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a  b  s  t  r  a  c  t

Scintillation  is  one  of the most  important  properties  of  light  propagating  through  random
media.  The  scintillation  index of  plane  and  spherical  light waves  as well  as of  a Gaussian
beam  propagating  in  the  turbulent  biological  tissue  is developed.  Expressions  of average
intensity  of  Gaussian  beams  through  turbulent  tissue  are also  derived.  Effects  of the biolog-
ical  tissue  turbulence  on  the average  intensity  and  scintillation  index  are  discussed  in the
numerical  simulations.  An  analysis  of the  threshold  between  the weak  and  strong  regimes
of  biological  tissue  turbulence  is  made  with the  variation  of  outer  scale  of turbulence.  The
results  are  of  utmost  importance  for any  applications  involved  light  beam  propagation
through  tissues,  especially  the cases  where  the  average  intensity  and  spreading  properties
of the  light  field  should  be taken  into  account  to  evaluate  the  system  performance  and
investigations  in  the  structures  of  biological  tissue.

©  2016  Elsevier  GmbH.  All  rights  reserved.

. Introduction

Along with the development of imaging technology in the biological tissue including optical coherence tomography (OCT)
1–3], the propagation of optical beams through a biological tissue [4–12] is a subject of considerable importance which
ttracted more and more researchers’ attention.

As we all know, biological tissue is a very complex system in which the light is strongly scattered in propagation due
o the spatial fluctuation of its refractive index. Phase-contrast microscopy shows that the structure of the refractive-index
nhomogeneities in a variety of mammalian tissues resembles that of frozen turbulence, Schmitt and Kumar found that the
bserved structure function fits the classical Kolmogorov model of turbulence and presented the model of power spectrum
efractive-index variations in biological tissue [4]. Based on this model of power spectrum of refractive-index variations in
iological tissue, Gao made lots of efforts to explore the changes of coherence and the state of polarization of optical beams
ropagating through a biological tissue [5–9]. The amplitude of the light backscattering from living tissue is very weak. Thus
o effectively measure the backscattered light from a depth beneath the surface for generating optical sectional images and

btaining characteristics of tissue, many low-coherence interferometry-based imaging techniques have been proposed [10].
u and Alfano utilized the fractal continuous random media to model visible and near-infrared light scattering by biological

issue and cell suspensions [11]. For an improvement of the model based on a continuous refractive index variation presented
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in [4], Sheppard proposed a fractal model of light scattering in biological tissue and cells based on K-distribution, the range
of allowable power laws was extended into the subfractal regime [12].

The most important fourth-order statistical quantity of a wave is the scintillation index, being the normalized variance
of the fluctuating intensity. The scintillation index of a plane wave, known as the Rytov variance [3], is conventionally
used in atmospheric propagation for separating weak and strong turbulent regimes. As an optical beam propagates through
the turbulent biological tissue, it will experience random deflections due to refractive turbulence. As a result, the average
intensity of beam will decrease and the beam width will increase as a result of the effect of diffraction [13]. For stochastic
electromagnetic vortex beams propagation through the turbulent biological tissues, the spectral density, the spectral degree
of coherence and the spectral degree of polarization were investigated in detail [14]. The analytical formulae of anomalous
hollow beams (AHBs) propagating through the turbulent biological tissues based on the extended Huygens–Fresnel integral
formula and the irradiance and spreading properties of AHBs in turbulent biological tissues were studied numerically in
[15]. Evidence shows that choosing the appropriate partially coherent model beam is one of the most effective methods to
reduce the influence of turbulence on the laser beams propagating through the random medium [16–21].

However, to the best of our knowledge, the intensity and scintillation index of laser beams propagating through a turbulent
biological tissue haven’t been studied. In this paper, we put forward a model of average intensity for Gaussian beams
propagating in the biological tissue turbulence on the basis of the fractal model the power spectrum of fluctuations in the
refractive index in biological tissue.

The paper is organized as follows, in Section 2, we  derive the expressions of average intensity for Gaussian beams in
turbulent biological tissue. The scintillation index model is given in Section 3. The numerical simulations and analysis are
given in Section 4. Finally, conclusions are given in Section 5.

2. Average spectral intensity of Gaussian beams propagating through a turbulent biological tissue

The cross-spectral density function (CSDF) of Gaussian random fields at the planar source surface can be written as [16]:

W (0) (�1, �2; ω) = exp

(
−�2

1 + �2
2

4�2
s

)
, (1)

where �1 and �2 are two-dimensional position vectors at the input plane, �s is the rms  width of the source, ω is the angular
frequency.

