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The study examines the average transmittance of Gaussian beams passing through various biological tissues,
taking into account the impact of turbulence, absorption, and scattering. The extended Huygens-Fresnel tech-
nique, which utilizes the power spectrum of turbulent biological tissues, is applied to determine the optical
intensity at the observation point. Additionally, there are tabulated absorption and scattering coefficients
available for the application of the Beer-Lambert law, facilitating the calculation of optical light attenuation in
biological tissues. Examining the impact of turbulence, as well as absorption and scattering-induced attenuation

on the Gaussian beam’s propagation, the changes in transmittance are documented across different tissue

parameters.

1. Introduction

Studying the propagation characteristics of a light beam through
biological tissue, which encompasses aspects like intensity profile,
effective beam spot radius, spectral degree of coherence, polarization,
scintillation and average transmittance, provides valuable insights into
the internal structures of the tissue medium. The propagation of light
through biological tissue is impacted by factors such as absorption,
scattering, and turbulence. As light traverses through the tissue, it un-
dergoes scattering and absorption, leading to a reduction in light in-
tensity known as attenuation. Studies in the literature have documented
the absorption and scattering coefficients for diverse tissue types [1-5].
Furthermore, the turbulence within the tissue has a substantial impact
on the propagating wave, resulting in various impairments to the wave
front. This, in turn, gives rise to phenomena such as beam spread, beam
wander, and scintillation. A recent literature survey considering optical
wave propagation in tissue turbulence is reported in [6]. Various laser
sources respond differently to the influence of tissue turbulence. Refs.
[7-12] offer comprehensive details regarding the propagation of various
laser sources through turbulent tissue media. Specifically, [7] in-
vestigates how tissue turbulence affects the transmission of annular
beams, while [8] explores the propagation of laser array beams through
liver tissue. In both [7] and [8], the authors present analytical solutions
for both received intensity and effective beam spot size. Additionally,
[9] scrutinizes the propagation of stochastic electromagnetic vortex

beams through turbulent biological tissues, employing the cross-spectral
density matrix. The authors in [9] also provide the derived formula for
coherence length. An analogous study was conducted to investigate the
propagation characteristics of anomalous hollow beams, as detailed in
Ref. [10], where the structure constant of the refractive index is
expressed in terms of tissue structure parameters. Moreover, [11] delves
into the propagation characteristics of coherent Laguerre-Gaussian
beams within turbulent biological tissue, whereas [12] details the
propagation properties of Generalized Hermite cosh-Gaussian beams
through the tissue of the human upper dermis.

The turbulence in the tissue also leads to light scintillation, signifi-
cantly impairing the effectiveness of optical systems. In recent research
studies [13-16], the existence of the scintillation phenomenon has been
documented. To elaborate, [13] delves into the scintillation index of an
optical spherical wave, [14] provides an analytical expression for the
scintillation index of the Gaussian beam wave, [15] offers a compre-
hensive analysis of the scintillation index for plane, spherical, and
Gaussian beam waves in soft biological tissues, and [16] presents
analytical solutions for the scintillation index of the Gaussian beam
across different turbulence strengths.

This study investigates how a Gaussian laser beam travels through
various biological tissues affected by turbulence, absorption, and scat-
tering. Initially, we calculate the average optical intensity at the
observation point using the Huygens-Fresnel method, which depends on
the turbulence power spectrum of biological tissue. We also account for
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intensity reduction caused by absorption and scattering using the Beer-
Lambert Law. Ultimately, our attention is directed towards under-
standing the transmittance of the Gaussian beam in biological tissues,
taking into account turbulence, absorption, and scattering effects. It is
important to highlight that we have utilized tissue parameter data
regarding absorption, scattering, and turbulence, which were obtained
through empirical measurements from a range of tissue samples.

2. Formulation
2.1. Gaussian beam propagation in tissue turbulence

The field expression of a Gaussian beam at the source plane is
formulated as [17]

SZ
u(s) = exp( - 2a2> (€D)

where the vector s = (s,5y) represents the transverse coordinates of the
source on the transmitter plane, and as denotes the source size.

