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Abstract. Optical characterization of biological tissue in field carcinogenesis offers a method with which to study
the mechanisms behind early cancer development and the potential to perform clinical diagnosis. Previously, low-
coherence enhanced backscattering spectroscopy (LEBS) has demonstrated the ability to discriminate between nor-
mal and diseased organs based on measurements of histologically normal-appearing tissue in the field of colorectal
(CRC) and pancreatic (PC) cancers. Here, we implement the more comprehensive enhanced backscattering (EBS)
spectroscopy to better understand the structural and optical changes which lead to the previous findings. EBS pro-
vides high-resolution measurement of the spatial reflectance profile P(r,) between 30 microns and 2.7 mm, where
information about nanoscale mass density fluctuations in the mucosa can be quantified. A demonstration of the
length-scales at which P(r;) is optimally altered in CRC and PC field carcinogenesis is given and subsequently these
changes are related to the tissue’s structural composition. Three main conclusions are made. First, the most sig-
nificant changes in P(r;) occur at short length-scales corresponding to the superficial mucosal layer. Second, these
changes are predominantly attributable to a reduction in the presence of subdiffractional structures. Third, similar
trends are seen for both cancer types, suggesting a common progression of structural alterations in each. © he Authors.
Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full
attribution of the original publication, including its DOI. [DOI: 10.1117/1.JBO.18.9.097002]
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1 Introduction

Cancer is a multistep process in which a number of smaller
mutations accumulate in a stepwise fashion that eventually
leads to carcinoma and metastasis. One way to conceptualize
this process is through the notion of field carcinogenesis.!
Under this approach to understanding carcinogenesis, several
genetic/epigenetic mutations are expressed diffusely throughout
a diseased organ as subtle ultrastructural transformations that
constitute a “fertile field” from which further cancer progression
can arise. From within this field, localized neoplasia with malig-
nant potential emerge through stochastic mutations.

Although the concept of field carcinogenesis has been under
study since 1953, the ultrastructural changes that compose the
field are still being uncovered. Several changes whose role in
field carcinogenesis has been implicated include chromatin
condensation,>™ cytoskeleton disruption,” and collagen cross-
linking in the extracellular matrix.® Still, the exact origin and
carcinogenic advantage these transformations confer are not
fully understood.

The implications of more fully understanding the mecha-
nisms behind field carcinogenesis are twofold. First, it provides
a glimpse into cancer development at the earliest stages. Such
information can form a basis from which the later stages of
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cancer can be better understood, and offers the potential for
identifying common origins behind all cancer types. Second,
it can be exploited to accurately detect the presence of cancer
at less invasive surrogate sites away from the location of neo-
plasia. Moreover, detection of this kind could be performed at an
early stage where more treatment options are available and prog-
nosis is vastly improved.

One technique that enables exploration into both implica-
tions is optical characterization of biological tissue using
enhanced backscattering (EBS) spectroscopy, also known as
coherent backscattering.” EBS is observed as an angular back-
scattering peak whose shape is the two-dimensional (2-D)
Fourier transform of the spatial reflectance profile P(7),
where 7, represents a relative spatial separation between the
entrance and exit point of any multiply scattered ray in the
medium. Previously, a variation on EBS known as low-coher-
ence enhanced backscattering (LEBS) spectroscopy has demon-
strated an ability to sense the structural alterations occurring in
field carcinogenesis.® LEBS uses partial coherence illumination
to selectively interrogate P(r,) at subdiffusion length-scales
(rgy < 1 transport mean free path). In a study of histologically
normal rectal biopsies from 219 subjects undergoing colorectal
cancer (CRC) screening, LEBS detected the presence of
adenomatous polyps >10 mm in diameter throughout the
colon with 100% sensitivity, 80% specificity, and 89.5% area
under the receiver operator characteristic curve (AUROC).? In
another study of histologically normal duodenal biopsies
from 203 subjects undergoing upper endoscopy, LEBS detected
the presence of pancreatic carcinomas with 95% sensitivity,
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71% specificity, and 85% AUROC." These studies demon-
strated the proof of principle that LEBS could detect the changes
occurring in human CRC and pancreatic cancer (PC) field car-
cinogenesis. However, the LEBS instrumentation used in these
studies was limited in two respects. First, it was not capable of
identifying the structural and optical origin of the measured
changes. Second, it could not be implemented for in vivo
application.

