

mucin, thus providing the transparent component of the 

tissue, in which the cancer cells are merged [180]. 

A characteristic feature of benign and malignant 

neoplasms is the enhancement of their blood supply as 

compared to the healthy tissue. In Ref. [118] it is shown 

that in the sample of a fibroadenoma the total density of 

blood vessels per unit area amounts to 2.27%, and in the 

centre of the mass this value is somewhat lower 

(1.92%), than in the periphery (2.62%). The 

haemoglobin concentration peak in the neoplasm 

amounts to 55 µM (3.66 g/L), the mean concentration in 

the surrounding normal tissue being 33 ± 5 µM (2.2±0.3 

g/L). 

For a sample of invasive ductal carcinoma, the 

characteristic value of the total density of blood vessels 

per unit area is 5.07% with the decrease in the centre 

(4.22%), as compared to the periphery of the neoplasm 

(5.91%). The peak of haemoglobin concentration in the 

neoplasm amounts to 68 µM (4.5 g/L), the mean 

concentration in the surrounding healthy tissue being 30 

± 6 µM (2.0±0.4 g/L) [118]. 

Ref. [179] presents the results of averaging of the 

physiological parameters of 58 malignant tumours of 

breast. In this group the water content was 25.9±13.5%; 

the content of lipids was 58.5±14.3%; the total 

haemoglobin concentration was 24.7±9.8 µM; the 

concentrations of haemoglobin in oxygenated and 

deoxygenated forms were 17.2±7.5 µM and 7.53±2.8 

µM, respectively; the oxygen saturation was 67.5±8.4%. 

3 Development of methods of measurement 

and visualisation of optical parameters 

3.1 Diaphanography 

Although the optical mammography is still in the 

making, this method of medical visualisation has deep 

historical roots. The first clinical results of optical breast 

transillumination with CW radiation were reported by 

Culter in 1929 [183]. The object of study was placed 

between the source (a xenon lamp) and the doctor, and 

the shadow “images”, characterising the difference 

between the healthy and pathologic tissues were 

observed visually. The “images” were too blurred, and 

the attempts to improve the contrast by increasing the 

intensity lead to overheating the skin surface. Gross, 

who called the method “diaphanography”, published the 

first report in 1972 about the real possibility of 

differentiating benign and malignant tumours in this 

way [184]. A certain improvement of contrast was 

achieved by recording the breast image with a photo 

camera with colour IR film [185] or a TV camera with 

video recorder [186]. However, the resolution of the 

images was limited by 2 cm. In 1990 the group of 

Swedish researchers published the data [187], according 

to which the probability of detecting small tumours 

using the method of diaphanography was estimated as 

negligibly small, and the probability of erroneous 

diagnosis as exceeding by three times the error 

probability of traditional methods, such as X-ray 

mammography and B-scan imaging. This paper and 

some other publications made doubtful the prospects of 
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diaphanography as a method of early breast cancer 

diagnostics and decreased the interest to the 

visualisation of breast using visible and near IR 

radiation. 

3.2 Method of integrating spheres and breast 

optical parameters, determined using this 

method 

Starting from the middle of the 20-th century, the 

methods of determining the optical parameters of tissue 

samples in vitro have been developed rapidly. In this 

field the main stages were associated with the 

spectrophotometry using integrating spheres [1, 164, 

180, 188-192] and the development of iteration 

methods, such as inverse adding-doubling method [180, 

192, 193], and the inverse Monte Carlo method [190]. 

Among the methods of determining the optical 

parameters of tissues, the most widespread one is the 

method of integrating spheres. According to this 

method, the setup incorporating, besides the source and 

detectors, one or two integrating spheres is used to 

measure such parameters, as the collimated 

transmission, total transmission, and diffuse reflection. 

To determine the local optical parameters of the tissues, 

i.e., the absorption coefficient a , the reduced 

scattering coefficient s , and the anisotropy factor g , 

the inverse models and methods are used, based on the 

radiative transport theory, e.g., the two-flux Kubelka-

Munk model [1, 162, 164, 188]. Below we present some 

results of measuring the breast optical parameters by 

means of the method of integrating spheres. 

As shown in Ref. [180], in the norm the absorption 

coefficient of the breast fibrous tissue equals 

0.1270.187 cm
-1

 ( = 749 nm), 0.060.12 cm
-1

 ( = 

789 nm), and 0.050.03 cm
-1

 ( = 836 nm), for the 

breast adipose tissue the absorption coefficient equals 

0.1840.159 cm
-1

 ( = 749 nm), 0.080.105 cm
-1

 ( = 

789 nm), and 0.1080.097 cm
-1

 ( = 836 nm). For the 

infiltrating carcinoma at these wavelengths the values of 

the absorption coefficient amount to 0.1470.144 cm
-1

, 

0.0440.083 cm
-1

, and 0.10.188 cm
-1

, respectively. For 

the mucinous carcinoma the values of the absorption 

coefficient are equal to 0.2590.198 cm
-1

, 0.0160.072 

cm
-1

, and 0.0240.108 cm
-1

, respectively, and for the 

ductal carcinoma the absorption coefficient values 

amount to 0.0760.068 cm
-1

, 0.0230.034 cm
-1

 and 

0.0390.068 cm
-1

, respectively. 

The reduced scattering coefficient of the breast 

fibrous tissue equals 9.752.27 cm
-1

 ( = 749 nm), 

8.952.45 cm
-1

 ( = 789 nm), and 8.12.21 cm
-1

 ( = 

836 nm), for the adipose tissue the reduced scattering 

coefficient equals 8.483.43 cm
-1

 ( = 749 nm), 

7.672.57 cm
-1

 ( = 789 nm), and 7.272.4 cm
-1

 ( = 

836 nm). For the infiltrating carcinoma at these 

wavelengths the values of the reduced scattering 

coefficient amount to 10.915.59 cm
-1

, 10.135.05 cm
-

1
, and 9.14.54 cm

-1
, respectively. For the mucinous 

carcinoma the values of the reduced scattering 

coefficient are equal to 6.152.44 cm
-1

, 5.092.42 cm
-1

, 

and 4.783.67 cm
-1

, respectively, and for the ductal 

carcinoma the values of s  amount to 13.112.85 cm
-1

, 

12.212.45 cm
-1

, and 10.462.65cm
-1

, respectively 

[180]. 

As clearly seen from the presented data, neither the 

absorption coefficient, nor the reduced scattering 

coefficient measured at the above wavelengths (749, 

789 и 836 nm) in vitro allow reliable differentiation of 

healthy and pathologically modified tissues. 

The similar conclusion follows from the analysis of 

the results, presented in Ref. [190], where in the spectral 

region 500-1100 nm the homogenised samples of breast 

tissues were studied, namely, the normal glandular 

breast tissue, the normal breast adipose tissue, the 

fibrocystic tissue, the fibroadenoma, and the ductal 

carcinoma. The authors have shown that at the 

wavelengths 540, 700, and 900 nm the values of the 

absorption coefficient are the following: for the normal 

glandular breast tissue 3.581.56 cm
-1

 ( = 540 nm), 

0.470.11 cm
-1

 ( = 700 nm), and 0.620.05 cm
-1

 ( = 

900 nm); for the normal breast adipose tissue 2.270.57 

cm
-1

 ( = 540 nm), 0.70.08 cm
-1

 ( = 700 nm), and 

0.750.08 cm
-1

 ( = 900 nm); for the fibrocystic tissue 

1.640.66 cm
-1

 ( = 540 nm), 0.220.09 cm
-1

 ( = 700 

nm), and 0.270.11 cm
-1

 ( = 900 nm); for the 

fibroadenoma the values of a  are 4.383.14 cm
-1

 ( = 

540 nm), 0.520.47 cm
-1

 ( = 700 nm), and 0.720.53 

cm
-1

 ( = 900 nm), and for the carcinoma 3.070.99 cm
-

1
 ( = 540 nm), 0.450.12 cm

-1
 ( = 700 nm), and 

0.50.15 cm
-1

 ( = 900 nm). 

The values of the reduced scattering coefficient are 

the following: for the normal glandular breast tissue 

24.45.8 cm
-1

 ( = 540 nm), 14.23.0 cm
-1

 ( = 700 

nm), and 9.92.0 cm
-1

 ( = 900 nm); for the normal 

breast adipose tissue 10.31.9 cm
-1

 ( = 540 nm), 

8.61.3 cm
-1

 ( = 700 nm), and 7.91.1 cm
-1

 ( = 900 

nm); for the fibrocystic tissue, 21.73.3 cm
-1

 ( = 540 

nm), 13.41.9 cm
-1

 ( = 700 nm), and 9.51.7 cm
-1

 ( = 

900 nm); for the fibroadenoma 11.13.0 cm
-1

 ( = 540 

nm), 7.21.7 cm
-1

 ( = 700 nm), and 5.31.4 cm
-1

 ( = 

900 nm), and for the carcinoma 19.05.1 cm
-1

 ( = 540 

nm), 11.83.1 cm
-1

 ( = 700 nm), and 8.92.6 cm
-1

 ( = 

900 nm). 

Thus, we can conclude that the use of the integrating 

sphere technique in the visible range of wavelengths (up 

to 1 µm) does not allow reliable differentiation of 

healthy and pathologically modified tissues. However, 

as shown in Ref. [192], the measurements carried out in 

the near IR spectral range, in the region of absorption 

bands of water (max ~1450 nm) and lipids (max ~1720 

nm) allow reliable differentiation of normal tissue, 

benign and malignant neoplasms. Thus, at the 

wavelength 1450 nm the absorption coefficient of the 

normal tissue amounts to 0.6686  0.0418 mm
-1

, for 

benign neoplasms a = 1.3402  0.0912 mm
-1

, while for 

the malignant neoplasms a = 1.8864  0.1272 mm
-1

, 
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which is a sign of increasing content of water in the 

tumour in the course of its development. At the same 

time, with the development of the tumours the reduction 

of the content of lipids is observed, which is seen from 

the decrease of the absorption coefficient at the 

wavelength 1720 nm from 0.8766  0.0308 mm
-1

 to 

0.6208  0.0336 mm
-1

. It is interesting to note, that, 

when passing from the normal tissue to the 

pathologically modified one, the reduced scattering 

coefficient in the wavelength range from 400 to 1000 

nm also essentially (nearly by 2-2.5 times) decreases. In 

this case, one can clearly see the increasing contribution 

of sufficiently small scatterers to the formation of the 

scattering spectrum, which is a manifestation of 

destruction of structure elements of the breast tissue 

with the development of the neoplasm. In the spectral 

range from 1000 to 2200 nm, no essential change in the 

light scattering is observed [192]. 

3.3 Methods based on the detection of diffusely 

scattered light 

The theoretical achievements of 70-90s of the last 

century (the models of photon migration, the discovery 

of diffuse photon density waves, the development of the 

dynamic light scattering theory, etc.), the progress of 

laser facilities and fibre optics, as well as the 

development of time-resolved techniques of tissue 

irradiation and signal detection, facilitated the intense 

development of optical methods for measurements in 

vivo, based on detecting the diffusely scattered light. 

These methods include, first, the pulse-oximetry [194, 

195], the diffusing wave spectroscopy [1, 15, 20, 22, 27, 

79, 196, 197], and the near IR spectroscopy [1-4, 10, 19, 

20, 22, 25, 31, 85, 113, 116, 121, 132, 179, 198-214]. 

The pulse oximetry is grounded on measuring the 

intensity change of light transmitted through the tissue, 

synchronous in time with the heartbeat. After each 

contraction the arteries become wider, increasing the 

relative volume of blood in the tissue, and therefore, 

increasing the value of the absorption coefficient. By 

recording the difference between the maximal and 

minimal absorption, one can indirectly determine the 

degree of arterial blood oxygenation. 