Extended Huygens-Fresnel integral dictates the field expression of a
Gaussian beam at the receiver plane, accounting for the effects of tur-
bulence experienced by the laser beam over a propagation distance of L
[18]
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In Eq. (6), po represents the coherence length of a spherical wave as it

propagates through the tissue turbulence, and it is defined by the
expression [17].
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where « signifies the spatial frequency, ®(x) denotes the power spectrum
of the biological tissue and is expressed as follows [20,21]
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Here S is the strength coefficient of the refractive-index fluctuations,
I, is the characteristic length of heterogeneity, I'(.) is the gamma func-
tion, Dy is the fractal dimension, I is the small length-scale factor. We
apply the tissue turbulence power spectrum model from Eq. (8) within
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where p = (p,py) is the transverse coordinates of the receiver plane, k =
2n/) denotes the wavenumber, A represents the wavelength of the laser
source, j = v/—1 is the complex number, y(s, p) represents the random
complex phase of a spherical wave during its propagation from the
source point to the receiver point.

The calculation of the optical intensity at the receiver plane is based
on the method outlined in Ref. [18]

{I(p,z =1L)) = (u(p)u’(p))
’ d’s; d?s,u(sy, 2= 0)u*(sy,z = 0)
) [ [ ] ] S
xexp[ (st = pI* ~ Is2 - p|2)}
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where * represents the complex conjugate and () shows the ensemble
average over the random medium statistics. The third line of Eq. (3) is
given by [18]
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where Dy, is the wave structure function and is given by

2
D|// (Sl ; SZ) = p—2(81 — Sz)z. (5)

0
By incorporating Eq. (5) into Eq. (3) and resolving the integral, we
arrive at the determination of the optical intensity at the receiver, and
this is represented by [19]

Eq. (7) to derive the coherence length of the spherical wave in biological
tissue
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where U(.) is the confluent hypergeometric function of the second kind.
Eq. (9) is derived by employing Equation (2.1) of Belafhal et al. [22]
which is

i et g2u-1

£ r
/1+ct2 dt = z(c”ﬂ)u(ﬂﬂﬂﬂ )yc>0 (10)
0

2.2. Average transmittance due to tissue turbulence

The average transmittance of the Gaussian beam, affected by tissue
turbulence, has been found on the receiver axis (p = 0) i.e. Strehl ratio
which is given by [18]

(I0,L))

(0, L) (1)

(1) =

where (I(0, L)) is the average received on-axis optical intensity in tissue
turbulence, IO(O,L) denotes the received on-axis optical intensity in the
absence of turbulence. It is important to note that the average trans-
mittance is within the range of 0 to 1. A value of 1 implies that the
optical wave passes through the medium without any distortion, while a
value of 0 indicates complete obstruction of the optical wave by the
turbulent medium.

2.3. Transmittance due to absorption and scattering

The attenuation in intensity due to absorption and scattering is
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calculated by applying the Beer-Lambert Law [23]
I=Iexp[—c(A)L], a2

where I represents the received on-axis intensity after propagating
through the tissue medium, in the presence of scattering and absorption,
I° is the received on-axis intensity in the absence of absorption and
scattering, c(A) = a(\) + b(}) is the total extinction coefficient, a(\) and b
(A) being the absorption and the scattering coefficients, respectively. It is
important to emphasize that the absorption and scattering coefficients
exhibit wavelength dependence and can be directly obtained from the
references specified in [1-5], with empirical measurements derived
from diverse tissue samples. The transmittance as a result of absorption
and scattering T4 s can be expressed as

s = 35 = eXpl-c(A)L]. as)

2.4. Transmittance due to turbulence, absorption and scattering

The transmittance arising from the combined effects of turbulence,
absorption, and scattering T, q s is calculated by multiplying the average
transmittance of light due to turbulence with the transmittance due to
absorption and scattering. That is

I(0,L
Ttas = (Tt>-7u.s = M@Xp

1(0,1) [=c(A)L). (14)

In this research, we have gathered tissue parameter data related to
turbulence and absorption-scattering from sources [2,3,24] to investi-
gate (ty), Tqs, and Ty q, 5.

3. Numerical results

In this section, we have numerically explored the average trans-
mittance of a light beam as it propagates through tissue media with
distinct distortion characteristics, including turbulence, absorption, and
scattering. In the following analyses, within Figs. 1-6, we exclusively
explore how tissue turbulence impacts the average transmittance across
different tissue types. Moving on to Figs. 7 and 9, our focus shifts solely
to examining how absorption and scattering affect transmission in
various human tissues. Lastly, Figs. 8 and 10 illustrate the impact of
absorption, scattering, turbulence, and their combined effect on
transmittance.

