
Contemporary methods for detection of an optical

heterogeneity are based on diffuse optical tomography

(DOT). In some cases, X�ray computer tomography (CT)

and magnetic resonance imaging (MRI) can replace

DOT. The three methods can complement each other as

diagnostic methods. Although CT and MRI provide sat�

isfactory spatial resolution, their use can have a detrimen�

tal effect on the patient’s health. Ionizing X�ray radiation

is dangerous for the human body. Even low�energy X�ray

quanta can induce genetic mutations and cause cancer.

The mechanisms of biological action of strong magnetic

fields and, thus, potential dangers of MRI are insuffi�

ciently understood. In addition, implementation of these

methods requires sophisticated and expensive equipment.

Neither MRI nor CT can be implemented in portable

apparatuses because they use rather large units and high�

energy power sources. 

Infrared spectroscopy and tomography utilize opti�

cal and near�IR radiation with wavelengths 700�1300 nm.

Usually, the optical range near the isosbestic point λ =

805 nm is used. To the left of the isosbestic point, oxy�

genated blood (OxyHb) has lower absorptivity than

deoxygenated blood (DeoxyHb). Conversely, to the right

of the isosbestic point the absorptivity of oxygenated

blood is higher than that of deoxygenated blood. Optical

diagnostic methods are safe and noninvasive, while the

devices implementing these methods can be made

portable and rather inexpensive. 

In diagnosis based on the pulse detection mode, the

initial and middle parts of the time curve of light scatter�

ing are usually considered as sources of diagnostic infor�

mation [1]. The initial part corresponds to the ballistic

and weakly scattered photons [2, 3]. For these types of

photons, the characteristic coefficients of scattering by

biological tissues are μ′s = 0.5�1.5, which makes the num�

ber of detected photons vanishingly small. Thus, the mid�

dle part of the time curve of the light scattering becomes

the main source of data for determining the mean transit

time of an ultrashort diffusing pulse [4]. Some informa�

tion can also be gained from the tail of the time curve cor�

responding to the late arriving photons (LAP) [1, 5, 6]. It

should be noted, however, that the late arriving photons

make virtually no contribution to the determination of

the mean transit time of a diffusing pulse [1, 7].

The droplet model of a pulse with fixed initial num�

ber of photons is considered in this work. According to

this model, the diffusion of the optical pulse is directed
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A rapid method for detection of an optical heterogeneity in a biological object on the basis of diffuse optical

tomography (DOT) is described. The method utilizes late arriving photons (LAP) that are scattered and diffuse�

ly transmitted through a phantom or a biological object. The technique was validated experimentally using a near

infrared femtosecond laser as the source. A streak camera was used as the radiation detector. Satisfactory agree�

ment between the experimental data and a numerical diffusion model is demonstrated. The initial relative num�

ber of photons in a single pulse (virtual isotropic source) uniformly fills the object in the same manner as a dif�

fusing droplet moving toward the center of an object.
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from the surface to the center of the object. The droplet

model describes both heterogeneous and homogeneous

cases. It solves the radiative transfer equation in the diffu�

sion approximation [2, 3]: 

(1)

where U(r, t) is the diffusion component of radiation

energy; μtr = μa + μ′s is the transport extinction coeffi�

cient, i.e. the sum of the extinction coefficient and the

reduced scattering coefficient μ′s = (1 – g)μs; g is the scat�

tering anisotropy factor; Sd(r, t) is a function of the opti�

cal radiation source. 

According to the Beer–Lambert law [5], the time

function of light scattering can be obtained as a solution

of Eq. (1) in the form of a multiplicative function, i.e. as

a product of the independent scattering and absorbing

components: 

(2)

where I0 is the initial intensity of radiation (number of

photons per pulse); cn is the light velocity in the medium

with refraction coefficient n; index i = 1, 2 distinguishes

two scattering media with different scattering coefficients.

Materials and Methods 

The experimental setup is shown in Fig. 1. It

includes a Coherent MIRA 900�B femtosecond Ti:sap�

phire laser 2 pumped with the a Coherent INNOVA 307

continuous argon laser 1. The pulse of laser 2 was applied

via a light guide to the TiO2�doped epoxy resin cylinder 3

used as a phantom. The concentration of titanium oxide

particles in the cylinder was adjusted to make the scatter�

ing coefficient of the phantom close to that of biological

tissues. A special dye was also added to simulate spectral

heterogeneity 4 with the required absorptivity μa (Fig. 2).

The radiation intensity was monitored using the

Hamamatsu Photonics KK Streak Camera C4334 detec�

tor 7 with temporal resolution 10 psec. The detector light

guides were arranged as the bundle 9. The integral inten�

sity of continuous light was monitored using the same

device with the time sweep turned off. Some of the radia�

tion hits trigger 6; its power and wavelength were meas�

ured by the meter 5.