The diffusing wave spectroscopy is based on the 

measurements of temporal correlations of spatio-

temporal fluctuations of light fields in a strongly 

scattering medium. The method allows quantitative 

characterisation of the motion of scattering particles in 

tissues and, therefore, can be used to measure the blood 

flow velocity [215, 216]. In Refs. [216-218] it was 

shown that the diffusion propagation of temporal 

correlations in a randomly inhomogeneous medium, 

consisting of different spatially separated scattering 

regions, is sensitive to the dynamics of the scatterer 

motion in these regions. In principle, this fact allows 

one to use position-dependent measurements of the 

temporal autocorrelation function of the field for 

tomographic reconstruction of the images of the 

dynamical inhomogeneities in the medium. This 

approach, referred to as diffuse optical correlation 

tomography in the literature [15, 20, 22, 27, 79, 219-

223], has undoubtful prospects and is extensively 

developed now. 

In contrast to the pulse oximetry, the near IR 

spectroscopy (or diffuse optical spectroscopy) allows 

the determination of the haemoglobin oxygen saturation 

not only in the arteries, but also in the tissue as a whole, 

including veins and capillaries. The near IR 

spectroscopy is based on irradiating the tissue with laser 

radiation at different wavelengths within the therapeutic 

transparency window and recording the optical signal 

using the frequency-domain, time-domain or 

continuous-wave spectroscopy technique (see Section 

3.2). Both the transmitted light (transmission or 

transillumination spectroscopy) and the diffusely 

reflected radiation (reflectance or backscattering 

spectroscopy) are detected. The optical parameters a  

and s  are determined indirectly from the results of the 

performed measurements. As clearly seen from the 

presented list of references [1-4, 10, 19, 20, 22, 25, 31, 

85, 113, 116, 121, 132, 179, 198-214], the frequency-

domain technique [85, 113, 202] and the time-domain 

technique [85, 121, 119, 198, 201, 206-209, 212] of 

transmission spectroscopy are most frequently used. 

The reflectance spectroscopy is also often used for in 

vivo measurements of the breast optical parameters, 

both in the frequency-domain [25, 179, 199, 200, 205, 

209] and in the time-domain [25, 201, 214] and 

continuous-wave [179, 199, 200, 203, 204, 211] 

techniques. The near IR spectroscopy makes use of the 

same principles and the same methods of data 

recording, as the modern optical imaging methods, 

based on the detection of diffusely scattered light, and in 

this sense is their direct predecessor. 

Table 1 summarises the optical parameters of 

different breast tissues measured in vivo, both in the 

normal condition and in the presence of benign and 

malignant neoplasms. From the Table it is clearly seen 

that most of the optical characteristics are studied in the 

first transparency window. At the same time, essential 

progress of laser technology and detection facilities 

allows one to broaden the used range of wavelengths 

and proceed to the second (1600 -1800 nm) and the 

third (2100-2300 nm) transparency windows. This will 

surely yield new (may be crucial) information that can 

allow further advance of the methods of optical 

diagnostics towards the next principally new level and 

extend the capabilities of modern medicine in fighting 

the breast cancer. 

The method of indirect determination of the 

functional parameters, such as the tissue oxygen 

saturation 
2

SO  and the fractional blood volume V , is 

based on the difference in the absorption spectra of 

haemoglobin in the oxygenated 
2

HbO  and 

deoxygenated Hb  forms, as well as the known relation 

for the total absorption coefficient of a tissue at the 

wavelength  : 



A.B. Konovalov et al.:
 
Diffuse optical mammotomography: state-of-the-art and prospects  doi: 10.18287/JBPE16.02.020202 

J of Biomedical Photonics & Eng 2(2)  30 June 2016 © JBPE 020202-19 

( ) ( )
a n nn

C    , (1) 

where ( )
n
   is the specific absorption coefficient, and 

n
C  is the concentration of the n -th chromophore in the 

tissue. Assume that we managed to determine the 

absorption coefficients 
1

1
( )

a a
    and 

2

2
( )

a a
    of 

the breast tissue at two different wavelengths 
1
  and 2



. In order to find 
2

SO  and V , it is necessary to assess 

the absorption spectrum of the completely bloodless 

tissue ( )bg

a
   and also to know the volume fraction of 

erythrocytes (haematocrit) 
g

C  in the blood. For 

example, assuming that 
1 2

( ) ( )bg bg bg

a a a
       the 

following relations can be derived [224] 

2

2

2 2

2

1 2 2 1 1 2 2 1

2 2 1 1 1 2

( )
,

( )( ) ( )( )

HbO

HbO Hb

bg

a a Hb Hb a Hb a Hb a

bg bg

HbO Hb a a HbO Hb a a

C
SO

C C

    

   

 


    


      

 (2) 

2 2 2 2

2 2 2 2

2 1 1 2 1 2 2 2 1 1

1 2 2 1 2 1 1 2

blood volume in tissue
1

tissue volume

( ) ( )
.

( )

Hb HbO Hb HbO a HbO Hb a HbO Hb

bg

Hb HbO Hb HbO a Hb Hb HbO HbO

V

 



  

         


         

 (3) 

Here 
2

1

HbO
 , 

1

Hb
 , 

2

2

HbO
 , 

2

Hb
  are the reduced specific 

absorption coefficients of the chromophores 2
HbO  and 

Hb , found by multiplying the specific coefficients 

2 1
( )

HbO
  , 1

( )
Hb
  , 

2 2
( )

HbO
  , 2

( )
Hb
   by 

g
C . In the 

clinical practice, it is reasonable to use the number of 

wavelengths greater than two, in order to be able to 

determine also the concentrations of other 

chromophores, significant for the optics of breast 

tissues. For example, if the concentrations of lipids 

lipid
C  and water 

2H O
C  are known, then it is possible to 

calculate the tissue optical index using the formula [25, 

28, 179, 225] 

2
=

H O Hb lipid
TOI C C C . (4) 

Getting ahead of ourselves, we note that the tissue 

optical index is of great importance in the breast DOT, 

since the visualisation of this parameter allows the 

enhancement of contrast between the cancer tumour and 

healthy breast tissue by nearly two times [25]. Not less 

important functional parameter is the haemoglobin 

concentration, 
2tHb HbO Hb

C C C  , which, as mentioned 

in Section 1, characterises the level of filling the tissue 

with blood. Table 2 presents some results of in vivo 

measurements of the functional parameters of breast 

tissues both in the normal condition and with pathology. 

As a method of getting space-dependent data for 

further reconstruction and visualisation of topographic 

or tomographic images of the breast inner structure, the 

near IR spectroscopy formed the base of both the 

diffuse optical scanning mammography and the breast 

DOT. Thus, in the middle of 90s the crucial 

breakthrough in the optical mammography occurred, 

when the achievements in the technology of generating 

and detecting optical signals combined with the 

progress in computer facilities and the development of 

algorithmic base for the reconstruction and visualisation 

of 2D and 3D images. This combination led to the rapid 

progress of the diffuse optical mammotomography. 

3.4 Diffuse optical tomography 

At resent a few international conferences and meetings 

held annually are devoted to the problems of DOT, 

among which the mammotomography topics occupy 

one of the priority positions. The most significant 

meetings are the International Congress “Photonics 

West” (San Francisco, USA), the International Congress 

on Photonics in Europe (Munich, Germany), and the 

International Congress “Photonics Asia” (Beijing, 

China). In Russia, at least two international symposia 

regularly take place, including the thorough discussion 

of DOT problems: the International Symposium 

“Topical Problems of Biophotonics” (Nizhny 

Novgorod, Russia) and the International Symposium on 

Optics and Biophotonics (Saratov, Russia). 

Many universities and research centres are involved 

in the activity related to DOT studies. Among them the 

leaders are: 

 Biomedical Optics Research Laboratory, 

University College London, Great Britain; 

 Optical Imaging and Spectroscopy Group, 

University of Pennsylvania, USA; 

 Photon Migration Imaging Laboratory, 

MGH/MIT/HMS Athinoula A. Martinos 

Center of Biomedical Imaging at Harvard 

University, USA; 

 Near Infrared Imaging Group, Thayer School 

of Engineering at Dartmouth College, USA; 

 Optical Tomography Group, SUNY Downstate 

Medical Center at Brooklyn, USA; 

 Photon Migration Laboratory, Texas A&M 

University, USA; 

 Diffuse Optical Imaging of Tissue Laboratory, 

Science and Technology Center at Tufts 

University, USA; 

 Functional & Molecular Optical Imaging 

Laboratory, Department of Biomedical 

Engineering at Rensselaer Polytechnic 

Institute, Troy, USA. 
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Table 1 Optical parameters of breast tissues in vivo. 

Tissue type Wavelength, nm a, cm-1 s , cm-1 References 

Healthy tissue 

bulk tissue 

750 

786 

830 

0.046 ± 0.024 

0.041 ± 0.025 

0.046 ± 0.027 

8.7 ± 2.2 

8.5 ± 2.1 

8.3 ± 2.0 

Durduran et al. 2002 [202]* 

674 – 965 0.01 – 0.17 6 – 11 Tromberg et al. 2000 [205] 

637 

656 

683 

785 

912 

980 

0.055 ± 0.007 

0.041 ± 0.005 

0.042 ± 0.013 

0.037 ± 0.013 

0.110 ± 0.021 

0.099 ± 0.028 

13.4 ± 2.6 

13.5 ± 2.1 

12.9 ± 2.3 

11.3 ± 2.1 

11.4 ± 2.6 

11.7 ± 2.6 

Spinelli et al. 2004 [208] 

670 

785 

843 

884 

0.036 ± 0.008 

0.039 ± 0.011 

0.036 ± 0.005 

0.059 ± 0.016 

10.5 ± 1.3 

9.5 ± 1.4 

8.4 ± 0.4 

8.0 ± 1.0 

Grosenick et al. 2005 [212] 

785 

808 

0.0503±0.0151 

0.0518±0.0153 

10.53±1.20 

10.49±1.19 
Mo et al. 2009 [214] 

fatty tissue 

530 

550 

590 

0.64 ± 0.2 

0.65 ± 0.1 

0.63 ± 0.1 

24.1 ± 7.8 

19.2 ± 3.4 

23.2 ± 7.2 
Nair et al. 2002 [213] 

fibrous tissue 

530 

550 

590 

0.65 ± 0.1 

0.55 ± 0.05 

0.56 ± 0.8 

47.6 ± 9.4 

46.8 ± 7.7 

38 ± 10.3 

Benign neoplasms 

intracanalicular 

530 

550 

590 

0.6 ± 0.2 

0.7 ± 0.02 

0.6 ± 0.2 

19.3 ± 1.4 

21.7 ± 7.1 

22.3 ± 9.9 

Nair et al. 2002 [213] pericanalicular 

530 

550 

590 

0.6 ± 0.04 

0.65 ± 0.15 

1.15 ± 0.2 

27.6 ± 0.3 

23.4 ± 0.2 

22.6 ± 0.1 

mixed 

530 

550 

590 

0.76 ± 0.2 

0.7 ± 0.2 

0.7 ± 0.2 

20.4 ± 3.9 

19.1 ± 3.4 

19.4 ± 8.4 

Malignant neoplasms 

papillary cancer 
690 

825 
0.084  0.014 

0.085  0.017 

15.0  0.3 

12.7  0.3 
Fantini et al. 1998 [113] 

invasive ductal 

carcinoma 

670 

785 

0.071 

0.042 

17.6 

16 

Chernomordik et al. 2002 

[121] 

carcinoma 

670 

785 

843 

884 

0.110  0.066 

0.100  0.060 

0.118  0.096 

0.124  0.089 

13.5  4.7 

11.6  3.9 

12.2  1.7 

9.1  1.9 

Grosenick et al. 2005 [212] 

infiltrating ductal 

carcinoma 

530 

550 

590 

0.86  0.1 

0.7  0.2 

0.6  0.2 

29.7  13 

28.7  13 

28  11 

Nair et al. 2002 [213] 

*For convenience here and below in tables the references are given with the indication of the first author and 

publication year

Multiple large commercial companies (e.g., 

Hamamatsu Photonics KK, Shimadzu, Hitachi, Fuji 

Electric, Japan; Phillips, Netherlands; Carl Zeiss, 

Germany; Mallinckrodt Inc., USA) at present also carry 

out the research in this field. A few venture companies 

are especially organised for design and production of 

diffuse optical tomographs (e.g., Imaging Diagnostic 

Systems Inc.; Non-Invasive Medical Technology Inc.; 

ISS Inc., USA). The total world expenses for research 

and development in the field of DOT amount to a few 

hundred million dollars. Thus, e.g., the investments into 

only one company Imaging Diagnostic Systems Inc. 

exceed $30,000,000. Actually, the leading designers of 

medical instrumentation permanently compete for 

entering the market with the tomographs of this class. 