To address these needs, two incarnations of the EBS instru-
mentation are currently being developed. First, a bench-top
instrument provides comprehensive measurement of the shape
of P(r,) within both the subdiffusion and diffusion regimes
with high spatial resolution (~4 pym).”!! Measurements of
this kind are extremely sensitive to the shape of the scattering
phase function,'? which contains information about the subtle
structural alterations occurring in field carcinogenesis at struc-
tural length-scales down to ~30 nm (Ref. 13). Second, a 3.4 mm
diameter probe-based LEBS instrument trades comprehensive
measurement of P(r,) for the ability to fit inside the working
channel of commercially available endoscopes.'* This configu-
ration targets aspects of P(r,) that have demonstrated diagnostic
potential and has been presented for use in CRC and PC risk
stratification.!>!7

In this paper, we implement the comprehensive bench-top
EBS instrument to study the structural origin behind the changes
previously observed in CRC and PC field carcinogenesis. The
paper is organized as follows: In Sec. 2, we review the funda-
mentals of scattering theory in random media under the Born
approximation and the theoretical origin of the EBS phenome-
non. Next, in Sec. 3, we detail the EBS instrument and data
processing, the use of EBS to extract ultrastructural and optical
properties from experimental measurements, the experimental
procedure used in our biopsy study, and the steps needed to gen-
erate a 2-D random medium. In Sec. 4, we implement EBS to
determine the length-scales at which P(r,) is optimally altered,
quantify the structural and optical alterations that lead to such
changes, and estimate which depths contribute to the observed
alterations. Finally, the conclusions are summarized in Sec. 5.

2 Theory

2.1 Scattering Theory: Born Approximation in

Continuous Random Media

In this section, we briefly review the application of the Born
approximation in a continuous random media to calculate

the scattering characteristics needed for the current study.
Comprehensive discussion of scattering theory under the
Born approximation can be found in Chapter 13 of Ref. 18,
Chapter 7 of Ref. 19, and Chapter 6 of Ref. 20. A more specific
treatment for continuous random media is found in Chapter 16
of Ref. 21. Application to biological tissue using the Whittle-
Matérn family of autocorrelation functions was first presented
in Refs. 22 and 23.

Scattering contrast within biological tissue is generated
by the random arrangement of a number of arbitrarily shaped
structures ranging in size from tens of nanometers to tens of
microns.?* The best way to mathematically describe such a
randomly distributed media is through its statistical refractive
index autocorrelation function B, (r,). One versatile model
to describe B, (r;) uses the three-parameter Whittle-Matérn
family of autocorrelation functions.>*

D=3
g\ 2 ry
Bn<rd) = An ' (L—n) : KDT_S(L_n)’

where the subscript on r; implies a differential separation
between any two points, A, is the amplitude of refractive
index fluctuations [i.e., scales B,(r,;) along y axis], L, is the
characteristic distribution length [i.e., scales B,(r;) along
x axis], and D determines the shape of the distribution.
For ry<L,, B,(r;) approaches a power law when
0 < D < 3, adecaying exponential when D = 4, and a Gaussian
as D — oo. Depictions of the spatial distribution of refractive
index specified by B,(r,) for three values of D are shown
in Fig. 1.

In this paper, we refer to A,, L,, and D as ultrastructural
properties since they govern the spatial distribution of sub-
diffractional fluctuations in refractive index. Additionally, we
refer to values of r, as structural length-scales (e.g., subdiffrac-
tional information is carried at short structural length-scales
below ~1/2).

In order to relate B, (r,) to light scattering, we apply the first
Born approximation to calculate the power spectral density @,
as the three-dimensional (3-D) Fourier transform of B,,(r,).*!
For the Whittle-Matérn model, @, can be calculated analytically
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where k;, = 2k sing and k is the wavenumber.
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Fig. 1 Demonstration of the random media specified by the Whittle-Matérn model for (a) D =2, (b) D =3, and (c) D = 4. The methods used to

generate these images are described in Sec. 3.3.
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In order to describe the directionality of scattered light inten-
sity, the differential scattering cross-section per unit volume for
unpolarized light () can be calculated by multiplying @ (k)
by the dipole radiation pattern.

0(0) = 27k*(1 + cos? 0)D(2k sin g) (3)

The shape of ¢(0) can be parametrized by the scattering
mean free path [; (i.e., inverse of the scattering coefficient
i) and the anisotropy factor g (i.e., how forward directed
the scattering is).>

Iy = [27:/1 o(cos )d cos 9] _1, “
-1

1
g= 277,'lx/ cos 6 - o(cos 0)d cos 0. ®)
-1

Finally, the effective transport for a diffusely scattering
medium is expressed by the transport mean free path.

I
1-g

I =

(©)

We refer to [, g, and [} as optical properties.

Analytical equations relating the ultrastructural and optical
properties under the Whittle-Matérn model can be found in
Ref. 22. One relationship that is useful to describe in further
detail is that between [ and D. In the limit of kL, > 1,

I:(k)  kP=*  for D < 4. (7

In words, this means that for D < 4, the spectral dependence
of [} follows a power-law distribution whose power is solely
dependent on D. In this way, although D should primarily be
thought of as an ultrastructural property, it is also conceptually
useful to think of it as an optical property that determines how
strongly light transport changes with illumination wavelength.

2.2 Enhanced Backscattering Theory

In this section, we briefly review the theoretical aspects of EBS
that are pertinent to the discussion in the following sections.
Additional details concerning the origin of EBS can be found

in a number of seminal publications on the first experimental
observation of EBS.?*2 More recently, publications from our
group detail the application of EBS to biological tissue charac-
terization. These publications include an open source Monte
Carlo program,® detailed description of the bench-top instru-
ment used to measure biological tissue,’ description of the meas-
urement of the spatial reflectance profile using EBS,'
description of an inverse method to extract optical properties,’!
and development of a miniaturized probe-based LEBS instru-
ment to characterize tissue in vivo.'