According to the extended Huygens–Fresnel principle, upon propagation from the source plane to any plane with z > 0
and by the paraxial approximation, the CSDF takes the form [13]

W (�′
1, �′
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(2�z)2
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where �′
1 and �′

2 are two-dimensional position vectors at the output plane, where k = 2�n0/� is the wave number of light,
with � being the wavelength of the source and n0 being the background refractive index,  ∗ (�1, �′

1, z; ω) represents the
random part of the complex phase of aspherical wave propagating in biological tissue turbulence, the asterisk stands for the
complex conjugate, and 〈•〉b denotes the ensemble average of in biological tissue turbulence.

The last term in above integrand can be shown to be given by the expression [13,20]:
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where � (�) is the power spectrum of fluctuations in the refractive index of the biological tissues, with � << 2k being
spatial frequency. � is defined as 2�/(eddy size), �0 is the coherence length of a spherical wave propagating in the turbulent

biological tissue and � (�) is given by [12]
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here L0 is the outer scale of the refractive-index inhomogeneity size and in the range of 4–10 um,  and �2 is defined as

�2 = ε2�0l
7−Df
max(

7 − Df
)
�2
, (5)

here ε2�0 stands for a constant, Df represents fractal dimension, with lmax being the cutoff correlation length. Note that
 ≥ 1.5 is required in Eq. (8). Consider the case of a Kolmogorov fractal for n = 11/6, Df = 10/3. Thus Eq. (4) can be reduced
s

�(�) = 0.012ε2�0l
11/3
max L

−4
0 �−11/3, (6)

It is needed to mention that in the derivation of Eq. (10), �L0 >> 1 should be satisfied. According to Eqs. (3) and (6), we
an obtain the coherence length of a spherical wave propagating in the turbulent biological tissue in Ref. [14]

|�0| = 0.898

(
ε2�0l3maxL

−3
0 n0k2z

�

)−1/2

, (7)

Submitting Eqs. (6) and (7) into Eq. (4), for Gaussian beams we  have
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Then, we use the integral relation [18]:
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nd performing the calculation, the spectral density function of a focused Gaussian beam is reduced to
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here
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A2 (z) = k2�2
s zA1 (z)

k2�2
s A1 (z) + z2�−2

0 − k2�2
s
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′ ′
By setting � 1 = � 2 = r, from Eq. (10), we can derive the spectral density at any point at z plane [19]

S (r,  z; ω) = 1
A1 (z)
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− r2

2�2
s A1 (z)

]
. (14)
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3. Scintillation of Gaussian beam in a turbulent biological tissue

The scintillation index of a light wave with instantaneous intensity I (r,  L, �) at a point with position vector (r, L) = (x, y, L),
with L being the direction of propagation, is defined by the expression [9]

�2
I (r, L, �) = 〈I2 (r, L, �)〉 − 〈I (r,  L, �)〉2

〈I (r, L, �)〉2
(15)

where the angular brackets stand for the long-time average. Under the assumption of weakly turbulent fluctuations the
scintillation index of a Gaussian beam can be represented by the sum of the longitudinal (on-axis) component �2

I,l (0, L, �)

and the radial component �2
I,r (r, L, �), i.e.
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Here I0 (·) is the modified Bessel function of order zero, � and � are the normalized parameters of the Gaussian beam:

� = �0

�0 + �2
0

, � = �0

�2
0 + �2

0

, (19)

with

�0 = 2L

kW2
0

, �0 = 1 − L

F0
, (20)

where W0 and F0 being the source plane radius and the source plane phase front radius of curvature of the Gaussian beam,
submitting Eq. (6) into Eq. (17), we have
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Using Euler’s formulacos (x) = Re [exp (−ix)]
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For mathematical analysis convenience, we  define Q = �L/k, R = L/k, and then
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Utilizing the integral relationship in [13] and after some calculations, Eq. (23) can be reduced to

�2
I,l (0, L, �) = 1.74ε2�0l3maxL
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Submitting Eq. (6) into Eq. (18), we have
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here I0 (·) is the modified Bessel function of the first kind, and Eq. (25) can be reduced to
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Using the integral in [13],
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Eq. (27) can be reduced to
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In practice, it is generally useful to have simple analytic approximations for the scintillation index. Accurate approxi-
ations covering general Gaussian beam waves have been developed for several spectral models, for Kolmogorov fractal

pectrum, an approximation [13] for Eq. (28) is

�2
I,r (r, L, �) = 1.98�0l

3
maxL
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(
�2
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0

) . (29)

Coupled with an approximation for the longitudinal term in the case of a collimated or divergent beam, the total scintil-
ation index cab be closely approximated [13] by the simple algebraic form, we  can obtain the expression of the scintillation
ndex of Gaussian beam propagating through a turbulent biological tissue:
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√
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(30)
. Numerical simulations and analysis

In this section, we present some numerical results and discussions about the statistical properties of the stochastic
lectromagnetic vortex beams through the turbulent biological tissues are presented in the following. The mouse liver
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Fig. 1. Notation for a Gaussian beam propagating through a turbulent biological tissue.
Fig. 2. Normalized average intensity of GSM beams propagating through a turbulent biological tissue versus different propagation distance at z = 0 (a),
z  = 100 �m (b) z = 200 �m (c), z = 300 �m (d), z = 400 �m (e) and z = 500 �m (f).

tissue is taken for example and the correlated data in Ref. [8], lmax = 2.3�m, L = 1.4�m, ε2�0 = 9.854 × 10−4, � = 0.83�m
are employed in our simulations, unless other values are indicated in the figures and illustrations (Fig. 1).