The recent achievements of the Russian researchers in 

the field of DOT methodology allow one to expect that 

under favourable conditions the domestic design 

engineers will be able to take part in this competition as 

well. 

 

http://www.imds.com/
http://www.imds.com/
http://www.iss.com/
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Table 2 Functional parameters of breast tissues in vivo. 

Tissue type 2
SO , % 

tHb
C , µМ  TOI, µМ References 

Healthy tissue 

bulk tissue 

69 ± 6 

58 ± 9 

74 ± 3 

74 – 90 

66.4 ± 9.2 

74 ± 7 

70.7 ± 7.0 

67.7 ± 9.3 

68 ± 4 

– 

85 ± 7 

73 ± 6 

68 – 72 

18 ± 5 

22 ± 8 

17 ± 8 

15 – 49 

15.7 ± 5.1 

17.3 ± 6.2 

25.3 ± 8.3 

17.5 ± 7.5 

17 ± 2 

36.7 ± 8.0 

– 

19 ± 6 

19 – 22 

– 

– 

– 

– 

1.4 ± 1.1 

– 

3.3 ± 1.9 

1.5 ± 0.9 

1.6 ± 0.7 

– 

– 

– 

– 

Ntziachristos et al. 2002 [198] 

Srinivasan et al. 2003 [126] 

Grosenick et al.2003 [129] 

Torricelli et al. 2003 [226] 

Spinelli et al. 2004 [208] 

Grosenick et al. 2005 [212] 

Tromberg et al. 2005 [225] 

Cerussi et al. 2006 [179] 

Wang et al. 2010 [145] 

Zhu et al. 2010 [146] 

Yu et al. 2010 [147] 

Fang et al. 2011 [150] 

Enfield et al. 2013 [154] 

fatty tissue 
70.7 ± 8.6 

66 ± 12 

17.1 ± 3.2 

11.3 ± 8.3 

– 

– 

Brooksby et al. 2006 [139] 

Srinivasan et al. 2010 [133] 

fibrous tissue 
69.7 ± 10.4 

72 ± 17 

22.4 ± 7.3 

23.6 ± 7.1 

– 

– 

Brooksby et al. 2006 [139] 

Srinivasan et al. 2010 [133] 

Benign neoplasms 

fibroadenoma – 37.6 ± 16.0 – 

Zhu et al. 2010[146] cyst – 37.8 ± 12.7 – 

fat necrosis – 29.4 ± 15.5 – 

Malignant neoplasms 

carcinoma 

60 ± 9 

75 – 77 

72 ± 14 

68.4 ± 8.5 

67.5 ± 8.4 

64 ± 5 

– 

75 ± 6 

62 – 74 

130 ± 100 

33 – 90 

53 ± 32 

48.5 ± 18.2 

24.7 ± 9.8 

28 ± 4 

27.8 – 36.4 

27 ± 14 

30 – 38 

– 

– 

– 

24.9 ± 21.5 

3.3 ± 2.2 

6.1 ± 1.9 

– 

– 

– 

Ntziachristos et al. 2002 [198] 

Torricelli et al. 2003 [226] 

Grosenick et al. 2005 [212] 

Tromberg et al. 2005 [225] 

Cerussi et al. 2006 [179] 

Wang et al. 2010 [145] 

Srinivasan et al. 2010 [149] 

Fang et al. 2011 [150] 

Enfield et al. 2013 [154] 

invasive ductal 

carcinoma 

71 ± 4 

– 

49 ± 11 

– 

23 ± 5 

67.0 ± 18.3 

 

51.0 ± 13.9 

– 

– 

– 

– 

Grosenick et al. 2003 [129] 

Zhu et al. 2010 [146] 

Yu et al. 2010 [147] 

Zhu et al. 2013 [153] 

invasive lobular 

carcinoma 
66 ± 7 25 ± 6 – Grosenick et al. 2003 [129] 

ductal carcinoma in 

situ 

– 

58 ± 8 

– 

71.9 ± 18.8 

– 

72.2 ± 24.5 

– 

– 

– 

Zhu et al. 2010 [146] 

Yu et al. 2010 [147] 

Zhu et al. 2013 [153] 

 

 

As mentioned above, in Russia the following 

research teams are directly involved in the DOT issues: 

SOI, RFNC-VNIITF, IAP RAS, MSU, and TSTU. The 

researchers from SOI and RFNC-VNIITF developed an 

original perturbation approach to solving the inverse 

problem of time-domain DOT. At the present stage of 

the study, this approach is implemented using two 

different methods (Sections 4.2 and 4.3). The first 

method, which uses for reconstruction the total banana-

shaped distributions of photon trajectories, according to 

preliminary estimations allowed the spatial resolution, 

record-breaking for DOT (less than 3 mm inside the 8-

cm object) [104, 106], while the other method, the 

method of photon average trajectories (PATs), 

demonstrated the record-breaking reconstruction time 

(~0.5 s) [5, 57]. At present, both methods are in the 

stage of testing in numerical phantoms. The interest of 

the researchers from IAP RAS is mainly concentrated 

on diffuse fluorescence molecular tomography (DFMT) 

in small laboratory animals, using the frequency-domain 

technique of tissue probing and signal registration 

[159-161]. However, they have also the experience in 

the field of experimental mammography [143]. To 

visualise the distributions of exogenous fluorophores the 

IAP RAS team successfully applies the original 

inversion methods (Section 4.2), such as the algebraic 

method for the minimisation of Holder norm [159] and 

the method of Tikhonov functional with nonnegative 

components [227, 228]. The researchers from MSU 

have assembled the prototype of a diffusion tomograph 

with continuous-wave radiation sources and carry out 

studies in phantoms. The tomograms of the phantoms 

visualising the probability distribution function for the 

detection of optical inhomogeneities are reconstructed 
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using original nonlinear statistical methods ([44, 53, 54, 

58, 105], Section 4.4). The researchers from TSTU 

mainly deal with the time-domain experiments using 

pulsed radiation sources. They solve the inverse DOT 

problem, using the so-called methods of optical 

inhomogeneity localisation. Recently they proposed an 

original localisation method based on detection of late-

arriving photons that form the trailing edge of the tissue 

response to the input pulsed signal ([92, 99, 102, 109], 

Section 4.4). 

4 Design problems and equipment of the 

diffuse optical mammotomograph 

4.1 Design problems and operation principle 

of the diffuse optical mammotomograph 

The DOT technique is aimed at reconstructing and 

imaging the spatial distributions of optical parameters 

(absorption coefficient a , reduced scattering 

coefficient s , coefficient of optical diffusion D ,  

anisotropy factor g , refractive index n ) and functional 

parameters (tissue oxygen saturation 
2

SO , fractional 

blood volume V , concentration of haemoglobin tHbC  

and other chromophores, tissue optical index TOI ) of 

the tissue. The parameters are extracted from the data of 

space-dependent measurements using the method of 

near IR spectroscopy. For this aim, one has to solve two 

main problems: 

1) to design and manufacture the hardware 

providing generation of probing radiation, 

detection and primary processing of the 

measurement data array; 

2) to develop the software capable of fast high-

quality reconstruction of diffusion tomograms 

and their presentation to a medical doctor in 

the form, convenient for analysing and 

diagnosing. 

 

Fig. 3 Block diagram of a diffuse optical 

mammotomograph [5]: 1 - laser unit, 2 – channel 

commutator, 3 – applicator, 4 - multichannel receiver, 

5 – computer. 

At present, the first problem is successfully solved in 

the research laboratories of the world. A variety of light 

sources with detailed description of experimental 

setups, using different methods of laser radiation 

generation and detection of diffusely scattered light, 

offers a wide range of choice in technical 

implementations and a possibility to optimisation with 

respect to consumer and cost characteristics. The diffuse 

optical tomograph hardware includes the system of 

irradiating the tissue with laser light with a multichannel 

device for the distribution of radiation over the tissue 

surface, the multichannel system collecting and 

detecting the radiation diffusely scattered by the tissue, 

and the computer for the measurement data processing. 

To provide the possibility of functional diagnostics, it is 

necessary to have several sources of probing radiation 

with different wavelengths, or one source with the 

wavelength tuneable within the transparency window. A 

typical scheme of diffuse optical tomograph for breast 

examination is presented in Fig. 3. 

The setup operates as follows [5]. The breast is 

either placed in the ring-shaped or cup-shaped 

applicator (3) (Fig. 3), or softly squeezed between two 

parallel glass plates, like in X-ray mammography. On 

the surface of the applicator (plates) the source and 

detector optical fibres are mounted, by means of which 

the laser radiation enters the tissue and the diffusely 

scattered light is collected. The radiation from the laser 

unit (1) is transmitted to the applicator (plates) via the 

channel commutator (2) that provides sequential breast 

irradiation through one of the source fibres, so that the 

points where the radiation enters the tissue are 

sequentially changed. The scattered light is 

simultaneously collected by the receiving optical fibres 

and directed to the multichannel detector (4). In the 

detector, the signal undergoes calibrated attenuation in 

each channel, in order to match the level of the received 

signals to the dynamic range of the receiver. Then the 

measurement data are recorded according to the chosen 

technique of tissue irradiation and signal detection, and 

the measurement data array is input into the computer 

for processing and visualisation of diffusion 

mammotomograms. 

