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Abstract: Polarization gating has been widely used to selectively probe the
structure of superficial biological tissue. However, the penetration depth
selectivity of polarization gating has not been well understood. Using
polarized light Monte Carlo simulations, we investigated how the optical
properties of a scattering medium and light collection geometry affect the
penetration depth of polarization gating. We show that, for a wide range of
optical properties, polarization gating enables attaining a very shallow
penetration depth, which is on the order of the mean free path length.
Furthermore, we discuss the mechanisms responsible for this surprisingly
short depth of penetration of polarization gating. We show that
polarization-gated signal is generated primarily by photons emerging from
the surface of the medium within a few mean free path lengths from the
point of incidence.
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1. Introduction

Optical techniques have found a growing number of applications in biology and medicine. In
particular, there has been a significant interest in using optical spectroscopy for early
detection of precancer. In these applications, it is advantageous to probe the structure of
superficial tissue since carcinomas derived from the epithelia are responsible for the mgjority
of human cancers. Thus, depth-selective measurements are crucia to differentiate single and
low-order scattering originating in the superficial tissue (e.g. epithelium) from the light
multiply scattered in deeper tissue. Polarization gating, as a depth-selective technique, has
been widely used to selectively probe the structures of superficial tissue based on the fact that
multiple scattering depolarizes light [1-12]. Specifically, the sensitivity of the scattered light
to near-surface structures can be increased by rejecting the depolarized diffusive light from
the deeper tissue. The interest to polarization gating as a means to probe the morphology of
superficia tissue in general and its ateration in neoplasia in particular is underscored by the
fact that, compared to other depth-resolved techniques, polarization gating is simple and
inexpensive [1-6, 8, 9, 13, 14]. Moreover, it can be combined with spectroscopic and
scattering angle-resolved measurements [ 15] and allows in vivo implementation.

It has been previously shown that polarization gating enables selecting photons primarily
scattered from very short tissue depths, i.e. only a few mean free paths below tissue surface.
Despite the fact that the premise of polarization gating is straightforward (i.e. multiply
scattered light looses its original polarization, whereas the polarization of short-traveling
photons is retained), the mechanism that accounts for such a priori surprisingly short
penetration depth has not been established [6, 9]. Moreover, detailed quantification of how
tissue optical properties affect the penetration depth of polarization gating is still lacking.
Thus, improved understanding of the effect of optical properties on the penetration depth of
polarization-gated signals is important for a number of biomedical optics applications. This
improved knowledge would alow investigators to locate the origins of polarization-gated
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signals in tissue and associate them with specific tissue structures that can be assessed using
polarization-gated measurements.

Several crucia questions remain unanswered: How do tissue optical properties affect the
penetration depth? Although evidence exists that the differential polarization signal as well as
the degree of polarization are sensitive to superficial tissue, the penetration depth has not been
quantified. Can the penetration depth be controlled? Another important consideration is the
effect of light collection geometry on the penetration depth of polarization gating. Although
the relationship between the light collection geometry and penetration depth has been known
in the diffusion regime, the effect of the collection geometry on polarization gating has not
been completely understood, particularly given that a differentialy polarized signa is
expected to originate from short-traveling photons well beyond the diffusion regime. In many
clinical applications, the design of the optical probe has to meet the clinical situation. For
example, the imaging of skin pathology can be performed with relatively large illumination
and light collection areas, up to a few centimeters in diameter; whereas spectroscopic
measurements in gastrointestinal organs require small endoscope-compatible fiber-optic
probes, which limit the area of illumination/collection to only a few hundreds of microns or a
few millimeters. Does the penetration depth of polarization gating hold for different
illumination and collection geometries?

In this paper, we present our detailed, quantitative investigation of polarization gating by
means of polarized light Monte Carlo simulations. First, we confirm the short penetration
depth selection achieved by polarization gating. Second, we quantify the effect of the optical
properties of a scattering medium and light collection geometry on the penetration depth of
polarization gating.  Furthermore, we elucidate the mechanisms responsible for the
surprisingly short depth of penetration of polarization gating. Finally, we discuss the
implications of our findings on clinical applications.