Fig. 1 illustrates the comparison of average transmittance (t;) versus
propagation distance L for various biological tissue types. The tissue
types compared here are liver parenchyma of mouse having measured
parameters Dy =2.60 and Ic = 10.24 um, intestinal epithelium of mouse
having measured parameters Dy =2.67 and Ic = 11.48 um, upper dermis
of human having measured parameters Dy =2.67 and Ic = 5.24 ym, and
deep dermis of mouse having measured parameters Dy =2.72 and Ic =
5.29 ym. The parameters are extracted from Table 1 of Ref. [24]. It is
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Fig. 1. Average transmittance (t,) versus propagation distance L for different
tissue types.
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Fig. 2. Average transmittance (t,) versus propagation distance L for different
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RN

o
oo

o
o)}

<
~

Liver Parenchyma (mouse)‘

Average Transmittance, <rt )

§=1x10" D, =260, a_= 1pum,I_= 10.24 ym, I, = 1 um

o
N

5 10 15 20 25 30 35 40
Propagation Distance, L (xzm)

Fig. 3. Average transmittance (t,) versus propagation distance L for different
wavelength 4 values.

seen in Fig. 1 that the average transmittance decreases as the propaga-
tion distance increases for all tissue types. At a fixed L value, the
maximum transmittance is observed for the tissue named deep dermis
(mouse). The average light transmittance of upper dermis (human) is
lower than that of deep dermis (mouse). The intestinal epithelium
(mouse) has a higher average transmittance than the liver parenchyma
(mouse). Notably, liver parenchyma (mouse) shows the least average
transmittance among the analyzed tissues. It is crucial to highlight that
the deep dermis of mouse and the upper dermis of human tissues
demonstrate comparable average transmittance values. Comparable
patterns can also be observed between the intestinal epithelium and
liver parenchyma of mouse.

In Fig. 2, we depict how the average transmittance of the mouse liver
parenchyma is affected by the strength coefficient of refractive-index
fluctuations S. This coefficient maintains a constant value of S = 1 x
10~* as shown in Fig. 1. It is noted that as § increases, there is a decrease
in the average transmittance. Fig. 3, akin to Fig. 2, illustrates the rela-
tionship between the average transmittance of mouse liver parenchyma
and the wavelength of the light source . This parameter remains con-
stant at a value of A = 0.63pm, as depicted in Fig. 1. In Fig. 3, it is evident
that with an increase in the wavelength of the light source 4, there is a
corresponding increase in the average transmittance. Fig. 4, similar to
Figs. 2 and 3, illustrates the correlation between the average trans-
mittance of mouse liver parenchyma and the source size of the Gaussian
beam «,. This parameter is held constant at ag = 1pm, as shown in Fig. 1.
It is seen that average transmittance increases with increasing the source
size of the Gaussian beamas.

In Fig. 5, the average transmittance is graphed against the strength
coefficient of refractive-index fluctuations S across different character-
istic length of heterogeneity [. values. Similarly, Fig. 6 represents this
relationship for various fractal dimension Dy values. We refrain from
categorizing I and Dy values as they represent characteristics for tissue
types. Instead, we consider generic soft tissue types for Figs. 5 and 6. We
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Fig. 6. Average transmittance (t;) versus strength coefficient of the refractive-index fluctuations S for different fractal dimension D values.

observe in Fig. 5 and 6 that the average transmittance decreases with
increasing strength coefficient of the refractive-index fluctuations S
values. At a fixed S value in Fig. 5, any rise in characteristic length of
heterogeneity [, leads to a decrease in the average transmittance. It is
noteworthy in Fig. 6 that a decrease in the fractal dimension Dy corre-
sponds to a decrease in the average transmittance.

In Fig. 7, the relationship between transmittance and propagation
distance across various human tissue types, including dermis, liver,
lung, and uterus, is depicted. The data utilized to generate this graph is
sourced from Table 1 in [3], which provides absorption and scattering
coefficients for these tissues. It is noticeable that as the propagation
distance L increases, the transmittance 7, decreases due to absorption
and scattering. At a fixed propagation distance of L, the highest level of
light transmission is achieved in the human dermis, while the lowest

level is observed in the human uterus. Furthermore, human liver tissue
exhibits higher light transmission compared to human lung tissue.