4.2 Techniques of tissue probing and optical 

signal detection 

Figure 4 schematically shows the diagrams of light 

intensity for three main techniques of tissue irradiation 

and optical signal detection used in DOT [1-6, 8, 13-18, 

20, 22, 25]: the continuous-wave, the frequency-

domain, and the time-domain one. In the continuous-

wave technique, the tissue is probed with the laser 

radiation of constant intensity and the transmission or 

diffuse reflection is measured. For quantitative 

interpretation of the results of measurement and for the 

extraction of absorption coefficient, the Bouguer-

Lambert-Beer law is used [229]. A drawback of the 

continuous-wave technique is the impossibility of 

reliable differentiation between the optical parameters 

a  and s , which, in fact, excludes further 

visualisation of functional parameters. Besides there are 

limitations of applying the method to bulk tissues, since 

the signal-to-noise ratio strongly depends upon the 
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tissue thickness [224]. The frequency-domain technique 

implies the irradiation of the tissue with intensity-

modulated light having the frequencies from 100 MHz 

to 10 GHz, and the recording of modulation depth and 

phase shift of the scattered radiation at the modulation 

frequencies. Measuring the modulation depth and the 

phase shift, one can indirectly find the optical 

parameters a  and s . The time-domain technique 

implies the irradiation of the tissue with ultrashort 

pulses having the duration 10
-9

 - 10
-11

 s and the 

detection of broadened pulses of scattered radiation, the 

so-called temporal point spread functions (TPSFs). In 

the time-domain near IR spectroscopy the optical 

parameters are assessed by comparison of the measured 

TPSF with the pulse shape, calculated using the 

diffusion approximation to the radiative transport theory 

(the fitting method [10]). The frequency-domain and the 

time-domain techniques implement time-resolved 

irradiation mode, the fundamental base of which is the 

excitation of so-called diffuse waves of photon density 

in the strongly scattering medium [1-3, 15, 22, 25]. In 

comparison with the time-domain method, the 

frequency-domain one is simpler in implementation, 

since it uses the equipment already familiar in the 

optical communication and fibre optical dispersion 

studies. Thus, the required modulation frequency can be 

obtained using the laser diodes, and the needed dynamic 

range of recording is provided by using the 

photomultiplier tubes (PMTs) or photodiodes. To 

implement the time-domain technique one has to use 

more expensive equipment, e.g., electro-optical 

converter with the brightness amplifier (streak-camera) 

or PMT in the mode of time-correlated single photon 

counting (Section 3.3). However, the most important 

advantage of the time-domain technique is that from the 

TPSF one can extract different types of data, such as the 

integrated and logarithmic intensity, the mean time of 

flight for the photons, the results of Laplace and Mellin-

Laplace transforms of the TPSF, etc. [5, 12, 224]. Just 

the flexibility in the interpretation of measurement 

results offers additional possibilities for more precise 

determination of optical parameters, which is 

particularly valuable in DOT. Thus, the researchers 

from SOI and RFNC-VNIITF proposed a new type of 

the measurement data, the time-resolved optical 

projections [5, 93, 98, 104, 106, 110]. These projections 

are determined for a single count of the TPSF and have 

significant potential from the point of view of 

improving the DOT spatial resolution (Section 4.2). 

4.3 Instrumentation for diffuse optical 

tomography 

Consider in more detail the instrumentation of time-

domain DOT, i.e., the instrumentation for generating the 

laser pulsed radiation and for the TPSF recording. The 

main requirement to the lasers for DOT is the maximal 

value of the mean power of radiation under the 

relatively high pulse repetition rate (more than 5-10 

MHz) and moderate requirements to the pulse duration 

(shorter than 50-100 ps). These requirements are 

fulfilled, e.g., in the titanium-sapphire lasers (Tsunami 

and Mai Tai, Spectra-Physics Lasers, USA), the 

picosecond semiconductor lasers (Hamamatsu 

Photonics KK, Japan; PicoQuant GmbH, Germany, 

etc.), and the fibre lasers (IMRA America Inc., USA). In 

Russia within the framework of the project 

“Development of methods of three-dimensional optical 

intrascopy – medical optical tomography” supported by 

the International Science and Technology Center (ISTC, 

Moscow) (grant No. 280, 2000-2002) the researchers 

from the Ioffe Physical and Technical Institute, Russian 

Academy of Sciences (PTI RAS, Saint-Petersburg) also 

developed high-efficiency picosecond semiconductor 

lasers with the characteristics optimised for DOT. 

Comparative characteristics of some laser sources are 

presented in Table 3. 

 
(a) 

 
(b) 

 
(c) 

Fig. 4 The main techniques of tissue irradiation and 

optical signal detection: (a) - continuous-wave; (b) - 

frequency-domain; (c) – time-domain. 
0
( )I t  and ( )I t  is 

the light intensity before and after passing through the 

medium. 

The titanium-sapphire lasers possess highly efficient 

(25-40%) conversion of pumping radiation into the 

output radiation and allow much higher mean radiation 

power values and, therefore, peak pulse power, than the 

semiconductor and fibre lasers (see Table 3). The solid-

state lasers based on crystals with metal ions possess the 

wavelength, tuneable within a wide spectral range 
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Table 3 Comparative characteristics of lasers for pulsed DOT. 

Parameters 
Al2O3:Ti laser 

Spectra-Physics* 

Semiconductor laser diodes 
Fibre laser, 

IMRA, Inc. Hamamatsu 

Photonics 

PicoQuant 

GmbH 
PTI RAS 

Mean radiation power, mW 1000 0.25 1-4 1.2 25 

Pulse duration, ps 0.1 100 180-400 40 2 

Pulse repetition rate, MHz 80 5 40 10 40 

*The data are presented for the Al2O3:Ti laser Mai Tai 

 

(750-850 nm for Al2O3: Ti laser Mai Tai [230]). 

However, such lasers are sensitive to the conditions of 

exploitation and have rather large overall dimensions. 

Therefore in time-domain DOT they more frequently 

use portable semiconductor laser diodes [115, 121, 129-

132, 231]. The required pulse duration of such laser is 

achieved using the implantation of ultrafast saturable 

absorbers, and the increase of the pulse power in the Q-

modulation mode is provided by the increase of the total 

number of nonequilibrium carriers in the laser cavity 

and the depth of modulation of the concentration of 

these carriers. Undisputable prospects for using in DOT 

are inherent also in the fibre lasers thanks to their 

compactness, combining the laser and waveguide 

functions, and the possibility of their use as a base for 

designing multichannel laser systems. The active 

medium of fibre lasers is created either due to using the 

nonlinear properties of the fibre material, or by using 

the appropriate laser materials for the core fabrication. 

Using different active fibres one can conveniently vary 

the wavelength within a wide range. Multichannel 

systems are implemented using the bundles of multiple 

active fibres. At present the fibre lasers IMRA America 

Inc. are, e.g., used in the well-known setup Multi-

channel Opto-electronic Near-infrared System for Time-

resolved Image Reconstruction (MONSTIR, University 

College London, Great Britain) [137, 140, 154, 224, 

230].

 

Fig. 5 Schematic of a single-channel streak camera for 

DOT [5] 

To detect the scattered light in time-domain DOT, as 

well as in time-domain near IR spectroscopy, they use 

streak-cameras or PMTs for time-correlated single 

photon counting. The detailed description of a single-

channel streak-camera intended for DOT is presented, 

e.g., in Refs. [5, 232]. Figure 5 schematically illustrates 

the principle of its operation. The photons of the 

broadened response to the picosecond pulse from the 

input pulse train, generated by the laser, bombard the 

photocathode (PC) and are converted into electrons. 

Two deflection plates (DP), to which the sweep variable 

voltage is applied, accelerate the electrons that arrive at 

the luminescent screen (LS). The CCD matrix 

implements data readout. The inclination of electrons 

depends upon the sweep voltage. The electrons that 

reach a definite position along the screen horizontal 

always spend the same time with respect to the input 

pulse. Thus, if the frequency of the sweep voltage 

coincides with the repetition rate of the input pulses, 

then the CCD camera will record the profile, coinciding 

with the TPSF. The streak-camera is a large-size device 

with a limited field of view, nonlinear temporal 

characteristic and relatively narrow dynamic range, not 

adapted for use in multichannel detection systems. 

Therefore, in time-domain DOT the digital registration 

is preferred with the use of multi-cathode micro-channel 

PMTs operating in the mode of time-correlated single 

photon counting [224, 231, 233-235]. 

 

Fig. 6 Schematic of the recording channel with PMT in 

the mode of time-correlated single photon counting [5]. 

Figure 6 schematically illustrates the operation 

principle of a single channel of such recorder. Via the 

receiving fibre, the broadened response to the input 

pulse arrives at the variable optical attenuator (VOA), 

where its amplitude is reduced to the required 

magnitude. The PMT detects only one photon and forms 

the electron pulse corresponding to it. This pulse is 

transformed into the digital one by means of the 

constant fraction discriminator (CFD). The CFD also 

executes the exact load-time binding of the pulse. The 

picosecond time analyser (PTA) measures and stores its 

time delay with respect to the reference pulse, formed in 

the reference registration channel. After processing a 

sequence of broadened responses, the histogram of the 

TPSF is recorded. A certain disadvantage of this 

approach is that the recorded TPSF is amplitude-

normalised. Therefore, if in the time-domain 
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experiments one has to differentiate spatio-temporal 

signals by intensity (see, e.g., [92, 99, 102, 109]), the 

registration should be executed with a streak-camera. 

At present the setups for experimental diffuse optical 

mammotomography most known in the world are: 

 MONSTIR [137, 140, 154, 224, 230]; 

 Dynamic Near-infrared Optical Tomographic 

Imaging System (DYNOT, SUNY Downstate 

Medical Center at Brooklyn, USA) [236]; 

 Near Infrared Tomography Breast Imaging 

System (Thayer School of Engineering at 

Dartmouth College, USA) [116, 118, 120, 122, 

125, 126, 133, 134, 139]; 

 Diffuse Optical Tomography System for Breast 

Cancer Imaging (University of Pennsylvania, 

USA) [123, 138, 144]; 

 Mammograph for Optical Tomography 

(MAMMOT, Politecnico di Milano, Italy) [131, 

132, 208, 226]; 

 Scanning Laser Pulse Mammograph 

(Physikalische-Technische Bundesanstalt, 

Germany) [111, 113, 115, 121, 129, 130]; 

 System for Near-infrared Spectral Imaging of 

the Breast (Technology Center at Tufts 

University, USA) [101, 147, 155]. 

These setups and many other ones use different 

techniques of tissue irradiation and optical signal 

registration, different combinations of sources and 

receivers, different constructions of gantry for breast 

positioning. Thus, e.g., the European groups from Great 

Britain, Italy and Germany prefer the pulsed irradiation, 

while the Americans tend to frequency-domain 

technique. The researchers from the Pennsylvania 

University use the original combination of continuous-

wave and frequency-domain techniques of probing. The 

number of sources in the setups with fixed geometry 

varies from 24 to 128 [236]. The corresponding figures 

for the number of receivers have even greater spread 

from 8 [117] to 993 [123, 128]. In the scanning systems 

developed in Italy and Germany at each operating 

wavelength one source and one receiver are used, the 

number of their positions varying within 1000 - 2000. 

As to the gantry constructions, the breast, as mentioned 

above, can be positioned inside the applicator (Fig. 3), 

or softly compressed between two parallel glass plates. 

In the first case, the geometry is cylindrical, conical, or 

spherical, and in the second case, the geometry has the 

symmetry of a planar layer. Note, that using the 

applicator they fill the free space between the breast and 

the applicator with contact gel with optical 

propertiessimilar to those of the tissue in order to match 

the refractive indices. The base of such gel is usually 

water, gelatine or hydrogel, and the role of scattering 

and absorbing agents is played by the fat-containing 

emulsions and different dyes (ink, Indian ink, etc.), 

respectively [78]. In the case of parallel plates, no gel is 

needed, since due to the breast compression the air gap 

between the tissue and the plates is absent. 

The experimental setup for frequency-domain 

DFMT in laboratory animals developed by the IAP RAS 

team is described, e.g., in Ref. [159]. As a source of 

radiation modulated with the frequency 1 kHz, the Nd: 

YAG laser is used that generates the second harmonic at 

the wavelength 532 nm. To detect the signal of the 

fluorescence response they use the Hamamatsu PMT 

(PMT Hamamatsu H7422-20). The space-dependent 

data are recorded in the transmission geometry of a 

planar layer, the fibre-optical output of the source and 

the fibre-optical input of the receiver synchronously 

moving with the specified scanning step. In the setup 

adapted to mammography studies [143] the fibre lasers 

with the wavelengths 684 nm, 794 nm, and 850 nm are 

used, and the modulation frequency is equal to 140 

MHz. The use of the same principle of synchronous 

scanning makes the data recording time undesirably 

long, 10-30 minutes, depending on the breast size. 