The EBS signal is an angular intensity peak [Iggs(6,, 6,), see
Fig. 2(a)] with its maximum value centered in the backscattering
direction. The origin of Iggs(6,,6,) is the constructive interfer-
ence between all time-reversed path-pairs within a scattering
medium. Mathematically, the interference signal from all
path-pairs exiting the medium within the illumination spot
can be summed using a Fourier transform operation to obtain
the total observable signal.’

Tens(0,.0,) = [[ 7 Pl

. S()CS, y‘v)eikm sin 6,+y, sin 9")dxsdys,

= f{P(xs’ys) ’ S(xsvys)}’ ®)

where the subscript on x; and y, implies a relative separation
between any two points, P(x,,y,) is the spatial distribution
of all multiply scattered photons (i.e., two or more scatttering
events) exiting the medium in the exact backscattering direction
(i.e., antiparallel to the incident beam), S(x,, y,) modulates the
shape due to finite spot-size illumination, and F represents the
Fourier transform operation.

Of primary interest for tissue characterization is function
P(x,,y,), commonly known by a number of different names
including spatially resolved diffuse reflectance,*>>* spatial back-
scattering impulse-response,'! diffuse reflectance profile, etc.
While there are a great many instruments that measure some
aspect of P(xs,ys),SZHG part of the power of using EBS is
that it provides noncontact measurement of P(x,,y,) at very
short length scales ranging from (y,,x,) = =+30 um to
+2.7 mm with ~4 um spatial resolution.!! This range of length
scales enables comprehensive characterization of P(x;,y,)
within both the subdiffusion (y/x; +y; < /i) and diffusion
regimes, allowing for accurate extraction of all three ultrastruc-
tural and optical properties.

legs(®,6,) log, [P(x_,y,)] Lo PO
0.5 = 8
6

o

s o
o 2
0

0.5 0 0.5 2000 0 2000 0 1000

6, (deg.) X (um) ry (um)

(a) (b) (c)

Fig. 2 Example data showing average measurements from all colorectal cancer (CRC) control biopsy samples. (a) measured at 2 = 700 nm. (b) Log-
scale P(x,, y,) obtained through inverse Fourier transform. The red arrows indicate inaccuracies in the measurement of P(x;, y,) due to noise ampli-
fication as described in Sec. 3.1. (c) distribution obtained after integration over the azimuthal angle.
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3 Materials and Methods

3.1 EBS Instrument and Data Processing

Detailed description and schematics for our EBS instrument can
be found in Refs. 7 and 13. In brief, broadband visible light from
a supercontinuum laser source (SuperK Extreme EXW-6, NKT
Photonics A/S, Birkergd, Denmark) is coupled into a single-
mode fiber (Thorlabs, Newton, New Jersey; mode field diameter
of 4.6 ym at 680 nm) and collimated to an ~10 mm beam diam-
eter. The beam then passes through a linear polarizer and an iris
that reduces its diameter to 2 mm in size before being directed
onto the biopsy. Light backscattered from the sample is then
collected by a 50/50 nonpolarizing antireflection coated plate
beam splitter, passes through a linear polarizer to detect the
copolarized channel, and is focused onto a CCD camera
(PIXIS 1024B eXcelon, Princeton Instruments, Trenton, New
Jersey) by a 100 mm focal length achromatic lens. A liquid
crystal tunable filter (VariSpec, PerkinElmer, Waltham,
Massachusetts) attached to the camera separates the light into
its component wavelengths. This configuration detects angular
backscattering of up to 7.5776 deg with 0.0074 deg resolution
and wavelengths between 500 and 720 nm with a 20 nm filter
bandwidth. After inverse Fourier transform, this provides a
minimum spatial resolution of 3.78 ym (at A = 500 nm) and
a maximum spatial range of 5.42 mm (at A = 700 nm).

To process the data, the biopsy measurement is first back-
ground subtracted and then normalized by the total unpolarized
incoherent intensity measured from a reflectance standard (spec-
tralon >98% reflectance, Ocean Optics, Dunedin, Florida).
I'ps (6., 0,) is then obtained by subtracting the incoherent base-
line with a plane fit, using data from an annular ring that is
~1.8 deg away from the peak maximum. An example of the
peak shape measured from a rectal biopsy with illumination
in the linear copolarized configuration is shown in Fig. 2(a).

The angular data are then converted to spatial coordinates
through inversion of Eq. (8) to obtain”!>*’

F ' gpsy (6, 6,)
S(x_Y’yS) '

where function S can be computed as the autocorrelation of the
spatial illumination distribution incident on the biopsy normalized
to unity at the origin. Assuming the beam intensity is a top-
hat function with diameter @, function S is found analytically as’

S(xg.5)
2005 202 /o) \/W
_{2@ (vxﬁ).\/@)@fﬂ (5 +y5) (@ =x5—y3) for\/m<®

P(xg,y5) = &)

0 for /x2+y2>@

(10)

Figure 2(b) shows the P(x,,y,) distribution extracted from
the measurement of Igpg(6,,6,) in Fig. 2(a).