2. Methods
2.1 Polarized light Monte Carlo simulations

We incorporated the polarization effect into the unpolarized multi-layered Monte Carlo code
(Mcml) which was originally developed by Wang and Jacques [16]. Specificaly, we
implemented the algorithm developed by Rakovic et al., Bartel et a., Jaillion et a., Wang et
a. and Yao et a [17-22]. In brief, the Stokes vector formalism is used to describe the
polarization state of the photon packet. The Stokes vector of light scattered by particles is
tracked throughout the photon propagation path. We modeled a scattering medium as a
randomly uniform suspension of dielectric spherical particles of various diameters from 0.3 to
1.05 um with refractive index of 1.59, which is typically used in these kinds of investigations.
The probability of light scattering as a function of scattering angle 8 and azimuthal angle
¢was determined using Mie theory. The sampling of dand ¢ was performed using an
efficient agorithm developed by Jaillon et al [18]. For each backscattered photon, the spatial
coordinates on the surface of the medium and the corresponding output Stokes elements were
recorded and stored. The code has been validated by comparing our results with previously
reported results [17, 18]. We used 2.5x10’ photons in our simulations. As discussed below,
the numerical experiments were designed to ensure that (1) the light collection geometry
modeled in the simulations emulated realistic experimental conditions and (2) the output of
the numerical simulations is analogous to those typically recorded in experiments.

2.2 Monte Carlo simulations of polarization gating

First, we define several parameters to facilitate further discussion. We use p(r,¢) to denote
the probability of photons emerging from a scattering medium at radial distance r from the
source (i.e. the point of incidence) per unit area, where ¢ is the azimuthal angle.
P(r,9) =rp(r, @) is the probability of photons emerging from a scattering medium at radia
distancer per unit length.
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Second, we briefly review the principles of polarization gating [1-3, 5, 6, 9, 11]. In
polarization gating, a polarized light illuminates a particular site on the surface of a sample,
such as biological tissue, and the returned elastic scattering signal is split into two components
with polarizations parallel (co-polarized signal I;) and orthogonal (cross-polarized signal |,)
to that of the incident light, respectively. The co-polarized signal is generated by both low-
order scattering (primarily from scatterers located close to the surface) and multiple scattering
(primarily from scatterers located deeper into the medium). On the other hand, the cross-
polarized signal is predominantly generated by the multiply scattered photons from the deeper
layers of the medium. Because multiple scattering depolarizes scattered light [5, 9, 11, 12],
the sensitivity to the low-order scattering component can be increased by subtracting off the
depolarized multiple scattering signal. This can be achieved by subtracting |, from I;. The
resulting signal Al =1, -1, is referred to as the differential polarization signal and
predominately determined by the single and low-order scattering in the superficial layer of the
scattering medium.

To investigate the penetration depth of polarization-gated signal, we designed a simple
numerical experiment. We simulated light interaction with a single-layer tissue model, which
was composed of uniformly distributed dielectric spherical particles from 0.3 to 1.05 um with
refractive index of 1.59. In order to avoid the effect of the reflection at the interface, we
matched the refractive indices at the boundary of the layer under study. The rationale for the
use of the single-layer model was not to mimic light reflectance from a thick tissue. Instead,
we attempted to quantify the penetration depth of polarization gating by measuring the
intensity of the reflected light as a function of model thickness and, as discussed below,
elucidating the contribution of a given depth within a semi-infinite medium to the
polarization-gated signal.

The numerical experiments followed the protocol of other laboratory experiments that
demonstrated a short depth of penetration of polarization gating [6, 9]. In brief, we varied the
geometrical thickness D of the sample and, thus, its optical thickness 7z, which is defined as
7= (us+u,)D where 1 and y, are the scattering and absorption coefficients, respectively.
For each D and 7, the co- and cross-polarized signals were recorded for various radii of

R 2rx R 27
collectionR, i.e. 1,(z,R) = I j R(r,g)drdg and I (7,R) = J' I P, (r,#)drdg .
r=0¢=0 r=0¢=0

As shown in Fg. 1(8), as 7 incresses, the differential polarization signal
(Al(z,R=3mm)=1(z,R)—1,(z,R) ) first increases and then reaches a plateau at 7 ~ 3.
Here, the differential polarization signal is normalized by the maximum intensity for large
7. Thiscurveisreferred to as the saturation curve. Varying 7 provides a simple yet efficient
method for quantifying the contribution of different depths to the differential polarization

T
signal. Indeed, Al (r)=IC(r')dr', where C(7) is the contribution of depth 7 to the
0

polarization-gated signal. The fact that the saturation curve Al(7) levels off after 7z ~ 3
indicates that the differential polarization signal is determined by scattering events occurring
at 7< 7 and the contribution from the deeper scatterers to the differential polarization signal
isnegligible. For comparison, as shown in Fig. 1(b), for the same range of 7, the unpolarized
light intensity I + |, continues incressing without reaching a plateau, in agreement with
previous experimental observations that unpolarized light has considerably greater penetration
depth relative to that of the polarization-gated signal.

