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Abstract

Ž .The extension of the photon correlation spectroscopy PCS in multiple scattering regime, so-called diffusing wave spectroscopy
Ž . Ž .DWS was employed to the study of blood samples. Multiple scattered light from a helium–neon He–Ne laser beam incident on the

Ž . Ž .blood samples was detected by a photomultiplier, and both the temporal autocorrelation intensity functions g t and power spectra S v2

were measured by a spectrum analyzer. The potentials of using DWS for the qualitative and quantitative determination of the structural
characteristics of the blood elements were studied experimentally. The experimental studies made, permits the use of DWS for blood cells
monitoring in a multiple scattering regime. This paper describes our initial attempts at applying DWS to the study of the discrete blood
samples of both healthy donors and patients with the cardiac ischemia. The subsequent experiments provide a verification of DWS of
blood cells shape monitoring under multiple scattering.
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1. Introduction

The unique characteristics of light scattering methods
are of great interest to researchers working in different

w xareas of biology and medicine 1–3 . Nevertheless, the
problem of implementing optical diagnostic methods in
clinical practice in order to solve a wide range of actual
diagnostic tasks remains. Part of the reason for this can be
explained by the fact that for most biological tissues,
probing radiation is usually in the visible and near-infrared

Ž .ranges of the spectrum ls400–1400 nm . This region is
characterized by low absorption, and highly and often

w xanisotropy scattering 4 . As a result, the light waves
emerging from the processes of diffraction and scattering
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by the structural elements of the medium being investi-
gated have different phase constituents that cause interfer-
ence phenomena. The mathematical expression for the
propagation of radiation which describes these conditions
is complex. In practice, it is not possible to distinguish
regular waves corresponding to the internal structure of the
medium or individual characteristics of scatters.

It has been demonstrated that the analysis of the dynam-
ics of scatters and internal media structure by the use of

Ž .photon correlation spectroscopy PCS is a very promising
w xtechnique 3,5,6 . Moreover, the recent extension of PCS

to a multiple scattering regime, known as diffusing wave
Ž . w xspectroscopy DWS 7,8 , to monitor the microscopic

Ždisplacements of the scattering particles up to hundredths
. w xof a wavelength l of the incident radiation 9 , and its

successful application for in vivo blood flow diagnostics
w x10,11 have initiated the current experimental study of the
structural and biochemical characteristics of blood. These
characteristics are very important indicators for both the
general state of the human body and the functioning of its
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Žindividual organs. There are up to 40 parameters proteins,
.microelements, globulins, etc. , whereas typically for the

particular diseases, only four or five are of interest. We
investigated the blood of patients with cardiac ischemia
and therefore, checked the lipoprotein concentration, de-
gree of oxygenation, average size of the aggregates and the
shape of the red blood cells.

Thus, taking into account the multi-parametric charac-
teristic of the problem, we have investigated the multiple
scattering of the laser radiation depending on the change of
the biochemical and rheological characteristics of human
blood samples.

2. Principles of the diffusing wave spectroscopy

Despite the similarity of DWS and PCS experimental
w xsetups 5,6 , the DWS is based on quite different interpre-

tation of the results. Thus, in a framework of DWS, the
radiation propagation is described as a diffusion of photons
through the inhomogeneous turbid highly scattering

w xmedium 7,8 .
Due to multiple scattering, each photon undergoes a

large number of scattering events, N, and a resultant phase
Ž . w xshift Df t 7 :

N N

Df t s q r tqt yr t s q D r t ,Ž . Ž . Ž . Ž .Ý Ýi i i i i
is1 is1

1Ž .

where, q is the scattering wave vector for the i-th scatter-i
Ž . Ž .ing event, r t and r tqt are the coordinates of thei i

Ž .scatterers in time t and tqt , respectively and D r t isi

the position change of the i-th scattering particle during
time t . It should be noted that in highly scattering random
medium, the trajectory s of each photon is an independent
random walk from the source r to the detector points0

r .N q1

Thus, at an instance of time t due to sequential scatter-
Ž . Ž . Ž .ing by a series of scatterers r t , r t , . . . , r t in a far1 2 N

Ž . w xzone performs a scattering field E t 12,13 :

N

E t s g A t exp iv tq if t , 2Ž . Ž . Ž . Ž .Ž .Ý i i 0 i
is1

< < 2where g ssin c , c is the angle between direction of
Ž .the polarization vector and direction of scattering, A ti