As a way to average noise and make it easier to display
experimental results, we integrate P(x,,y,) over the azimuthal
angle to obtain P(ry).

P(r,) = /Z”P(xs = 1, cos .y, = r, sin ¢)dp. (1)
0

In words, P(r,) represents the total reflected intensity that
exits the medium in the backscattering direction within an

Journal of Biomedical Optics

097002-4

annulus of radius r,. Figure 2(c) shows the P(r,) distribution
calculated from P(x,,y,) in Fig. 2(b). Matlab code performing
the operations in Egs. (9) to (11) are posted on our laboratory
website.*

We note that since function S decays to O for r; > @, the
measurement of P(r) is physically limited to length-scales
smaller than @ (2 mm in our case). Moreover, division by
the decaying function S increasingly amplifies noise at increas-
ing ry, making the measurement inaccurate as r, — @ [indicated
by red arrows in Fig. 2(b)]. As such, in this paper, we only plot
the shape of P(r,) for length-scales in which function S is >5%.
This occurs at ~0.88@, or, in our case 1760 um.

3.2 EBS Extraction of Ultrastructural and Optical
Properties

Determination of the ultrastructural and optical properties of
each biopsy sample is performed by fitting the shape of P(r,)
to the Whittle-Matérn model. This process was first presented
in Ref. 7. Briefly, a series of Monte Carlo simulations using
the open source code detailed in Ref. 30 was performed in
order to generate a library of P(r,) for D = 2.0 to 4.0 in 0.1
steps, g = 0.70 to 0.96 in 0.02 steps, and r,/I} = 0.004 to 4
in 0.004 steps. Through use of multidimensional interpolation,
we are able to rapidly generate P(r,) for arbitrary optical pro-
perties within the library bounds. In order to extract the three
ultrastructural properties, we minimize the sum squared error
between the experimentally measured and library-generated
P(ry) - S(ry) using a gradient search method in Matlab. We
fit each curve over the values of r, for which we see a significant
difference between case and control. To avoid the contribution
of absorption, we fit the data using the wavelength range from
600 to 700 nm. Within this range, the contribution from absorp-
tion is ~1% that of scattering in the mucosa and is therefore
negligible. The three ultrastructural properties can then be con-
verted to optical properties at each wavelength using the analyti-
cal equations in Ref. 22.

It is important to make note of two assumptions/limitations
inherent in our fitting routine. First, the Monte Carlo simulations
are performed for the index matching case, and therefore assume
that there is no refractive index contrast at the boundary. In order
to account for this in our model, we use an empirically derived
scaling factor to adjust the magnitude of the Monte Carlo simu-
lated P(r,). Second, our model assumes a single slab geometry.
As such, this technique is not capable of separating the con-
tribution of layers with varying ultrastructural properties and
instead provides measurement of the bulk optical properties
within the slab.

3.3 CGeneration of Random Medium Realizations

To generate a single 2-D realization of the random media speci-
fied by B,(r,), the following steps can be followed: First, cal-
culate the 2-D Fourier transform of B, (r,) and take the square
root. This specifies the distribution of spatial frequencies present
in the medium. Second, multiply the resulting function by a 2-D
Gaussian white noise signal with 0 mean and a variance of 1.
This creates randomness within the spatial frequency domain.
Finally, return to spatial coordinates by calculating the inverse
2-D Fourier transform and add the real and imaginary com-
ponents. Microscopic resolution renderings can be made by
multiplying the spatial frequency domain function by an area
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normalized top-hat function with radius k - NA, where NA is the
desired numerical aperture.

3.4 Experimental Biopsy Measurement Procedure

Two to three pinch biopsies (~2 to 3 mm diameter) were taken
from subjects undergoing normal endoscopic screening proce-
dures in accordance with the institutional review board at
NorthShore University Healthsystems. Biopsies <2 mm in
diameter were not measured since they were smaller than the
illumination beam diameter. For the CRC study, biopsies
were collected from histologically normal sites within the rectal
mucosa of subjects undergoing colonoscopy. Progression of
field carcinogenesis was categorized according to the size of
the largest adenomatous polyp found during colonoscopy
and verified by a hospital pathologist. Four groups were
assigned: healthy control (C, N = 43) with no adenomatous
polyps found during colonoscopy, diminutive adenomas (DA,
N = 6) with diameter <5 mm, adenomas (A, N = 25) with
diameter from 5 to 9 mm, and advanced adenomas (AA,
N = 19) with diameter >10 mm or adenocarcinoma. For the
PC study, biopsies were collected from histologically normal
periampullary duodenum of subjects undergoing upper endos-
copy procedures. Subjects were categorized into two groups:
healthy controls (C, N = 13) included individuals without
any personal/family history of cancer or pancreato-biliary dis-
ease and the PC group (N = 19) included subjects harboring
adenocarcinomas.