The comparison shown in Fig. 1 clearly indicates that polarization gating rejects photons
propagating deep into the medium, which results in the saturation of Al(7) with = The
saturation curve can be used as a convenient tool to analyze polarization gating. First, it
provides a simple method to quantify the penetration depth. Here we define the penetration
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depth T of differential polarization signal as the optical depth 7 such that the saturation curve
reaches 90% of its saturation value, i.e. Al is primarily generated by photons scattered within
7< T. Furthermore, we point out that | and I, obtained from the Monte Carlo simulations are
the same quantities that are measured in polarization gating experiments. Therefore, the
analysis based on our numerical simulations can be directly linked to the experimental data.
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< 0g [ 23 L .
< . . - 8 *
- 067 Penetration Depth T o 3 15 o
R § B 10 o'
3 | RS ¢
£ 0.2 . ez 5 ./
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Fig. 1. Comparison of the saturation of (a) differential polarization and (b) unpolarized signals
with the increase of the optical thickness 7 of a scattering medium. (&) As rincreases, the

normalized differential polarized intensity Al (Al(z,R=3mm)=I(z,R) -1, (7,R)) first
increases and then reaches a plateau at 7. ~ 3. Optical depth 7is defined as 7= (ug+ ugz)D
where D is the geometrical thickness and x4 and u, are the scattering and absorption
coefficients, respectively. (b) For comparison, unpolarized light signal I"(r, R)+1,(7,R)
does not exhibit the saturation behavior until a much higher =

3. The effect of optical properties of the medium and light collection geometry on the
depth sdlectivity of polarization gating

The penetration depth of polarization gating may depend on the optical properties of a
medium as well as the light collection geometry. Understanding how the depth of penetration
changes with tissue optical properties is central to many biomedical applications of
polarization gating. In this section, we investigate the penetration depth as a function of
scattering coefficient s, absorption coefficient ,, and anisotropy factor g. In all simulations,
al optical parameters were chosen to be within the physiological range [23]. In addition, the
light collection geometry, which is often restricted by the clinical situation, may also have a
significant effect on the depth of penetration. Therefore, we incorporate the effect of different
light collection geometries, i.e., varying lateral range R, in our numerical studies presented in
this section.

3.1 Effect of scattering coefficient

To investigate the effect of 1 on the depth of penetration of polarization gating, we varied i
while keeping other optical parameters constant: g = 0.809 and 1, = 0.1 cm™. As discussed in
Methods, we defined the depth of penetration of polarization-gated signal T as the optical

depth 7 (7= (1, +4,)D , where D is the physical penetration depth) such that the saturation
curve reaches 90% of its saturation value. (Such normalization of T by the mean free path
l¢ =1/(us + 1,) is convenient, because, as discussed below, the physical penetration depth D
is proportional to the optical depth, which scales with Is.) Figure 2(a) shows the dependence

of the penetration depth T on . for different light collection radii R. The dimensionless
parameter R/l is used as the measure of the light collection geometry, where I is the

transport mean free path length defined as | '=1/(u,(1-9g)). (The rationale for such
normalization is primarily due to practical considerations: In an experiment, R is on the same
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order of magnitude as I, which, in turn, is relatively easy to determine experimentally.
Furthermore, for a given tissue type the range of Is is usually known. Given that I¢
characterizes the spatial extend of light propagation in tissue, experimentalists routinely
compare the radius of light collection with Ig'.) As shown in Fig. 2(a), for a given R/l the
penetration depth is independent of s, and falls within 1.5 - 2.7 range, as expected. This
short penetration depth agrees well with the values previously reported from the experiments
in biological tissue [1, 9]. (The corresponding physical penetration depth is equal to T/us.)
However, as further illustrated in Fig. 2(b), T does depend on R/S. Specifically, the
penetration depth increases with R/l. This trend levels off for R>l. For R>>IJ, T is

independent of either us or R and approaches a limiting value of 2.7. The rationale for this
behavior is discussed in section 4.