Ž .Fig. 2. Normalized temporal field autocorrelation functions g t , mea-1
Žsured for two different particle shaped samples: 1—disc-shaped average

.diameter of particles 7.2 mm, and the parameter of aspherity ps3.3 and
Ž2—spherical erythrocytes average diameter of particles 5.6 mm, and

.ps1 . The solid lines are the results of linear fitting for the fragments of
the temporal field autocorrelation functions.

are the complex amplitudes of scattered waves, v is the0

frequency of the incident wave.
Ž . Ž .The field E t is interference with the fields E t"t

scattered slightly earlier or later on the same series of the
scatters. However, in the result of the scattering particles

Ž .motion in the medium, the phase between fields E t and
Ž .E t"t will be different at different instances of time.

The random temporal phase fluctuations predetermine the
temporal fluctuations of a summarized field and intensity
of scattering radiation, respectively.

Quantitatively, these fluctuations are best examined by
the comparative analysis of the temporal field correlation

w xfunctions of the scattering radiation 7,8 :

² :G t s E t E tqtŽ . Ž . Ž .1

1 sj2 2² :s I P s exp y k D r t , 3Ž . Ž . Ž .Ý0 j 0ž /3 ljs0,`

² < Ž . < 2:where I s E t , l is the scattering mean-free path,0
Ž .and P s is the normalized distribution of the path lengths

w x7,8 :

3r2 2< <y y r yr0 Nq1
P s s exp , 4Ž . Ž .i ž / ž /4p s D 4 s Di i

where Dsy lr3 is the photon diffusion coefficient, and y

is the speed of light in the medium.

Fig. 1. Schematic diagram of the experimental set-up. 1—He–Ne laser, 2, 4, 7—confining diaphragms, 3—polarizer; 5—focusing lens; 6—cell with a
blood sample; 8—the photodetector diaphragm; 9—photomultiplier; 10—spectra analyzer or correlator; 11—two-coordinate recorder.
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Table 1
The Dv halfwidth of spectrum with respect to the average shape of
erythrocytes and surface relief

Shape of Disk Relieved Spheroid Sphere
particles disk

Dv rHz 333"23 429"30 375"26 273"19

On the other hand, the shape of the arbitrary distributed
particles during their motion may change in time and the

Ž . Ž .amplitude A t of scattered field 2 will change in time as
well, respectively. The temporal field correlation function
in this case can be considered as:

G t AG t G t , 5Ž . Ž . Ž . Ž .1 A f

Ž . ² Ž . Ž .:where G t s A t A tqt is the temporal amplitudeA
Ž . ² Ž . Ž .:correlation function, and G t s f t f tqt is thef

temporal phase correlation function.
Thus, the normalized temporal field correlation function

is responsible for both the dynamics of the scatters, their
orientation, and their shape changes. Moreover, for identi-
cal dynamics, the temporal field correlation function is
characterized by the particle shape changes.

3. Experimental

The measurements of the intensity fluctuations of the
coherent laser radiation multiple scattering in a sample of
the whole human blood were made by the standard PCS

w xexperimental scheme 5,6 . Experimental setup is shown
schematically in Fig. 1. A wavelength of ls632.8 nm
generated by the He–Ne laser was focused on the surface

Žof a spectrophotometer cell 30 mm in diameter and 4 mm
.in thickness . The diameter of the beam waist in the cell

was about 150 mm, and the power of the incident radiation
on the surface of the sample was about 15 mW.

The subject of our study is the whole blood, which in
terms of optics is a heterogeneous liquid, comprising such

Ž .scattering particles such as erythrocytes 45% , leukocytes
Ž . w xand trombocytes 1% , and plasma 14 . We assume that

the blood characteristics are roughly determined by the
characteristics of erythrocytes and plasma alone.