Fig. 2 displays the normalized average intensity for Gaussian beams propagating through turbulent biological tissue at
different propagation distance z plane. As indicated by Fig. 2, as the beam propagates, the central peak submerges (Gaussian-
distribution like), the Gaussian beams keep the Gaussian-distribution profile all the time and spreading as the propagation
distance increasing. Fig. 3 plots that the average intensity versus different the outer scale of the fractal behavior. As indicated
by Fig. 3, when the propagation distance is fixed, the average intensity of Gaussian beams increases as L increasing. This is as
a result of larger value of L will lead to a stronger effect of refraction, the smaller value of L will lead to an effect of stronger
scattering, thus the average intensity GSM beams increases as L increasing and the spreading of GSM beams decrease as the
increasing L.

On the basis of Eq. (8), one can determine the scintillation index of a Gaussian beam propagating through the turbulent
biological tissue. We  will first examine the special cases of a plane wave (� = 0, � = 1) and a spherical wave (� = 0, � = 0).
In these two cases the radial component of the scintillation index vanishes. This can be the threshold for the propagation
distances where the separation between weak and strong turbulence lies. In Fig. 4 the scintillation index of a plane wave and
a spherical wave are presented as a function of propagation distance L from the source plane for several values of the outer

scale of the fractal behavior L0. The scintillation levels for these waves differ by approximately one order of magnitude, which
is a larger discrepancy compared with atmospheric propagation (0.4 for the Kolmogorov power spectrum). The scintillation
index of a plane wave in atmospheric propagation is called the Rytov variance �2

R and is used as a threshold for separating
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Fig. 3. Normalized average intensity of Gaussian beams propagating through a turbulent biological tissue versus different the outer scale of the fractal
behavior for L0 = 0.8 �m (a), L0 = 1.2 �m (b) L0 = 1.6 �m (c), L0 = 2.0 �m (d), L0 = 2.2 �m (e), L0 = 2.4 �m (f) at z = 50 �m plane.

F
b

t
F
a
i
p
w

ig. 4. The scintillation index of a plane wave (a) and a spherical wave (b) versus propagation distance L [�m] for different the outer scale of the fractal
ehavior L0.

he weak and strong regimes of turbulent fluctuations: �2
R << 1 for weak conditions and �2

R >> 1 for strong conditions. In
ig. 4(a) we show the onset of strong fluctuations for biological tissue propagation. Depending on L0 it can occur at distances

s short as 130 �m and as long as 300 �m.  As seen from the curves in Fig. 4(a) and (b), the scintillation index decreases as the
ncreasing the outer scale of the fractal behavior L0 when the beam propagates through the biological turbulent tissue. Fig. 5
lots the scintillation index as a function of propagation distance L from the source plane for several different values of the
avelength �, as indicated by Fig. 5, the scintillation index spherical wave decreases as the increasing of wavelength �, as
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Fig. 5. The scintillation index of a spherical wave versus propagation distance L [�m] for different values of wavelength �.

we know that beams spread more rapidly with lager wavelength, thus the contribution of diffraction effect to scintillation
is greater to the effect of refraction effect, hence beams with larger wavelength will lead to a lower scintillation index.

5. Conclusion

In summary, we have developed the model of scintillation index of plane and spherical light waves as well as of a
Gaussian beam propagating in the turbulent biological tissue. Expressions of average intensity of Gaussian beams through a
turbulent tissue are also derived. Our simulation results indicate that the normalized intensity of Gaussian beam increases
as the increasing propagation distance and the Gaussian beams keep the Gaussian-distribution profile all the time, the
normalized intensity decreases as the increasing outer scale of the fractal behavior L0. An analysis of the threshold between
the weak and strong regimes of biological tissue turbulence is made with the variation of outer scale of turbulence. The
onset of strong fluctuations for biological tissue propagation depending on L0 it can occur at distances as short as 130 �m
and as long as 300 �m.  The scintillation index decreases as the increasing the outer scale of the fractal behavior L0 and the
increasing wavelength when the beam propagates through the biological turbulent tissue. Our results obtained in our paper
can be helpful for any applications involved light beam propagation through tissues, especially the cases where the average
intensity and spreading properties of the light field should be taken into account to evaluate the system performance and
investigations in the structures of biological tissue.
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