= -
< 3 ®RIs'=05 < 3
5 o o %] - L J L 2
g A A aA|oRIS=1 = .
s o o o |AR/s' = g 21 o
2 . - o [CRIS'=5 o IS
© 1 R/ls’ =10 w1
= =
c (0]
$o : : ‘ & 0~ : : : ‘
o
50 100 150 200 0 2 4 6 8 10
M (Cm'l) R/s'
(@) (b)

Fig. 2. Effect of u and light collection geometry on the penetration depth of differential
polarization signal T. (&) The dependence of T on ;s for different light collection radii R, 1, =
0.1 cm® and g = 0.809. The dimensionless parameter R/l is used as the measure of the light

collection geometry, where I’ is the transport mean free path defined as Ig'=1/(ug(1-9)) -
(b) The dependence of T on different R/I.

3.2 Effect of absorption

Light absorption in tissue, which is governed by a number of endogenous absorbers including
hemoglobin and melanin can affect light propagation in tissue. It is well known that in the
diffusion regime, absorption shortens the depth of penetration of diffused light. However, the
effect of absorption on the penetration depth of the differential polarization signal has not
been investigated.

We varied 1, within the physiological range from 0.01 to 10 cm™ while keeping the other
optical parameters constant at 1 = 200 cm™ and g = 0.809. Figure 3 shows the dependence of
the penetration depth of differential polarization signal on y;, for different R/lS. For RIS, T
is essentially independent of u,. Indeed, for R/ls = 0.5, T~1.2 and changes only by 2% over a
wide range of 1, = 0.01 - 10 cm™. On the other hand, for R>l¢, T is somewhat dependent on
M. For instance, for Rlls = 10, T decreases by 10% when g, increases from 0.01 to 10 cmt.
However, in the range of 1, < 1 cm™, T isindependent of .. For example, T decreases only
by less than 1% when 1, changes from 0.01 to 1 cm™. Furthermore, asillustrated in Fig. 3(b),
the penetration depth increases with R/ls'. This trend levels off for R>>ls when T reaches its
limiting value, which, in turn, depends on 4, as discussed above.

3.3 Effect of anisotropy factor

The anisotropy factor g plays a crucial role in the light interaction with tissue. It typicaly
varies from 0.8 to 0.95 for most biological tissue [23]. Here we investigate how the depth of
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penetration depends on the anisotropy factor for various light collection geometries in the
presence of weak and strong absorption.

Figure 4(a) demongtrates the effect of g on the penetration depth T for different R in the
presence of weak absorption (u, = 0.1 cm™, 45 = 200 cm™). In the case when RIS<1, T is
essentially independent of g. Indeed, within a wide range of g = 0.65-0.95, the penetration
depth does not exceed 2. However, in case of alarge area of light collection, e.g. RIlS>2, a
different picture emerges: although for g<0.9 the depth of penetration is not sensitive to g, it
rapidly increases with g for g>0.9.

Figure 4(b) compares the dependence of the penetration depth of polarization gating on
the anisotropy factor in the case of weak (1, = 0.1 cm™) and strong absorption (u, = 10 cm™Y)
for Rl =10. Contrary to the case of weak absorption, where T isincreased dramatically with
g for g>0.9 and R/l >2, in the case of strong absorption, T~1-3 and is much less sensitive to
gfor g =0.65-0.95.

= y -
£ ? vt I
= s = s . .
g, 2 R Q@larms=2 824 ¢
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— ER— — <
=1 * & ®o¢ |°R/s’=10 g1
3] k3]
% 0 T 8 0 T T T T T 1
a o
001 0.1 1 10 0 2 4 6 8 10
Mo (Cm '1) R/lS'
(@) (b)
Fig. 3. Effect of u, and light collection geometry on the penetration depth of differential
polarization signal T. (a) The dependence of T on , and light collection radius R, s = 200
cm™ and g = 0.809. (b) The dependence of T for different R/l¢ for u, = 0.1 cm™
_ L 3 ' = _
- 10 . Ei:sy _ 2'5 - 87 ]es=01cms .
< s = = m i, =10cm?
a 12 1 N AR/s' =2 e 12
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Fig. 4. Effect of g on the penetration depth of polarization gating for different light collection
radii R in the presence of weak and strong absorption. (a) The dependence of the penetration
depth on g and the light collection radius R in case of weak absorption (1, = 0.1 cm™®, s = 200
cm?). (b) Comparison of the effect of g on the penetration depth in the presence of weak (i, =
0.1 cm™) and strong absorption (x, = 10 cmi?) for R/l =10.