Biopsies from all subjects were transported to Northwestern
University in phosphate buffered saline (PBS) solution and
measured within 4 h of extraction. A minimum of five spectral
EBS measurements (4 = 500 to 700 nm in 20 nm steps) were
acquired from the epithelial side of each biopsy. To prepare the
sample for measurement, it was placed in the center of a glass
slide, oriented with the epithelium facing upward, and covered
with PBS. Two 1-mm spacers were then placed on either side of
the biopsy and then covered with a 165-um glass cover-slip.
This served to (1) ensure a uniform 1 mm thickness between
all measurements, (2) maintain hydration for the experiment
duration, and (3) direct the specular reflection away from the
detector.

After measurement with EBS, the biopsies were fixed in 10%
formalin for a minimum of 24 h. The samples were then

embedded in paraffin wax and sectioned (5 ym) according to
standard protocols. Slides were stained with hematoxylin and
eosin and imaged using a 10X microscope objective.

4 Results

4.1 P(r,) in Colorectal Cancer and
Pancreatic Cancer

Figure 3 shows the changes in P(r,) attributable to CRC field
carcinogenesis measured in ex vivo rectal biopsies. The general
shape of P(r,) in these biopsies is a strongly decaying function
of r; with ~90% of the intensity falling within the first 1000 ym
shown in Fig. 3(a). Going from the curve for control subjects (C)
to those harboring advanced adenomas (AA), there is a
downward and inward shift of P(r,), indicated by the black
arrow. The center and thickness of each curve indicate the
mean and standard error, respectively. Performing a two-tailed
student’s t-test at each ry, we find a statistical significance for
values of r, ranging from ~150 to 700 ym [shown as the shaded
gray region in Fig. 3(a)].

In order to better visualize the location and magnitude of
these changes, Fig. 3(b) shows the difference between P(r,)
for control and AA subjects. For smaller values of r,, the effect
increases in magnitude, consistent with the argument that the
alterations associated with field carcinogenesis are most pro-
nounced in the superficial mucosal layers.* As a way to deter-
mine the rg location with the most significant changes, we find
the location in which the p-value is minimized. This value
(75 optimat) 18 found at 267 ym and indicated as the dotted circle
in Fig. 3(b).

Finally, to demonstrate the magnitude of the effect during
the early progression of CRC, Fig. 3(c) shows the normalized
intensity value of P(r) at ry = ropima for the four subject
groups ordered in increasing aggressiveness from left to right.
Consistent with Figs. 3(a) and 3(b), we see a progression toward
a lower intensity as the polyp aggressiveness increases with a
maximal 18% decrease between control and AA subject groups.
This effect is statistically significant at the 5% level for nondimin-
utive adenomatous polyps (i.e., diameter > = 5 mm), an obser-
vation that is consistent with the earlier ex vivo CRC study.’

We note that the comparable curves for DA and A subjects
omitted from Figs. 3(a) and 3(b) follow the same progression as

Rectal biopsy spatial reflectance profile

8 x10™ x107° p ~ 0.002
p<0.05 = 1.2
— — AA 3 p ~ 0.039
E 6 ¢ ~
S 4 g 1
I g
<2 % 0.9
o 1l
0 Ej” 0.8
0 1000 o 1000 C DA A AA
Iy (um) Iy (um) N=43 N=6 N=25 N=19

(a) (b) (©

Fig. 3 CRC field carcinogenesis alterations measured in the shape of P(r) from rectal biopsies. (a) Comparison between P(r,) for advanced adenomas
(AA, diameter >10 mm or adenocarcinoma) versus control (C) with the thickness of the curve indicating the standard error between measurements. The
arrow indicates the direction of the change from AA to C and the gray shaded region indicates the values of r, for which the curves are significantly
different. (b) Difference (AA — C) between the curves shown in panel (a). The dotted circle indicates r; opima (i-€., the location of the most significant
effect) of the difference curve. (c) Normalized intensity at ry oimal for groups at increasing risk of CRC. DA, diminutive adenomas with diameter from 0
to 4 mm and A, adenomas with diameter from 5 to 9 mm.
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Duodenal biopsy spatial reflectance profile
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Fig. 4 Pancreatic cancer (PC) field carcinogenesis alterations measured in the shape of P(r;) from duodenal biopsies. (a) Comparison between P(r;) for
PC versus control with the thickness of the curve indicating the standard error between measurements. The arrow indicates the direction of the change
from PC to control and the gray shaded region indicates the values of r, for which the curves are significantly different. (b) Difference (PC — C) between
the curves shown in panel (a). The dotted circle indicates r; oimat Of the difference curve. (c) Normalized intensity at r; opiimat for PC and control groups.

demonstrated in Fig. 3(c). However, for figure clarity these data
were not shown.

We repeated the above analysis for the PC study. Figure 4
shows the changes in P(r,) attributable to PC field carcinogen-
esis measured in ex vivo duodenal biopsies. Going from the
curve for control subjects to those with PC, there is a downward
and inward shift of P(r,), similar to the trend observed in CRC.

P(ry) at ry = Tsoptimal TOr control versus PC. This shows a
56% reduction in intensity from control to PC, which is
statistically significant at the 5% level.