The wide dynamic range (1016) of detection hindered

the determination of the absolute values of R′(α, t) and

ln[R′(α, t)]. For this reason, the signal was normalized to

the maximal level. The shape of the time curve was care�

fully analyzed on linear and logarithmic intensity scales

[3, 5, 8�10].

The R(α, t) curves were plotted on the same scale

with regard to the absolute value of the intensity using a

stage�to�stage method [6, 11]. In the first stage, the inte�

gral signal was detected:

Fig. 1. Experimental setup for DOT: 1) INNOVA 307 argon laser;

2) MIRA 900�B Ti:sapphire laser; 3) phantom; 4) simulated het�

erogeneity; 5) device for measuring power and wavelength; 6) trig�

ger; 7) Streak Camera C4334 detector; 8) computer; 9) light

guides.
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Fig. 2. Cross�section of phantom with selected optical properties.

Locations of light guides leading to the detectors are shown. The

light guide of the source can be located at angles 0°, 90°, 180°, and

270°.
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In the second stage, the shape of the time–intensity

curve for the diffusing pulse was determined without tak�

ing into account the absolute intensity value. The results

at different angles were calculated as follows:

Results and Discussion

Experimental values of the IR pulse intensity as

measured in homogeneous and heterogeneous phantoms

are shown in Fig. 3. In the homogeneous case, all curves

ln[R(α, t)] converge to a single line. The virtual isotrop�

ic source (VIS) of photons moves from the object

periphery to its center. After 2.5�3 nsec, the VIS is

already at the center of the object. Thus, detection of the

late arriving photons is performed under conditions

equivalent to positioning the VIS at the center of the

object. This process closely resembles the diffusion of a

fluorescent droplet (hence the name of droplet model)

that falls on the surface of the object and gradually fills

its volume.

The droplet model was numerically calculated in a

C# program [12]. Experimental and theoretical results

obtained for the homogeneous case are compared in Fig.

4. The time curves were obtained at angles 72 and 180°. In

this case, the experimental and theoretical curves of

ln[R(α, t)] converge to a single line. The diffusion

approximation is effective in the middle part and the tail

of the time curve. The correlation between the theoretical

and experimental data was demonstrated to be satisfacto�

ry at the two angles. It was particularly high after 1 nsec.

At the angle 72° and time <0.8 nsec, the diffusion approx�

imation is less effective. Thus, the late arriving photons

should be used for detection.

The results of numerical simulation of the homoge�

neous and heterogeneous cases are shown in Fig. 5. In the

homogeneous case, the curves ln[R(α, t)] converge to a

single line, while in the heterogeneous case they become

parallel, which is consistent with the experimental data

(Fig. 3). 

The diffusion approximation of the VIS moving to

the object center allows the DOT problem to be solved in

two stages: 1) direct detection of heterogeneity without
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Fig. 3. Experimental intensity values of IR pulse passing through

a homogeneous phantom (a) and a heterogeneous phantom (b) at

different angles.

Time, nsec

In
te

n
si

ty
, 

re
la

tiv
e

 u
n

its

Fig. 4. Comparison between results of experimental and numeri�

cal calculation for the homogeneous object at angles 72° and 180°.
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solving the inverse problem; 2) reconstruction of the dis�

tribution of heterogeneities (i.e. tomography proper).

In the homogenous case, 3�D mapping of the

curves combines them into a plane; in the heteroge�

neous case, the curves also form a plane, but with a cre�

vasse near the angle where the heterogeneity is located

(Fig. 6). Such 3�D mapping provides real�time detec�

tion of heterogeneities without solving the inverse prob�

lem.

Conclusion

The virtual isotropic source (VIS) of photons moves

from the object periphery to its center rather than through

the object. Thus, detection of late arriving photons is

equivalent to positioning the source light guide at the

center of the object, which is impossible in living biolog�

ical objects.

The diffusion approximation of the VIS moving to

the center of the object allows the DOT problem to be

solved in two stages:

1) rapid detection of heterogeneity without solving

the inverse problem;

2) reconstruction of the distribution of hetero�

geneities, if necessary.

Our further research will be focused on metrological

support of the method and consideration of cases of sev�

eral heterogeneities within a single object. It should be

noted that the case of variously sized heterogeneities

located far from the surface or immediately in the center

of the object remains to be studied.
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Fig. 5. Results of numerical simulation of a virtual isotropic

source moving to the center of an object in homogeneous (a) and

heterogeneous (b) cases.
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Fig. 6. 3�D mapping of time curves for various heterogeneous cases. Numerical (a) and experimental (b) results are given. Arrows indicate the

crevasses in the 3�D plane located at 90° (a) and 180° (b). In the homogeneous case, the 3�D map does not contain any crevasses.
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