The experimental prototype of a diffusion 

tomograph developed in MSU is equipped with the 

continuous-wave sources, i.e., the semiconductor laser 

diodes with fibre-optical radiation output. In the 

differential version of the tomograph [105], two such 

diodes are used operating at the wavelengths 790 nm 

and 815 nm. The setup is intended for 

“transillumination” of cylindrical scattering objects in 

the form of vessels with fat emulsion, along the 

perimeter of which 32 input and 32 output optical fibre 

waveguides are glued in. Two Hamamatsu PMTs (PMT 

Hamamatsu H6240-02) operating in the mode of time-

correlated single photon counting are used as detectors. 

The complete data set is obtained by sequential 

switching of one input channel and two output channels 

using the commutator. 

The TSTU team constructed a setup for 

experimenting with cylindrical phantoms [92, 99, 102, 

109]. As a source of radiation, they use the mode-locked 

titanium-sapphire laser MIRA 900-B. The laser pulse 

duration is 100 fs and the wavelength is 730 nm. The 

nonnormalised TPSFs are recorded by means of the 

Hamamatsu streak-camera (Streak Camera Hamamatsu 

C4334) with the time resolution 10 ps. The studied 

scattering phantom is a cylinder made of epoxy resin 

with the admixture of TiO2. Cylindrical inserts of the 

same material stained with the Indian ink simulate the 

absorbing inhomogeneities. The method used to solve 

the problem of the inhomogeneity localisation (Section 

4.4) implies the data pickup for a single position of the 

source and 10 positions of the detector, the optical 

inputs of which are arranged with equal angular step 

along the phantom perimeter. 

5 Methods of diffusion tomogram 

reconstruction 

In contrast to the problem of hardware design for 

diffusion tomography, the problem of developing 

software for DOT image reconstruction still has no 

completed commercial solution. In spite of the rapid 

progress of computer technologies, there are still no 

precise and fast algorithms for high-quality 

reconstruction of diffusion tomograms in the time scale, 

acceptable for clinical studies. This fact is the main 

reason why diffuse optical tomographs are still absent at 

the world market of instrumentation for medical 

imaging. Indeed, the problem of image reconstruction in 
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DOT is much more complex than, e.g., in X-ray or 

ultrasonic tomography. The reason is that due to 

multiple scattering of light the dependence of the 

measured data upon the reconstructed optical 

parameters is nonlinear in principle. At present a variety 

of methods for solving the inverse DOT problem are 

developed. The conventional classification of methods 

is presented in Fig. 7.  

 
Fig. 7 Classification of methods for solving the inverse 

DOT problem. 

5.1 Methods based on inverting the operator 

equation 

The most general mathematical formulation of the 

inverse DOT problem is the problem of inverting the 

nonlinear operator equation 

 ( , ) ( )
s d

g f r r r , (5) 

where ( , )
s d

g r r  is the result of measuring the optical 

signal for the positions 
s

r of the source and 
d

r  of the 

detector at the boundary of the studied scattering object, 

( )f r is the desired function of optical parameter 

distribution (object function). The particular form of the 

functions ( , )
s d

g r r  and ( )f r depends on the technique 

and geometry of tissue irradiation and data registration, 

as well as on the chosen reconstruction method. 

In contrast to the Radon equation underlying the 

projection tomography, the operator equation (5) has no 

general analytical solution. Therefore, it is commonly 

inverted using the discrete model, according to which 

the 3D reconstruction domain is divided into a set of 

volume elements. Each volume element ( , , )i j k  is 

characterised by its discrete value of the object function 

, ,i j kf . The reconstruction problem is reduced to the 

search for the best estimate of the vector 
, ,

vec{ }
i j k

ff , 

satisfying the operator equation 

[ ] g f , (6) 

where g  is the vector of measurement data, and the 

operation “vec” denotes the rearrangement of a 3D array 

into a vector. The traditional approach to the estimation 

of f  consists in the linearization of Eq. (6) by 

expanding it into the Taylor series [3, 5, 9, 10, 12, 17] 

0 0 0 0 0 0

1
[ ] [ ]( ) ( ) [ ]( ) ,

2

T         g f f f f f f f f f  (7) 

where 
0

f  is the initial approximation for f , а 
0

[ ] f J  

and 
0

[ ] f H  are the Jacobian and Hessian matrices, 

the analogues of Fréchet derivatives of the first and the 

second order in the continuous case. If, e.g., one 

neglects the third and the higher terms of the expansion, 

the system of linear algebraic equations (SLAE) follows 

  g J f , (8) 

where 
0

[ ]  g g f , 
0

  f f f . 

The reconstruction methods based on the singe 

inversion of the system (8) and using only single-step 

linearization of the operator equation (6) are known as 

linear or perturbation methods [3, 5, 9, 12, 14, 15, 17, 

19-22, 32, 34-36, 47, 49, 52, 56, 57, 59, 64, 66, 79, 80, 

84, 93, 98, 104, 106, 110, 117, 159, 224, 227, 228]. 

Before the procedure of Eq. (8) inversion, the vector 

0
[ ] f  and the matrix J  should be determined basing on 

a certain exact model of radiation, propagating through 

the matter, e.g., the radiative transport theory [1-6, 10, 

12, 14, 15, 21, 41, 59, 62, 82, 95], its diffusion 

approximation [1-17, 18-25, 29-40, 43, 45-49, 52, 56, 

57, 59-61, 63-73, 75-77, 79-81, 83-91, 93, 94, 96-98, 

100, 103, 104, 106-108, 110, 114, 116-120, 122-128, 

133-145, 159-161, 224, 227], or the Monte Carlo 

method [10, 51]. These calculations do not require 

considerable time expenditures only in particular cases 

of homogeneous scattering objects with simple 

geometries, when the known analytical solutions of the 

radiative transport equation can be applied [5, 6, 10, 22, 

32, 43, 46, 52, 69, 80, 83, 93, 98, 104, 106, 110, 115, 

224, 237]. In the general case one has to address the 

labour-consuming numerical methods, such as the finite 

element method [3, 5-7, 12, 19, 21, 29, 37, 45, 59, 76, 

91, 125, 224], finite difference method [12, 19, 21, 40, 

41, 55, 62, 123], and boundary element method [19, 21, 

141, 149]. 

The inversion of the system (8) itself is nontrivial, 

since the system, overdetermined or underdetermined in 

the case of strong data deficiency, is inconsistent and 

the matrix J  is ill conditioned. Therefore, there is no 

solution of Eq. (8) in the common sense, 
1  f J g . 

That is why in order to invert Eq. (8) they use the 

methods with regularisation. Tikhonov regularisation is 

most frequently used, which implies the minimisation of 

the functional [5, 13, 21, 61, 77, 90, 97, 124, 139, 238] 

2 2

2 2
( )       f g J f f , (9) 

where 
2

  denotes the 2L  (Euclidean) norm, and   is 

the regularisation parameter. When using the direct 

Tikhonov inversion, the solution of Eq. (8) is written in 

the form (see, e.g., [77]) 
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1[ ]T T    f J J I J g , (10) 

in the case of overdetermined Jacobian matrix, and in 

the form 

1[ ]T T     f J JJ I g , (11) 

in the case of underdetermined one. In Eqs. (10) and 

(11) I  is the identity matrix. Practically to solve the 

problem of minimising the functional (9) they more 

frequently use the iteration algorithms of least squares 

[5, 57, 239, 240], conjugate gradients [5, 12, 51, 241], 

steepest descent [5, 21, 242], algebraic techniques [5, 

10, 12, 21, 57, 80, 83, 84, 93, 98, 104, 106, 110, 117, 

159, 227, 228, 243, 244], Newton-type algorithms [12, 

21, 23, 77, 224, 245], etc. 

As a rule, the linear reconstruction methods are 

efficient only when the small perturbation theory is 

valid [246, 247], i.e., when the optical inhomogeneities 

are small-scale and possess small amplitude. Otherwise, 

one step of linearization is not enough and the system 

(8) has to be inversed multiply, solving the forward 

problem at each step and repeatedly calculating the 

matrix J . Such multistep procedure implying the 

optimisation of the functional of the general form 

2

2
( ) [ ] [ ]    f g f f  (12) 

to get the regularised solution ( 1) ( ) ( )s s s   f f f  at a 

certain ( 1)s  -th step of approximation, underlies the 

nonlinear reconstruction methods [3, 5, 7, 9, 12, 17, 19, 

21-23, 29, 31, 33, 37, 40, 41, 45, 55, 62, 70, 77, 89, 91, 

95, 103, 123-125, 224]. In Eq. (12) [ ] f  is the 

stabilising functional. If the Tikhonov regularisation is 

used, then, obviously 
2

2
[ ] f f . In recent years 

multiple publications appeared where the efficiency of 

minimisation of the Holder norm 
pL  at 0 2p   (see, 

e.g., [159, 248-254]), or the total variation norm ( TV -

norm) [3, 33, 110] is justified. In these cases the 

following relations are valid for the stabilising 

functional 

[ ]
p

p
 f f ,  (13) 

where 

1/

, ,

, ,

p

p

i j kp
i j k

f
 

  
 
f  is the Holder norm, or 

[ ]
TV

 f f ,  (14) 

where 

     
2 2 2

, , 1, , , , , 1, , , , , 1

, ,

TV

i j k i j k i j k i j k i j k i j k

i j k

f f f f f f
  



     

f

 is the total variation norm. 

Sometimes one can achieve higher accuracy of 

reconstruction, if a certain orthonormal transform 

ˆ [ ] f f  is found, in the space of which the 

reconstructed signal (the image f ) satisfies the principle 

of transform sparsity. The sparsity criterion is the 

condition ˆ|| ||
p

Rf , where R  is a certain positive 

number [255]. In this case the functional (12) is written 

and minimised already for the signal in the space of the 

transform (for the image f̂ ). Such approach, called 

compressive sensing or compressive sampling [255-

257], is successfully applied in DOT [248, 249, 252, 

254], but is even more used in DFMT [258-272]. As 

seen from the presented references, the publication 

boom falls on the recent 3-4 years. The explanation is 

that due to small dimensions of the laboratory animals 

for DFMT a real possibility exists to approach the 

millimetre and submillimetre spatial resolution, which is 

of extreme importance for experimental oncology.  

To solve the problem of minimising (12) a variety of 

multistep reconstruction methods are developed with the 

iterative correction of the Jacobian (and sometimes 

Hessian) matrix. These methods are mainly based on the 

Bayesian algorithms [42, 50, 68, 73, 76], the Newton-

type algorithms [3, 5, 7, 12, 21, 29, 33, 37, 59-62, 70, 

77, 91, 116, 119, 123-125, 224], and the gradient-type 

algorithms [12, 21, 40, 41, 45, 55, 59]. In the case of 

minimising the norm 1L  (Holder norm for 1p   or 

Manhattan norm) the linear programming algorithms are 

exploited, too [273]. As an example, Figure 8 presents 

the key diagram of a multistep algorithm, based on 

multiple linearization of the reconstruction problem. 

Having reconstructed the spatial distribution of the 

absorption coefficient at different wavelengths and 

using, e.g., Eqs. (2) – (4), one can visualise the 

distributions of different functional parameters, playing 

important role in the diagnostics of oncologic diseases. 