Diffusely scattered light selected by the series of confin-
ing diaphragms was collected by a photomultiplier. The
output photomultiplier signal was fed into spectrum ana-

Ž .lyzer or correlator, and the power spectra S v or tempo-
Ž .ral intensity autocorrelation functions g t were recorded2

with a two-coordinate recorder.
Ž . Ž . Ž .Both these quantities S v and g t relate to g t2 1

w xaccording to the Wiener–Kintchine theorem 5,7 :

² :2
q`I 2

S v s g t cos iv t dt , 6Ž . Ž . Ž . Ž .H 1 02p y`

Fig. 3. Spectrum of the intensity fluctuation of the radiation scattered by
Ž . Žthe blood samples with: `—high 70–150 mm and v —low 15–25

.mm degree of the erythrocytes aggregation.

and to the Sigert relation temporal intensity autocorrelation
w xfunction 5 :

< < 2g t s1qb g t , 7Ž . Ž . Ž .2 1

w xwhere b is the aperture function 7 .

4. Results and discussion

Fig. 2 presents the typical normalized autocorrelation
Ž .functions of the scattered radiation field g t , measured1

Fig. 4. Halfwidth of a spectrum fluctuation of intensity as a function of
Ž .the concentration of oxygenium in erythrocytes C % .
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Table 2
Scattered radiation halfwidth of spectrum Dv vs. the particle shape with

w xthe related values of a 18

Particle shape Dv rHz a

Ferulized erythrocytes 401"28 870
Flat disc 546"38 2330
Flat disc 377"26 28

for disc-shaped and spherical human blood erythrocytes
under a constant volume. These results agree well with

w xmodel experiments using solutions of latex in water 15 .
Ž .The results of the power spectrum S v measurements

for the blood samples with various average shapes of
erythrocytes are presented in Table 1. It is seen that not
only the particle shape, but also the particle surface relief
affected the power spectrum. This is an interesting result,
as the spectrum of capacity does not contain information
on surface microrelief of particles at small concentrations
w x5 .

For another example of scattered particles exhibiting
different geometry, we consider a potential of DWS for
estimating the degree of aggregation of erythrocytes. Fig. 3

Ž .gives the normalized power S v for the blood samples
with both a low and a high degree of the erythrocyte
aggregation. For the blood samples with relatively small

Ž .aggregate sizes 15–25 mm , we took normal blood from
healthy donors, and used the blood of patients with cardiac
ischemia for comparison. Blood of such patients is charac-

w xterized by a higher degree of aggregation 16 . The average
size of these larger aggregates is 70–150 mm.

The average size of the aggregates was monitored by
microscope and by using an independent method, devel-

w xoped earlier 17 . This technique is based on measuring of
the diffuse reflection and transmission coefficients at mul-
tiple scattering, and monitors the increase in the sizes of
aggregates of whole blood at cardiac ischemia.

Fig. 4 presents the results to the halfwidth of spectrum
changes with the increase in the concentration of oxy-

Ž .genated blood C % . It appears that by reduction of the
blood oxygenation, it is possible to create a situation, when
the halfwidth of spectrum for the disk-shaped particles will
be even smaller than halfwidth of spectrum for the spheri-

Ž .cal particles see Table 2 . The oxygenation a was deter-
w xmined by the technique described in detail in Ref. 18 .

It is necessary to note that the spectra, recovered in the
experiments, change depending on sex, age, and disease.
By averaging the results of the measurements into two
groups, we obtained the average spectra for patients and
healthy donors. The halfwidth changes of the spectrum for
the samples with a strong degree of aggregation were in
the range 1–4 kHz, and for the healthy donors, from 5 to
15 kHz. This is explained by reduction in speed of the
aggregated erythrocytes at the increase of their sizes.

We suppose, the linear dependence of width of the
Ž .spectrum of power S v from the degree of oxygenation

of erythrocytes of a blood uncloses possibility for the
development of an express method of definition of density
of oxygenation in erythrocytes of a blood.

In our experiments, we emphasized that the correlation
coefficient between the halfwidth of spectrum depends on
the lipoprotein concentration, whereas the relationship
between the probability of falling sick and the other
biochemical parameters is much weaker. Based on the
relationship between the concentration of low-density lipo-

w xproteins and a possibility of cardiac ischemia disease 19 ,
a new approach for quick diagnosis of cardiovascular

w xdiseases appears 20 .

5. Conclusion

The experimental results clearly show that the PCS
technique can be used to monitor the average character-
istics of red blood cells under multiple scattering regime.
This opens wide possibilities for the practical use of DWS
in biomedical diagnosis by means of the monitoring of the
shape of blood elements and their oxygenation. The exper-
imental results presented above well illustrate the sensitiv-
ity of the method in its ability to monitor particle shape
change and microcirculation.
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