3.4 Summary

In summary, in this section, we investigated the effect of optical properties of a scattering
medium and light collection geometry on the penetration depth of polarization gating. We
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found that in a wide range of optical properties, the physical depth of penetration of
polarization-gated signal is extremely shallow: it is primarily determined by the mean free
path length and is less than 2l, i.e. T<2 (Fig. 2(a)). Specifically, this conclusion holds if one
of the following criteriais satisfied: R<ls, 4, is not much smaller than x4, and g<0.9. These
conditions are satisfied in many tissue optics applications. However, outside this domain, T
may exceed the value of two: it increases with R, g, and 1/,. In particular, T has only aweak
dependence on either R or 1, Indeed, for g<0.9, T does not exceed the value of 3 for
arbitrary R and y,. It isonly in the case of highly forward-directed scattering (g>0.9), which
applies only to certain tissue types including some types of epithelia, when the physical
penetration depth is not limited by I any longer and substantially increased. In this case, if a
short penetration depth is desirable, T can be reduced by choosing R<ly', as discussed above.

4. Discussion

The studies discussed in the previous section reveal that the polarization gating can be used to
select short-traveling photons, and the penetration depth of polarization gating may depend on
both the optical properties of the medium and light collection geometry. In this section, we
discuss the mechanisms responsible for a priori surprisingly short depth of penetration of
polarization-gated signal.

4.1 Relationship between the radial intensity distribution and the depth of penetration of
polarization gating

The principle of polarization gating [5, 11, 12, 24] can be understood from the analysis of the
radial intensity distributions P(r) and P,(r) of photons emerging from the surface. Figure
5(a) shows a typical example of the spatial intensity distributions for co-polarized, cross-
polarized and differential polarized signals, Py(r), P.(r) and AP(r) = Pyr) - P.(r),
respectively, at g = 0.809, 1 = 200 cm™ and 1, = 0.1 cm™. As evident from Fig. 5(a), for r <
Is', which correspond to relatively short photon path lengths, the intensity of the co-polarized
signal is much higher than that of the cross-polarized signals. Thisresult indicates that the

c
S
5
s :
© — 0
—_ = S35
> = >
3 & 10 Ez
8 25 £ 2
= © S ©
- (&) 20T
T 5 15 a2z
(@) 3 =
Q0
]
20 ‘§
35 &

ris' rls

(@) (b)

Fig. 5. The relationship between the radial intensity distribution and the optical depth. (a)
Radial intensity distribution of co-polarized signal (Py(r)), cross-polarized signal (P.(r)) and
differential polarization signal (AP(r)) asafunction of r/l¢ for g = 0.809, 4, = 0.1 cm™ and x4 =
200 cm™. P(r) is the probability of photons emerging from a scattering medium at radial
distance r per unit length. P(r) = rp(r) with p(r) the probability per unit area. (b) Depth of
penetration of scattered light correlates with its radial distribution (g = 0.809). The color
intensity map represents the logarithm of the probability density distribution of photons as a
function of penetration depth at each radial distancer.
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polarization of photons emerging at short radial distance r from the point of incidence is
mostly preserved, i.e. Py(r)>> P.(r). However, whenr > 1¢, Py(r) ~ P.(r) and AP(r) > 0 (i.e.
AP (r>lg) <<AP (r<ly)), indicating that these photons have approximately equal probability
of emerging from the tissue surface either in co-polarized or cross-polarized state. Thus,

;
because Al(r) = J- AP(r"dr ', we conclude that the short depth of penetration of polarization

0

gating is due to the fact that the differential polarization signal primarily selects photons
emerging from the surface of the medium within only a few mean free path lengths from the
point of incidence (Fig. 5(8)). In turn, such reduction of the effective collection area ensures
that the photons contributing to the polarization-gated signal can emerge only from relatively
short depths. Indeed, the relationship between the radia intensity distribution and the
corresponding penetration depth is well known and further illustrated in Fig. 5(b). This color
intensity map shows the logarithm of the probability density distribution of photons as a
function of optical depth at each radial distance r. This figure clearly demonstrates that the
photons emerging at a few mean free path lengths do not penetrate the medium deeper than a
few .

4.2 The effect of optical properties on the radial intensity distribution of polarization-gated
signal

From the previous discussion it follows that if the short depth of penetration of polarization
gating is due to the preferential selection of photons emerging from small radial distances, the
effect of optical properties on the penetration depth of polarization gating discussed in Section

3 should also be reflected in the width of AP(r). Here the width of AP(r), R;, is defined as the
radial distance from the source that corresponds to 90% area under the curve, i.e

R, )
j AP(r)dr /jAP(r)dr =0.9. Itismoreinformative, however, to express the width of AP(r)
0 0

as a dimensionless quantity W = R, (x, +4,). We note that W is directly related to and

responsible for the depth of penetration of polarization-gated signal. (Thus, W is normalized
by Is.) Figure 6 shows the width of the radial intensity distribution of differential polarization
signa as a function of s (Fig. 6(8)), i (Fig. 6(b)) and g (Fig. 6(c)). As expected, these
trends are analogous to those of the penetration depth (Figs. 2-4). Specifically, W is
independent of s, decreases with u, and increases with g. Furthermore, Fig. 7 shows an
excellent linear correlation between Wand T for different combinations of optical parameters.