At present in the world, a few software complexes 

exist in which the multistep reconstruction algorithms 

are successfully implemented for 2D and 3D cases. The 

most well-known are the package TOAST (Temporal 

Optical Absorption and Scattering Tomography, 

University College London, Great Britain) [29, 45, 224, 

274] and NIRFAST (Near Infrared Fluorescence and 

Spectral Tomography, Thayer School of Engineering at 

Dartmouth College, USA) [275, 276]. Note, that the 

field of application of these packages is not restricted to 

DOT as such, but also includes the DFMT and the 

diffuse optical correlation tomography. 

Due to multiple light scattering, the spatial 

resolution of diffusion tomograms is essentially worse 

than the resolution provided by other methods of 

medical imaging, such as X-ray CT, MRT, and 

ultrasonic reflectivity tomography. According to Refs. 

[5, 35, 43, 57, 75, 83, 84, 104] it can be characterised by 

the value of root-mean-square (RMS) deviation of 

photons, migrating from the point of emission to the 

point of detection, from their average statistical 

trajectory. This value mainly depends upon the object 

dimensions and the depth of the visualised structure 

location. Thus, the resolution in DOT is a spatially 

varying quantity. Multistep algorithms implementing 
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the nonlinear reconstruction methods, are the most 

precise ones and allow the resolution about 4-6 mm in 

the depth of the scattering object with the dimension 10-

12 cm, and 1-3 mm near the boundary of the object 

[77]. Although for the reason mentioned in the 

Introduction the oncologists are not fully satisfied with 

the above value of in-depth resolution, they partially are 

ready to agree with it, since the contrast of tumour-

visualising images appears quite satisfactory for setting 

a correct diagnosis. This is explained by the fact that the 

quantitative values of optical and functional parameters 

can strongly differ in healthy and cancer tissues (see, in 

particular, Tables 1 and 2). Thus, e.g., according to the 

analysis of Refs. [113, 121, 202, 205, 208, 212-214] the 

absorption coefficient in the therapeutic transparency 

window varies within the limits from 0.01 [205] to 0.65 

[213] cm
-1

 in healthy breast tissue and from 0.042 [121] 

to 0.86 [213] cm
-1 

in carcinoma. It is interesting to note 

that the absorption coefficient of benign neoplasms 

varies from 0.60.2 to 1.150.2 cm
-1

 [213]. According 

to Ref. [212], the most probable ratio of absorption 

coefficients of cancer tumour and healthy breast tissue 

lies within the range 1.5 – 2, and the ratio of reduced 

scattering coefficients in the range 1 – 1.25. It is also 

necessary to allow for the difference in refractive index 

between the normal tissues and malignant neoplasms, 

which should be taken into account in the tomographic 

reconstruction algorithms. Thus, e.g., the refractive 

index of normal breast tissue at the wavelength 800 nm 

amounts to 1.403, while in the case of malignant 

neoplasm it is 1.431 [10]. As to the functional 

parameters, from Table 2 it is seen that the ranges of 

characteristic values of haemoglobin oxygen saturation 

essentially overlap in healthy breast tissue and 

malignant tissue, namely, 49 – 92% and 38 – 81%. 

However, the ratio of haemoglobin concentrations of a 

cancer tumour and healthy tissue lies within 1.4 –1.9 

[129, 145, 146, 150, 154, 179, 225, 226], and the ratio 

of tissue optical indices within 2.2 – 7.5 [145, 179, 225]. 

These facts confirm the possibility of getting good 

contrast in visualising the corresponding parameters 

and, therefore, successful recognition of malignant 

neoplasms against the background of the healthy breast 

tissues. 

The analysis of reconstruction time using multistep 

algorithms is presented in Refs. [41, 70, 88, 91, 103, 

107, 125, 140, 224, 275]. According to Refs. [125, 224, 

275], for getting a regularized solution it is enough to 

perform nearly 10 iterations. If a computer (or 

workstation) with central processing units is applied, 

one iteration takes a few minutes to reconstruct a 2D 

image, and a few tens of minutes for a 3D one. Some 

data on the computation time with the indication of 

number of iterations, number of finite elements of the 

used mesh, and the computer parameters are 

summarised in Table 4. Apparently, the values shown in 

Table 4 cannot satisfy current requirements of medical 

diagnostics. However, one can trace positive dynamics 

of reducing the reconstruction time in the last years. The 

major success is, apparently, due to the use of graphics 

processing units (GPUs) for parallel computations [88, 

91, 103, 107, 275]. We can expect that the next step in 

the development of processor technique will allow the 

ultimate solution of the computing rate problem in 

DOT. 

 

Fig. 8 Block diagram of the multistep reconstruction 

algorithm. 

In spite of this undoubtful prospect, today the 

researchers continue to seek a compromise between the 

reconstruction accuracy of multistep algorithms and the 

high speed of algorithms implementing approximate 

methods of solving the inverse DOT problem. In the 

review of approximate DOT methods presented below 

from the point of view of accuracy and speed of 

reconstruction, it is reasonable to select three large 

groups: the perturbation semianalytic methods, the 

methods of projection tomography (or projection 

methods), based on the fast inversion of Radon 

equation, and the methods approximately formulating 

the inverse DOT problem. 

5.2 Perturbation semianalytic methods 

The most obvious way to simplify and accelerate the 

reconstruction procedure is to use the perturbation 

methods, in the first approximation neglecting the 

nonlinearity of the problem. However, as mentioned 

above, the implementation of a single step of 

linearization (i.e., a single step of the multistep 

reconstruction) using the numerical methods already 

requires significant time (see Table 4). Hence, they 

widely use various versions of the perturbation method 

based on the known analytic solutions of the optical 

diffusion and radiative transport equations to calculate 

the matrix of the SLAE (i.e., the Jacobian matrix), 

describing the linearized reconstruction problem. Such 

methods, S.R. Arridge called the semianalytic ones [12], 

have been studied by many authors [5, 12, 22, 31, 34, 

36, 41, 47, 52, 56, 57, 59, 64, 66, 69, 80, 82-84, 93, 98, 

104, 106, 110, 123, 127, 227]. All these methods reduce 

the inverse DOT problem to the solution of the linear 

Fredholm integral equation of the first kind 

3( , ) ( , , ) ( )
s d s d

V
g W f d r r r r r r r , (15) 

where V  is the volume of the scattering object, 

( , , )
s d

W r r r  is the weight function, accounting for the  
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Table 4 Reconstruction time for multistep algorithms. 

Number of 

iterations 
2D or 3D 

Number of mesh 

finite elements 

Reconstruction 

time 
Computer References 

20 2D 6400 12 hours 

350MHz 

PentiumII LINUX 

Workstation 

Klose et al. 1999 [41] 

10 2D 6615 36 minutes 

400MHz 

Sun Ultra-10 

Workstation Hillman et al. 2002 

[224] 

6 3D 36857 38 hours 

450MHz 

Pentium PC 

1GB RAM 

10 3D 

107918* 

4151** 
3.3 hours 1,7GHz 

Pentium PC 

2GB RAM 

Dehghani et al. 2003 

[125] 38725* 

16556** 
1.6 hours 

4 3D 336030 1 hour 

3,2GHz 

Pentium PC 

2GB RAM 

Schweiger et al. 2005 

[70] 

10 3D 46415 8 hours 

2,2GHz 

Xeon PC 

800MB RAM 

Enfield et al. 2007 

[140] 

9 2D 
9570* 

3418** 
10 minutes 

3,7GHz 

LINUX Redhat 

Workstation 

4GB RAM 

Dehghani et al. 2009 

[275] 
11 3D 

215208* 

75215** 
5 hours 

1 2D ~20000 2 minutes 1,33GHz 

GPU NVIDIA 

Tesla C1060 

4GB RAM 

Prakash et al. 2010 

[88] 1 3D ~36000 7 minutes 

1 3D 444278 18-25 minutes 

1,47GHz 

GPU NVIDIA 

GTX 285 

1GB RAM 

Schweiger et al. 2011 

[91] 

1 3D 66314 20-30 seconds 

0,7GHz 

GPU NVIDIA 

Tesla K20C 

5GB RAM 

Saikia et al. 2014 

[103] 

6 3D 

9972 

~14000 

~20000 

2.8 seconds 

5.0 seconds 

7.6 seconds 

3,4GHz 

GPU NVIDIA 

GTX 590 

16GB RAM 

Zhang et al. 2015 

[107] 

* solution of forward problem, ** image reconstruction 

 

contribution of each point of the object to the formation 

of the signal between the points 
s

r  and 
d

r . In fact, the 

semianalytic methods, using the Born [246] or Rytov 

[247] perturbation model, determine a certain analytic 

(or semianalytic) representation of the function 

( , , )
s d

W r r r . The matrix of SLAE is obtained as a result 

of the discretisation and joining the weight functions, 

calculated for different source-detector links. Thus, 

V.A. Markel, who studied the frequency-domain 

technique of data recording, proposed the following 

simple and elegant formulae [52]: 

( , , ) ( , ) ( , )
a s d s d

W G G


r r r r r r r  (16) 

for visualising the distribution of absorbing 

inhomogeneities and 

( , , ) ( , ) ( , )
D s d s d

W G G  r r r r r r r  (17) 

for the scattering ones. In Eqs. (16) and (17) ( , )G r r  is 

the Green function of the Helmholtz equation for the 

amplitude of the frequency dependent component of the 

photon density. 

From the point of view of a compromise between the 

accuracy and speed of reconstruction, the semianalytic 

methods occupy the intermediate position between the 

nonlinear methods and the methods of projection 

tomography. The neglect of nonlinearity and the 

inevitable limitations in choosing the geometry and the 

initial approximation, as a rule, negatively affect the 

reconstruction accuracy. On the other hand, the 

inversion (even single) of the large-dimension matrix 

with nonzero elements requires iteration algebraic 

techniques with regularization, which are not the fastest 
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ones [5, 10, 12, 21, 57, 80, 83, 84, 93, 98, 104, 106, 110, 

117, 159, 227, 228, 243, 244]. However, to the opinion 

of the authors, the semianalytic methods of time-domain 

DOT have a perspective from the point of view of both 

improving the reconstruction accuracy and minimisation 

of processing time. To achieve higher spatial resolution 

one has to use for reconstruction the new types of data 

extracted from the TPSF. The reduction of the 

processing time is possible by paralleling the iterative 

reconstruction procedure. 