4.2 Ultrastructural Alterations in CRC and PC

In order to gain a more physical understanding of the structural

composition that leads to the observed alterations in P(r,), we
extracted the ultrastructural properties from the shape of P(r,)
as described in Sec. 3. We note that this extraction routine
assumes that the medium is composed of a single slab of random
media, which follows the Whittle-Matérn model. As such, the

We find a statistical significance over values of r, ranging from
~20 to 900 um. Figure 4(b) shows the difference between P(r;)
for control and PC subjects. As r; approaches 0, we find
a monotonically increasing effect with r;gpima = 20 pm.
Finally, Fig. 4(c) shows the normalized intensity value of
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Fig. 5 Representations of the continuous random media extracted from the CRC study biopsy measurements. (a) B, (ry) for control versus AA. The gray
shaded region indicates the approximate range of values over which enhanced backscattering (EBS) is sensitive. (b) and (c) Continuous media real-
izations with 1.4 NA microscope resolution at 2 = 0.4 um for the average ultrastructural properties of control and AA subjects, respectively. (d) and
(e) Continuous media realizations over the EBS sensitivity range with the average ultrastructural properties of control and AA subjects, respectively.
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extracted values provide estimates for the bulk ultrastructural
and optical properties over the entire biopsy.

Figure 5(a) shows the shape of B,(r;) corresponding to the
mean ultrastructural properties extracted for the control and AA
subjects in the CRC study. The gray shaded region indicates
the approximate range of structural length-scales over which
EBS is sensitive to the shape of B,(r;) (~30 nm to 3 um)."
Interestingly, a reduction in the value of B, (r,;) is seen within
the subdiffractional regime (r; <1/2, A =0.4 ym), but is
negligible for structural length-scales within the resolution
limit of a conventional imaging system. This implies that the
alterations observed in the shape of P(r,) are primarily attrib-
utable to minuscule structures that could not be resolved in a
conventional light microscope. To better convey this idea,
Figs. 5(b) and 5(c) depict 1.4 NA microscope resolution render-
ings of the random media described by the shapes of B,,(r,) for
control and AA subjects, respectively. In these images, all sub-
diffractional structures have been blurred away, leaving larger
fluctuations that are qualitatively indistinguishable between
control and AA subjects.

In contrast with the microscope resolution images, Figs. 5(d)
and 5(e) show renderings of the comparable random media with
resolution (30 nm) and spatial extent (3 ym) chosen such that
they match the structural length scale sensitivity of EBS. In this
way, each rendering represents the range of structures that EBS
“sees.” Comparison with the microscope resolution images
demonstrates the sensitivity of EBS to much finer compositional
details. Using this capability, it is possible to distinguish
between control and AA subjects in Figs. 5(d) and 5(e), respec-
tively. While the changes are very subtle, there is an appreciable
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reduction in the presence of smaller structural length-scales for
AA subjects.

Repeating this analysis for the PC study, Fig. 6(a) shows the
shape of B,(r,) that corresponds to the mean ultrastructural
properties extracted for all control and PC subjects. Similar
to the CRC study above, a reduction in the value of B,(ry)
is seen within the subdiffractional regime, but becomes
negligible almost exactly at the diffraction limit. This higher-
frequency detail is almost entirely blurred away in the micro-
scope resolution images in Figs. 6(b) and 6(c). Depictions
of the range of structures detected by EBS for control and
PC subjects are shown in Figs. 6(d) and 6(e), respectively. In
this case, two prominent alterations are visible: (1) a reduction
in refractive index variance and (2) a reduction in the presence of
smaller structural length-scales.

4.3 Optical Property Alterations in CRC and PC

To provide quantification of the measured field carcinogenesis
changes in a way that is more comparable to other optical tech-
niques, we convert the ultrastructural properties into optical
properties using the analytical equations presented in Ref. 22.
The values of /; measured at 1 =700 nm, g measured at
A =700 nm, and D for CRC biopsies are shown in Fig. 7.
We note that D is included as an optical property in this plot
since it demonstrates the spectral dependence of light transport
(as described in Sec. 2). For all three optical properties, there is
a statistically significant increase in value between C and AA
subjects, with i increasing 12.6%, g increasing 1.9%, and
D increasing 5.1%.
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Fig. 6 Representations of the continuous random media extracted from the PC study biopsy measurements. (a) B, (ry) for control versus PC. The gray
shaded region indicates the approximate range of values over which EBS is sensitive. (b) and (c) Continuous media realizations with 1.4 NA microscope
resolution at 2 = 0.4 um for the average ultrastructural properties of control and PC subjects, respectively. (d) and (e) Continuous media realizations
over the EBS sensitivity range with the average ultrastructural properties of control and PC subjects, respectively.
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Rectal biopsy optical properties
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Fig. 7 Optical properties of rectal biopsies in the CRC study. (a) /i measured at 2 = 700 nm. (b) g measured at A =700 nm. (c) Each plot shows
mean + standard error. N = 43 for C, N = 6 for DA, N = 25 for A, and N = 19 for AA.