In Fig. 8, our objective is to represent the average transmission
resulting from turbulence (t;), as well as the transmittance resulting
from absorption and scattering t,;. Moreover, we seek to demonstrate
the combined influence of these two factors (t;).74,s on the transmission
of the Gaussian beam. In Fig. 8, we first plot the transmittance arising
from absorption and scattering 7, for human dermis tissue, as previ-
ously shown in Fig. 7 (indicated as a blue solid line). Subsequently, the
average transmittance (t;) is depicted, employing the characteristic
tissue parameters (Dy = 2.67 and [ = 5.24pm) specific to human dermis
extracted from Table 1 of Ref. [24]. It has been discovered that when
considering a fixed propagation distance of L, the highest level of
transmittance is achieved under the assumption that only turbulence
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Fig. 8. Transmittance versus propagation distance L across turbulence(t,),
absorption-scattering 7, and their combined effect(t;).7, s for human dermis.

exists within the human dermis structure. Moreover, when solely ab-
sorption and scattering are present within the human dermis tissue, the
Gaussian beam transmittance attributed to absorption and scattering 7,
surpasses that resulting from turbulence (t,). Once the combined impact
of absorption-scattering, and turbulence (t;).74 is taken into consider-
ation, there is a notable decrease in the transmittance of the light wave.

Fig. 9 depicts the relationship between transmittance and propaga-
tion distance across different wavelength values for both normal and
metastatic human liver tissues. The data necessary for constructing

Fig. 9 is sourced from Table 1 of [2], which provides the absorption and
scattering coefficients. We observe that as the propagation distance in-
creases the transmittance 7, s due to absorption and scattering decreases.
For a constant propagation distance L, metastatic human tissue exhibits
higher transmittance values in comparison to normal liver tissue. It is
notable that changes in wavelength affect transmittance differently for
normal and metastatic tissues. Specifically, as the wavelength increases,
transmittance rises for normal tissue, whereas the opposite trend is
observed for metastatic tissue.
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Fig. 10. Transmittance versus propagation distance L across turbulence(t,),
absorption-scattering tq5, and their combined effect(t,).tq.
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In Fig. 10, our goal is to illustrate the average transmittance resulting
from turbulence (t;), as well as the transmittance resulting from ab-
sorption and scattering 7, . Additionally, we aim to show the combined
impact of these two phenomena (t;).T4 on the transmittance of the
Gaussian beam. In Fig. 10, we initially plot the transmittance resulting
from absorption and scattering 74 ; for normal human liver tissue, which
is also depicted in Fig. 9 for the wavelength of 2 = 0.85 ym (shown as a
red dashed line). Unfortunately, the turbulence parameters I; and Dy
specific to normal human liver tissue have not been documented in
existing literature. As a substitute, we have selected Dy = 2.67 and I =
5.24pm for representation in Fig. 10. It is found that the effect of tur-
bulence on reducing light wave transmittance (t;) outweighs that of
absorption and scattering 7. When taking into account the combined
impact of absorption, scattering, and turbulence (t;).7qs the trans-
mittance of light wave is significantly diminished.

4. Conclusion

In this research, we have examined the transmittance of a Gaussian
laser beam that propagates through different biological tissues,
including the intestinal epithelium and liver parenchyma of mouse, the
upper and deep dermis of human, as well as human liver, lung, and
uterus tissues. The medium within these tissue structures displays both
turbulence and absorption-scattering effects. By applying the Huygens-
Fresnel principle and the Beer-Lambert law, we determine the in-
tensity at the observation point. This intensity is then divided by the
intensity in free space to compute the average transmittance. We have
found that as the propagation distance L increases, we observed a
decrease in transmittance, consistent with our expectations. A decrease
in strength coefficient of the refractive-index fluctuations S and the
characteristic length of heterogeneity I, make the average transmittance
increase. Further, as the wavelength 1, source size o5, and the fractal
dimension Dy increase, the average transmittance increases. In some
cases, absorption and scattering effects 1,5 can reduce light wave
transmittance more significantly than turbulence (t;) although the
opposite effect is also observed. Considering the combined impact of
absorption, scattering, and turbulence (t;).t4, the transmittance of the
light wave is prominently reduced.

It is worth noting that examining how light wave behaves in various
tissues, as discussed with the Gaussian beam transmittance in this study,
offers insights into internal tissue structure. Understanding normal tis-
sue functioning aids in detecting and contrasting abnormal conditions.
Thus, further research, especially measuring turbulence and absorption-
scattering parameters in tissues, is necessary for improved analyses of
the Gaussian beam transmittance. Having this information will also be
useful in calculating different entities of the light beam.
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