In late 90-s - early 2000-s V.V. Lyubimov from SOI 

proposed an original perturbation model for time-

domain DOT [35, 36, 43, 46, 47]. Then this model, 

below referred to as Lyubimov model, was developed 

by joint efforts of the researchers from SOI and RFNC-

VNIITF [5, 57, 59, 66, 75, 79, 80, 83, 84, 93, 98, 104, 

106, 110]. The model is based on the probabilistic 

interpretation of the laser pulse energy transfer by 

photons from the source to the detector and introduces 

the density of conditional probability 

[ , ( , ) ( , )]
s s d d

P t t tr r r  that the photon, migrating from 

the source spatio-temporal point ( , )
s s

tr  to the detector 

spatio-temporal point ( , )
d d

tr , at some intermediate time 

t  appears at the spatial point Vr . According to this 

model, the equation to be solved has the following 

integral form [5, 93, 104, 110]: 

3

( , , , )

( , , , , ) ( )
,

( , , , , ) ( )

a

s s d d

s s d d a

V
D s s d d

g t t

W t t
d r

W t t D

 





 
  

 


r r

r r r r

r r r r

 (18) 

where 

 ( , , , , ) , | ( , ) ( , ) ,
d

a
s

t

s s d d s s d d
t

W t t c P t t t dt  r r r r r r  (19) 

 
1

( , , , , ) , | ( , ) ( , )

ln ( , ) .

d

s

t

D s s d d s s d d
t

a s s

W t t P t t t
D

c G t t dt
t



   

 
     

r r r r r r

r r

 (20) 

Here ( , , , )
s s d d

g t tr r  is the result of optical signal 

measurement, directly used for reconstruction; c  is the 

velocity of light in the object; ( )
a

 r  and ( )D r  are 

the local spatial perturbations of the optical parameters 

a
  and D ; ( , )G t t  r r  is the Green function of the 

nonstationary diffusion equation. The probability 

density  , | ( , ) ( , )
s s d d

P t t tr r r  is also expressed in 

terms of the Green function. Thus, in the case of Robin 

boundary condition the following relation is valid [5, 

57, 93] 

 
( , ) ( , )

, | ( , ) ( , ) .
( , )

s s d d

s s d d

d s d s

G t t G t t
P t t t

G t t

   
 

 

r r r r
r r r

r r
 (21) 

For relatively small times of signal registration  

( 3000 ps
d s

t t  ), according to Ref. [5, 98], one can 

use even simpler Dirichlet boundary condition, for 

which the probability density  , | ( , ) ( , )
s s d d

P t t tr r r  

can be presented as [5, 36, 43, 47, 98, 106, 110] 

 , | ( , ) ( , )

( , ) ( , )

( , )

s s d d

s s d d

d s d s

P t t t

G t t G t t
q

G t t
q

 


   





 



r r r

r r r r

r r

, (22) 

where / q   is the derivative in the direction normal to 

the medium boundary. Thus, for simple geometries, 

used in optical mammography and mammotomography, 

the weight functions ( , , , , )
a s s d d

W t t


r r r  and 

( , , , , )
D s s d d

W t tr r r  can be calculated analytically or 

semianalytically [5, 35, 36, 43, 46, 47, 80, 83, 93, 98, 

104, 106, 110]. Thus, e.g., in Ref. [106, 110] we 

proposed an approach in which the banana-shaped 

distributions of photon trajectories ( , , , , )
a s s d d

W t t


r r r  

and ( , , , , )
D s s d d

W t tr r r  are calculated analytically for the 

geometry of semi-infinite space. The corresponding 

distributions for transmission geometry of a plane layer 

are found using the original method of equivalent 

inverse source that makes use of the results, obtained for 

the semispace. 

The measurement result, ( , , , )
s s d d

g t tr r , referred by 

us to as the time-resolved optical projection [5, 93, 98, 

104, 106, 110], is defined by the relation 

0

( , , , )
( , , , ) ln

( , , , )

d

d

s s d t t

s s d d

s s d t t

t t
g t t

t t






 



r r
r r

r r
, (23) 

where ( , , , )
s s d

t t r r  is the TPSF recorded by the 

detector 
d

r  from the source 
s

r  in the time-domain 

technique of data collection; the subscript “0” refers to 

the homogeneous scattering object unperturbed by the 

presence of optical inhomogeneities. 

The crucial feature of Lyubimov model is that the 

time-resolved optical projection (23) is determined for a 

single time 
d s

t t  of signal registration. Hence, in 

principle, to reconstruct the image one has to know not 

the entire TPSF, but only one count of it. The time-

resolved optical projections differ from the integral 

measurement data [5, 12, 224], used by the Western 

researchers, by the possibility to improve the spatial 

resolution via the choice of 
d s

t t  at the leading edge of 

the TPSF pulse. Thus, in Refs. [104, 106] it is shown 

that if for the reconstruction one uses the total banana-

shaped distributions of photon trajectories, defined by 

the relations (19) and (20), then it is possible to resolve 

features as small as 3 mm inside the object of size 8 cm. 

This is confirmed by Fig. 9, presenting the result of 

reconstructing the model scattering object having the 
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rectangular shape with the dimensions 10×8 cm with 

two round absorbing inhomogeneities 3 mm in 

diameter. The optical parameters of the object have the 

following values: 
-10.05 cm

a
  , 0.034 cmD  , and 

1.4n  . The inhomogeneities with the absorption 

coefficient 
-10.075 cm

a
а   are located near the centre 

of the object and the separation between them is equal 

to the diameter. Figure 9 visualises the distribution 

( )
a

 r . Only the central part of the tomogram with the 

dimensions 5×4 cm is shown. The relative drop between 

two peaks of the image intensity in Fig. 9 is nearly 65%, 

which considerably exceeds the conditional level of 

20% Rayleigh-Foucault visual resolution criterion. The 

obtained estimate of spatial resolution (better than 3 

mm) is even higher than the resolution of exact 

nonlinear multistep DOT algorithms. To solve the 

inverse problem we used the original modification [5, 

80, 83, 84] of the known multiplicative algebraic 

reconstruction technique MART [243], allowing for the 

nonuniformity of distribution of the weight coefficients 

over the image domain. 

 
 

Fig. 9 Example of reconstruction of a numerical model 

with two absorbing inhomogeneities 3 mm in diameter. 

As to the processing time, in Refs. [104, 106] it was 

not optimised. In the case of using the banana-shaped 

distributions the 2D reconstruction takes 30-50 minutes 

using the modified MART in the MATLAB 

environment at the personal computer with the 

processor 2.6-GHz Intel Core 2 Due having 4 GB RAM. 

According to our estimates, by optimising the code and 

using the software environment faster than MATLAB, 

the processing time can be reduced by several times. Of 

particular interest is also the application of object-

oriented approach for the implementation of Lyubimov 

model using the GPUs. In this case, as follows from the 

experience of our colleagues [88, 91, 103, 107], the 

speed gain can be as large as 2 and more orders of 

magnitude. 

Note, that the approach, analogous to the one 

described above, can be also implemented in DFMT, 

where for visualising the fluorophore lifetime they more 

and more frequently use the time-resolved measurement 

data [235, 267, 277-281]. In this case, the role of the 

time-resolved optical projection (23) can be played by 

the ratio of fluorescence and incident radiation fluxes, 

measured for individual counts of temporal fluorescence 

response and the TPSF, respectively [282]. 

To solve the inverse problem the IAP RAS team also 

uses linear methods, based on the inversion of the 

integral equation (15). In this case, the role of the 

measurement result ( , )
s d

g r r  is played by the detected 

signal of fluorescence response, and the role of the 

object function ( )f r  by the function of fluorophore 

distribution in the tissue. In Ref. [159] for the 

reconstruction of fluorophore distribution, they used an 

original method, generalising the standard algebraic 

technique ART [243] and based on the minimisation of 

the Holder norm. It was shown that for 1p   (the 1L  

norm) the method allows the spatial resolution gain as 

compared to the ART that minimises the Euclidean 

norm. In Refs. [227, 228] I.I. Fiks proposed one more 

original inversion method based on the non-negativity 

condition of the fluorophore distribution function. The 

method named by the author as the method of Tikhonov 

functional with non-negative components, implies the 

transition from the SLAE to a system of bilinear 

algebraic equations solved by iterations. At each 

iteration, the Tikhonov regularisation is applied. The 

method was demonstrated to yield diffuse fluorescence 

tomograms of higher quality than the algebraic 

techniques ART and SMART [244], as well as the 

algorithm of non-negative least squares NNLS [239]. 

Thus, the studies performed at the experimental diffuse 

fluorescence tomograph designed in the IAP RAS 

confirmed the possibility of reliable resolution of two 

fluorescent inhomogeneities 3 mm in diameter, the 

separation between their centres being 6 mm. However, 

the thickness of the scattering phantom, containing 

inhomogeneities, corresponded to the size of a small 

laboratory animal and amounted only to 2 cm. 

Ref. [143] presents the breast diffusion tomograms 

of voluntaries, obtained at the IAP RAS setup adapted 

for mammography studies. The tomograms visualise the 

spatial distributions of both optical and the functional 

parameters and confirm the possibility of reliable 

detection of cancer tumours (ductal carcinomas) with 

the size about one centimetre. 

5.3 Projection methods 

The reconstruction of diffusion mammograms in real 

time, during seconds or parts of a second, is now 

available only using the projection DOT methods. The 
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rapid development of X-ray CT in the end of the 20-th 

century formed certain stereotypes in the opinion of 

medical society on how fast the tomogram 

reconstruction can be. Today using the electron beam 

tomograph of the 5-th generation it takes less than 50 

milliseconds to get an X-ray 2D tomogram [283]. A 3D 

structure is reconstructed during 3-5 seconds. 

Apparently, such impressive figures are one of the 

reasons why the researchers working in the field of 

optical imaging still do not give up the attempts to apply 

the fast algorithms of projection tomography to DOT 

[38, 59, 66, 112, 114]. In mid-90s the company Philips 

(the Netherlands) even produced a commercial sample 

of diffusion mammotomograph using continuous-wave 

laser radiation, in which the breast image was 

reconstructed from blurred optical projections using the 

backprojection algorithm [112, 114]. However, the 

quality of resulting tomograms was poor, and Philips 

recently stopped the production of this tomograph. 

Projection methods provide only rough approximation 

of the real spatial distribution of optical 

inhomogeneities and yield not only to nonlinear, but 

also to perturbation semianalytic DOT methods in the 

precision of structure reproduction. First, this is due to 

the assumption of rectilinear light propagation 

underlying the projection methods. This assumption is 

invalid in principle, since in turbid media the photons 

have no regular trajectories. Second, the projection 

methods allow for the contribution to the optical signal 

only from the volume elements, crossed by the unique 

straight line, connecting the source and the detector. The 

contribution of other volume elements, crossed by 

complex trajectories of multiply scattered photons, is 

neglected. The experience by Philips showed that the 

rapid reconstruction with poor (> 6 mm) resolution is 

inefficient in the diagnostics of breast cancer. 

Thus, the projection approach to the reconstruction 

of diffusion tomograms should be cardinally modified 

to have prospects in clinical practice of cancer 

diagnostics. The modification should relate the basic 

assumptions that restrict the precision of reconstruction, 

such as the rectilinear light propagation and simplified 

calculation of the Jacobian matrix J . 

An example of such cardinal modification of the 

projection approach is the photon average trajectory 

(PAT) method developed by the researchers from SOI 

and RFNC-VNIITF [5, 15, 35, 36, 43, 46, 47, 57, 59, 

75, 79, 80, 83, 84, 98]. Similar to all projection 

methods, this method reduces the inverse DOT problem 

to integration along a line, which ensures the fast 

tomogram reconstruction. However, in contrast to other 

projection methods, the PAT method operates not with 

straight lines, but with average statistical photon 

trajectories, curved near the boundaries of the scattering 

object. Thus, the PAT method allows for the character 

of light propagation near the boundaries thus essentially 

improving the accuracy of reconstructing the structures 

near the boundaries [80]. Moreover, the average 

trajectory consists of the points that give the maximal 

contribution to the recorded signal. Taking the 

contributions of these points (volume elements crossed 

by the photon average trajectory) into account allows 

the improvement of the spatial resolution of structures 

inside the object by 2 times as compared to the rough 

reconstruction along straight lines [104]. 