The shallow depth of penetration of polarization gating (e.g. on the order of a mean free
path length) is due to the fact that polarization-gated signal is generated primarily by photons
emerging from the medium within only a few mean free paths. Thus, polarization gating
effectively reduces the light collection area and, hence, preferentially selects short-traveling
photons. The optical or experimental conditions that reduce W also result in a shorter
penetration depth. The effect of w,, 14, g, and R on the depth of penetration of polarization
gating can be understood based on how these parameters affect the width of AP(r). In
particular, the width of AP(r) is independent of s, and, therefore, scattering coefficient does
not affect the optical penetration depth. On the other hand, higher absorption attenuates long
photon paths and, thus, reduces the width of AP(r) as well as T. Moreover, in a highly
forward scattering regime (g>0.9), polarization is preserved for longer light paths [25], which
increases both the width of AP(r) and T. Finally, the effect of light collection radius Ron T
can be viewed as due to the dependence Won R. For R>ls', Wis essentially independent of R
and, thus, T does not change with R.  On the other hand, for R<ls, W is approximately
proportional to R, and the depth of penetration can be controlled by choosing an appropriate
R.
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Fig. 6. The effect of optical properties of a scattering medium and light collection geometry on
the radial intensity distribution of the differential polarization signal. (a) The effect of x4 on
the width of the radial intensity distribution of differential polarization signal, W (z, = 0.1 cm*
and g = 0.809). (b) The effect of w4, on the width of the radial intensity distribution (u = 200
cmt, g =0.809). (c) The effect of g on the width of the radial intensity distribution (us = 200
cmitand 1, = 0.1 cm®). (d) The relationship between light collection radius R/l and the width
of the radial intensity distribution (us = 200 cm™, g, = 0.1 cm* and g = 0.809).
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Fig. 7. The width of radial intensity distribution W has an excellent linear correlation with the
penetration depth of polarization-gated signal T for different combinations of optical
parameters including s = 50-200 cm®, y, = 0.01-10 cm?, and g = 0.65-0.91.
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5. Conclusion

In this paper, we utilized polarized light Monte Carlo simulations to investigate the depth
selectivity of polarization gating and its dependence on the optical properties of scattering
media as well as light collection geometry. Our humerical experiments show that for awide
range of optical properties, polarization gating enables attaining a very shallow penetration
depth, which is on the order of the mean free path. This conclusion holds if one of the
following criteria is satisfied: R<ls, u, is not much smaller than w4, and g<0.9. These
conditions are satisfied in many tissue optics applications. However, outside this domain the
penetration depth of polarization gating increases with R, g, and 1/x,. We found that the
penetration depth has a relatively weak dependence on either R or ,. Although the effect of
g is more pronounced, it is only in the case of highly forward-directed scattering (g>0.9),
which applies only to a few specialized tissue types, when the penetration depth is not limited
by Is any longer and substantialy increased. In this case, if a short penetration depth is
desired, it can be reduced by limiting the area of light collection to R<I’.

Furthermore, we identified the potential mechanism responsible for the depth-selectivity
of polarization gating. Our numerical experiments indicate that polarization gating effectively
reduces the light collection area, so that its radial extend is on the order of a few mean free
paths, and, thus, preferentially selects short-traveling photons. In other words, the use of
polarization gating is analogous to the reduction of the scattered light collection area.

These findings may guide future clinical applications of polarization gating. For example,
endoscope-compatible fiber-optic probes are widely used to probe gastrointestinal tissue in
vivo. The size of such probes s restricted to a few hundreds of microns or a few millimeters.
In this particular scenario, the penetration depth of differential polarization signal is not
expected to depend strongly on the specifics of the optical properties of tissue and is on the
order of one mean free path, which is in good agreement with the previously reported values
[1, 6, 9]. On the other hand, in the wide-area tissue imaging, such as skin pathology imaging,
the radius of light collection can be as large as a few centimeters. In this case, the tissue
optical properties may have significant effect on the penetration depth.
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