Following the progression from C to A to AA, there is a
smooth increase in value for each optical property. While the
DA values in our dataset do not follow this trend, the large stan-
dard error on their measurement (due to relatively small sample
size) does not preclude the possibility of a smooth progression
with larger sample size. Indeed, based on the trend in Fig. 4(c)
and the compounding multistep nature of carcinogenesis, this is
likely the case.

The optical properties for biopsies in the PC study are shown
in Fig. 8. Once again, for all three optical properties, there is a
statistically significant increase in value, with [} increasing
21.1%, g increasing 4.6%, and D increasing 66.9%.
Interestingly, the directionality of the optical property changes
in field carcinogenesis is the same for both CRC and PC.

4.4 Estimate of the Penetration Depth of Changes in
CRC and PC

To obtain a better understanding of the depths at which the
observed changes in P(r,) originate, we performed Monte
Carlo simulations in which both r, and the maximum depth
Zmax Of each photon were tracked to generate 2-D P(ry, Zpmax)
distributions [shown in Figs. 9(a) and 10(a)]. Four simulations
with optical properties corresponding to the mean values calcu-
lated for AA, CRC control, PC, and PC control were performed.
For each simulation, a 2-D grid of P(ry, Zma) With fixed spatial
coordinates corresponding to the experimentally measured
range of values was initiated. Light intensity was then deposited
into the fixed P(ry, Zma) grid positions until 10" photon his-
tories were computed.
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Fig. 8 Optical properties of duodenal biopsies in the PC study. (a) It measured at A = 700 nm. (b) g measured at 2 = 700 nm. (c) Each plot shows

mean + standard error. N =13 for C and N = 19 for PC.
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Figure 9 demonstrates the penetration depth of the P(r,) sig-
nal in CRC field carcinogenesis. The log-scale Pa (s, Zmax)
distribution corresponding to the average optical properties
of all AA subjects is shown in Fig. 9(a) (P not shown since
it is qualitatively very similar). As expected from multiply
scattered light transport, with increasing values of r,, there
is a corresponding increase in z,,,. In order to isolate the loca-
tion of the subtle differences in light propagation between
control and AA subjects, Fig. 9(b) shows the absolute diffe-
rence between Pc(ry, Zmax) and Paa(rs, zZmex) in log-scale.
Qualitatively, the location of the changes with the largest mag-
nitude is found at very small values of r, and z,,. To better
quantify the depth of these changes, we calculate the average
penetration depth of the difference signal for each value of r, as

000
7 (r ) o f()l - Zmax * [PAA(rsa Zmax) _PC(rs’Zmax)}dZmax
max\"s/) — 1000
fO Mm[PAA(rstmax)_PC(rS’Zmax)]dZmax

12)

The values of Z(7,) are represented as the dashed black
line in Fig. 9(b).

Conceptually, Z.,, represents the approximate depth at
which the alterations occur (given the understanding that a
wide range of depths do, in fact, contribute). Comparing with
the values of r, for which the experimentally measured
CRC P(r,) data are significantly separated [data shown in
Fig. 3(a)], the depths at which the changes originate are between
~400 and 575 ym with the optimal difference occurring at
465 pm in depth. To qualitatively visualize the morphological
structures interrogated over these depths, Fig. 9(c) shows a rep-
resentative histological section acquired from one rectal biopsy.
This image illustrates that the measured signal primarily origi-
nates from within the colonic crypts (~500 ym in length) and
surrounding extracellular matrix, which composes the superfi-
cial mucosal layer.

Figure 10 repeats the penetration depth analysis of the P(r,)
signal for PC field carcinogenesis. The log-scale Ppc (7, Zmax)
distribution corresponding to the average optical properties of
all PC subjects is shown in Fig. 10(a). Figure 10(b) shows
the absolute difference between P and P,, in log-scale
with the values of Z(r,) represented as the dashed black
line. Comparing with the values of r, for which the experimen-
tally measured PC data are significantly separated [data shown

in Fig. 4(a)], the depths at which the signal originates are
between ~100 and 500 ym with the optimal difference occurring
at 100 ym in depth. The representative histological section from
one duodenal biopsy shown in Fig. 10(c) indicates that these
depths correspond to the superficial mucosal layer, which is
composed of villi, crypts, and the surrounding extracellular
matrix.

5 Discussion and Conclusions

In many ways, EBS is the ideal technique to use when studying
bulk light transport in biological tissue.

From a utilization perspective, it offers an easy-to-implement
instrument that enables noncontact measurements of intrinsic
scattering and absorption contrast (no staining needed). In addi-
tion, due to the collimated beam delivery of light to the sample,
EBS possesses a large tolerance in sample positioning (over
20 cm range in sample positioning has no effect on the signal).
This allows measurement of nonstationary targets to be acquired
without inducing error or motion artifacts. Moreover, since mea-
surements are taken in reflection as opposed to transmission,
tissue can be quantified in situ without sectioning or other
preparation.