The PAT method is based on finding the most 

probable average statistical trajectory of a photon for 

each source-detector link. The trajectory is then used for 

reconstruction. Indeed, given the volume distribution of 

conditional probability density [ , ( , ) ( , )]
s s d d

P t t tr r r , 

one can find the centre of mass for this distribution at 

every moment of time [ , ]s dt t t  and, therefore, 

determine the trajectory along which this centre of mass 

moves. This trajectory is PAT. In the PAT method, the 

inverse DOT problem is reduced to the solution of the 

integral equation with integration along the curvy 

average trajectory, referred to as the fundamental 

equation of PAT method [57]. For absorbing 

inhomogeneities, this equation has the form 

( )
( , , , )

( )

a

s s d d
L

g t t dl
v l


 

r
r r , (24) 

where ( )a r  is the desired object function (absorbing 

inhomogeneity distribution function);     denotes the 

operation of averaging over the spatial distribution of 

photons that contribute to the signal; L  is the photon 

average trajectory from the source point 
s

r  to the 

detector point 
d

r ; l  is the path length passed by the 

centre of mass of the distribution 

[ , ( ,0) ( , )]
s d d

P t tr r r  along the PAT to the time 

moment t ; ( )v l  is the relative velocity of the centre of 

mass as a function of l . Eq. (24) is an analogue of 

Radon transform and can be resolved with respect to the 

function ( )
a

 r  by means of fast algorithms of 

projection tomography. In particular, this is 

demonstrated in Ref. [57], where using the least-squares 

method with QR-factorisation [240], specially oriented 

to the inversion of SLAE with sparse matrices, the 2D 

reconstruction of the function ( )
a

 r  was 

performed during 0.5 s, the record-breaking time for 

DOT. The spatial resolution of the PAT method in this 

case was 9 mm. Later we improved the resolution to 6 

mm [5, 83, 84, 98] by using the original modification of 

the algebraic technique MART, already mentioned in 

Section 4.2. However, no further progress appeared 

possible. Apparently, the spatial resolution ~6 mm is a 

limit, if the contribution to the recorded signal from the 

majority of the object points that do not lie on the PAT 

is not taken into account. In spite of relatively low 

resolution, to the opinion of the authors of the review, 

the PAT method can be successfully used to obtain 

“survey” images of breast in real time, similar to the use 

of topographical method in X-ray CT. 

 

 



A.B. Konovalov et al.:
 
Diffuse optical mammotomography: state-of-the-art and prospects  doi: 10.18287/JBPE16.02.020202 

J of Biomedical Photonics & Eng 2(2)  30 June 2016 © JBPE 020202-33 

5.4 Methods approximately formulating the 

inverse problem of diffuse optical 

tomography 

Alongside with the methods described in Section 4.1-

4.3, at present a considerable variety of different 

methods and approaches to the solution of inverse DOT 

problem is developed, not aimed directly at the 

inversion of the operator equation (5) or integral 

equation (15). All such approaches and methods are 

inherently approximate from the point of view of setting 

the mathematical problem. We conditionally classify 

them as methods, approximately formulating the inverse 

DOT problem. As examples of such methods we can 

mention the inversion methods using neuron networks 

[284, 285], the nonlinear statistical methods developed 

by the MSU team [44, 53, 54, 58, 105] and, of course, 

the methods of localising optical inhomogeneities with 

regularisation [10, 74, 92, 99, 101, 102, 109, 113, 115, 

121, 129-132, 208, 212]. 

The attempts of using artificial neuron networks for 

solving inverse problems on the base of detection of 

backscattered optical radiation are described in two 

papers by Russian researchers [284, 285]. In Ref. [284] 

it is shown that the medium absorption coefficient can 

be estimated with the error of 20%, and the scattering 

coefficient and the anisotropy factor with the error of 5-

10%. Ref. [285] demonstrates the possibility to detect 

the optical inhomogeneity with the size 2-3 mm at the 

depth 3-5 mm. To the opinion the authors of the review, 

the inversion methods based on neuron networks are of 

great interest for solving the problems of optical 

diagnostics. However, additional studies should be 

carried out to justify the efficiency of their application 

in clinical conditions as DOT methods. 

The nonlinear statistical methods proposed by the 

MSU team are based on the hypothesis that the density 

of probability to detect the inhomogeneity ( )if r  using 

the measured signal from the i-th source-detector link 

(below referred to as the i-th measurement) is 

proportional to the difference of photon fluxes 
0

i  and 

i , recorded for the homogeneous reference object and 

the object, perturbed by the presence of inhomogeneity. 

In this case, the following relation is valid: 

0

0

0
( ) ( )i i

i i

i

f p
 




r r , (25) 

where 
0 ( )
i

p r  is the probability density of photons of the 

i-th measurement crossing the arbitrary point r  of the 

reference object. The function 
0 ( )
i

p r  is calculated 

approximately using the Monte Carlo method and 

different methods of approximation [44, 53, 54]. The 

probability density to detect the inhomogeneity from the 

results of all N  measurements is calculated using the 

formula 

( ) ( )
N

ii
f f


r r . (26) 

In fact, the function ( )f


r  plays the role of the object 

function, i.e., the function that describes the inner 

structure of the object. Note, that there is some analogy 

with the backprojection algorithm in absorption 

tomography [283], when the result of reconstruction is 

obtained by summation of all projections, interpolated 

on the image mesh. The algorithm (25), (26) implies 

strong dependence of the reconstruction result upon the 

a priori knowledge of the reference object. To remove 

this drawback, the authors of [54, 58, 105] proposed two 

modifications of the algorithm. One of them [54, 58] 

implies the introduction of iterative procedure, 

according to which at each next iteration the functions 
0

i
  and 

0 ( )
i

p r  are corrected using the results of the 

previous one. In Ref [105] the authors proposed using a 

differential measurement scheme and recording the 

optical signal at two different wavelengths 1  and 2 . 

In this case, in Eq. (25) instead of the difference 
0

i i
   one can use the difference of the measured 

fluxes 
1 2

( ) ( )
i i
   , and thus minimise the 

dependence of the result of reconstruction upon the 

reference object. 

In spite of the absence of rigorous mathematical 

substantiation, the nonlinear statistical methods are 

undoubtedly attractive, and, above all, allow the 

reconstruction of structures with high spatial resolution 

~ 3 mm in the object with the diameter 14 cm. Actually, 

such resolution was obtained for the structures with 

100% contrast, i.e., the absolutely absorbing 

inhomogeneities. Unfortunately, the nonlinear statistical 

methods are unable to separate reliably the spatial 

distributions of the optical parameters a  and s , 

which makes it impossible to use them in functional 

diagnostics of tissues. 

The inhomogeneity localisation methods are the 

fitting methods based on the comparison of 

experimental data with the calculated ones, obtained 

from the analytical solution of the diffusion equation for 

homogeneous medium with a spherical inhomogeneity. 

For the aims of optical mammography, they usually 

apply the planar layer transmission geometry and the 

time-domain technique of tissue probing and signal 

detection. The classical approach described, e.g., in Ref. 

[115], can be conditionally divided into three stages. At 

the first stage the breast is assumed to have 

homogeneous structure, and the mean values of the 

optical parameters a  and s  are estimated using the 

results of comparing the measured and calculated 

photon fluxes, transmitted through the layer. At the 

second stage the tumour with the optical parameters, the 

localisation, and the size to be determined, is modelled 

by a spherical inhomogeneity. To derive the analytical 

relations, the model of diffraction of spherical waves of 

photon density, rounding a spherical obstacle is used 

[286]. The solution is constructed in the frequency 

domain using the image method [287], and then to find 
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the photon fluxes perturbed by the presence of the 

inhomogeneity, the transition to the time domain is 

performed. To compare the measured and calculated 

fluxes, the least-squares method is commonly used. At 

the third stage, the measured TPSFs are used to form 

optical mammograms. 

The method of inhomogeneity localisation, in fact, 

yields no information on the real shape of the tumour. It 

allows one to determine only the place of its localisation 

and the “effective” size. However, such methods with 

certain success are used in experimental clinical studies 

to determine optical parameters of breast tissues in vivo 

[115, 121, 129-132, 208, 212]. 

Most recently, the methods of inhomogeneity 

localisation acquired further development at TSTU [92, 

99, 102, 109]. In these papers the authors propose that 

the localisation problem should be solved using late-

arriving photons that form the trailing edge of the TPSF. 

In Refs. [92, 99] the numerical and nature experiments 

were used to show that the time dependence of TPSF 

logarithm has an asymptote, the position of which is 

determined exclusively by the late-arriving photons. 

From the geometric characteristics of this straight line 

one can draw conclusions about the optical parameters 

a  and s  of the scattering object, for which the 

measurements are carried out. If, e.g., for a cylindrical 

object with an inhomogeneity the measurements of 

TPSF are performed at different angular positions of the 

detector, then, analysing the position of appropriate 

asymptotes, one can estimate the localisation of the 

inhomogeneity, as well as its size and optical 

parameters. In Ref. [102] in order to localise the 

inhomogeneity it was proposed the use of the 3D 

visualisation of the set of TPSF, where the role of the 3-

rd dimension is played by the angle   between the 

source fibre and the detector fibre. From the curvature 

of the obtained 3D surface one can estimate the size of 

the inhomogeneity and the approximate depth of its 

localisation. Finally, in Ref. [109] the authors used a 

two-step procedure to make the localisation more 

precise. At the first step, using the so-called 

inhomogeneity index, which represents the dependence 

of the mean flux density of late-arriving photons upon 

the angle  , the initial approximation of the image of 

the cylindrical object section with inhomogeneity is 

formed. At the second step, the optical and geometric 

characteristics of the inhomogeneity are specified by 

iterative minimisation of a certain objective function. 

Note, that the time of specified image formation using 

the workstation HPZ640 with two six-core processors 

E5-2620v3с and 32 GB RAM did not exceed 3 seconds. 

6 Conclusion 

In the present review, we discuss the state-of-the-art of 

diffuse optical mammotomography, the promising 

method of breast cancer diagnostics. The review of 

diffusion tomography instrumentation is presented, as 

well as of the modern methods of reconstructing spatial 

distributions of optical and functional parameters. It is 

shown that the problem of developing the 

instrumentation for a diffuse optical mammotomograph 

at present is actually solved. To date the only obstacle 

for entering the market of medical imaging facilities is 

the absence of fast reconstruction algorithms, capable of 

reconstructing the diffusion tomograms with required 

precision in real time. However, the present-day 

development level of methodological base for diffusion 

tomography alongside with the rapid progress of 

computer technologies allows us to suggest that this 

obstacle will be removed in a few years. Thus, the 

multistep nonlinear methods and some perturbation 

methods of reconstruction allow the achievement of 

resolution, very close to that required by oncologists 

(features smaller than 4 mm). The next step in the 

progress of processor techniques will solve the problem 

of reconstruction time. Thus, one can expect the 

appearance of commercial diffuse optical tomographs 

specialised for the breast cancer diagnostics in the 

nearest future. 

The contribution of Russian scientists to the 

development of methodological base of the diffusion 

optical tomography is worth adequate appraisal. The 

methods developed by them, namely, the inversion 

methods using the perturbation Lyubimov model, the 

algebraic method for minimising the Holder norm, the 

method of Tikhonov functional with non-negative 

components, the nonlinear statistical methods, and the 

method of inhomogeneity localisation, based on 

detecting late-arriving photons, can occupy a deserved 

place among other methods of solving the inverse 

problem of diffusion tomography. In view of the 

prospects of the optical mammotomography, we 

particularly mention the contribution of SOI and RFNC-

VNIITF teams. Thus, one of the implementations of 

Lyubimov perturbation model allowed the record-

breaking spatial resolution (features smaller than 3 mm 

in the object of size about 8 cm). The other 

implementation allowed the record-breaking 

reconstruction time (0.5 s). One can expect that if in the 

nearest future it becomes possible to perform clinical 

testing of the developed methods, then the Russian 

producers will be able to offer a competitive product for 

the market of commercial diffuse optical tomographs. 

We emphasise that potentially the value of 3 mm 

corresponds to the size of a cancer tumour when it may 

be not yet invasive, so that its detection allows the hope 

for successful healing of the patient. That is why one 

can expect that the DOT methods based on the 

perturbation Lyubimov model will be efficient in the 

diagnostics of oncologic diseases of breast just at the 

early stage of their development. 
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