From a theoretical perspective, the high spatial resolution
measurement of P(r,) at subdiffusion length-scales is extremely
sensitive to the shape of the differential scattering function
per unit volume o(6).”'"1? This allows extraction of not only
parameters such as [, g, and D, which define the shape
of o(f), but also in principle the full shape of o(6).
Furthermore, the shape of () is directly related to the shape
of B, (r,) through Fourier transformation, enabling quantifica-
tion of ultrastructural components down to ~30 nm in size (i.e.,
approximately one order of magnitude smaller than the diffrac-
tion limit)."® Finally, because the signal within the subdiffusion
regime is primarily generated by the superficial depths of a scat-
tering medium, an added benefit of EBS is its sensitivity to the
superficial mucosal layers where epithelial cancers originate.
Within the mucosal layer, specific depths can then be targeted
by analyzing the signal at different values of r,.*’

In this paper, we utilized these benefits of EBS to determine
the values of r, for which P(r) is significantly altered in field
carcinogenesis, extracted the structural composition and optical
properties that lead to such changes, and estimated the depth at
which the changes occur. Interestingly, in both the CRC and PC
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Fig. 10 Penetration depth of P(r;) in PC field carcinogenesis using Monte Carlo simulation. (a) Log-scale P(rs, z,,,) distribution for the average optical
properties of all PC subjects. (b) Log-scale of the absolute difference in P(r, zmay) between control and PC subjects. The dashed black line indicates

Zmax(I5). (c) Histological image from a duodenal biopsy.
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studies, we found a similar directionality of the changes in
P(r,), B,(ry), and optical properties.

1. For P(r,), with progression toward a more diseased
state, we found a statistically significant downward
and inward shift in shape occurring at length-scales
smaller than ~1 mm. The magnitude of the effect
(quantified as the difference between disease and con-
trol) was reduced with increasing values of rg, sug-
gesting that structural alterations in the superficial
mucosal layer are responsible for a majority of the
observed signal.

In CRC, we found a significant decrease in P(r,) for
ry = 150 to 700 pum, with the most significant change
occurring at r, = 267 ym. This corresponds to aver-
age penetration depths between ~400 and 575 um,
with the optimal difference occurring at 465 um in
depth. Morphologically, this signal is attributed to
structures within the colonic crypts and surrounding
extracellular matrix.

In PC, we found a significant decrease in P(r) for
rg =20 to 900 um, with the most significant change
occurring at ry = 20 um. This corresponds to average
penetration depths between ~100 and 500 pym, with
the optimal difference occurring at 100 ym in depth.
Morphologically, this signal is attributed to structures
within the duodenal villi, crypts, and surrounding
extracellular matrix.

2. For B, (ry), there was an appreciable decrease in struc-
tural correlation only for values of r; smaller than the
diffraction limit of violet light (/2 = 200 nm). Thus,
the physical alterations in field carcinogenesis mea-
sured by EBS occur at structural length-scales smaller
than the resolution of a conventional light microscope
and, therefore, would be difficult or impossible to
detect with such instruments. Physically, this change
in B,(ry) is attributable to a reduction in the quantity
of structures with size between 30 and 200 nm.

3. For each of the three optical properties (I}, g, and D),
we found an increase in value for the diseased tissue.
In the CRC study, we found [; increases 12.6%, g
increases 1.9%, and D increases 5.1%. In the PC
study, we found an even larger effect with [ increasing
21.1%, g increasing 4.6%, and D increasing 66.9%.

Furthermore, the changes observed in the current study are in
agreement with the decrease in LEBS enhancement factor E and
spectral slope SS observed in the previous ex vivo bench-top
LEBS PC and CRC studies”!® and current in vivo optical
probe LEBS PC and CRC studies.*'>"'” This can be confirmed
by looking at the definitions of E and SS: The empirical param-
eter E can be found as E = [P P(r,) - C(r,)dr,, where C(r,) is
the spatial coherence function [a decaying function that focuses
on P(r,) at short length scales]. As such, the decrease in P(r) at
short length scales observed in the current study is consistent
with a decrease in E. Moreover, this decrease in E is consistent
with the increase in /; in the current study since E « 1/[}
(Ref. 31). The empirical parameter SS is the negative slope
of a linear regression line fit to E(4) and can be related to D
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as D =—SS - (A)(E)~" + 3, where (-) indicates the average
over the entire wavelength range.’' Thus, the increase in D
for the current study is consistent with a decrease in SS. The
consistency between all studies provides corroboration for the
changes presented in the current study.

The fact that the observed changes occurred with similar
directionality for both the CRC and PC studies suggests the
existence of a common progression of structural transformations
in the early stages of these two types of cancer (and potentially
for a majority or even all cancers). In other words, although both
cancers emerge through a unique sequence of genetic altera-
tions, the resulting structural phenotype manifests itself in a
similar way as both diseases progress. This is understandable
as the fundamental objective of all cancers is to create an envi-
ronment that promotes cell survival, proliferation, and eventual
metastasis.

While the statistical nature of these ultrastructural alterations
was quantified in the current study, the specific structures that
contribute to the observed effect cannot be determined directly
using EBS. Nonetheless, we can conclude that the signal is
localized to superficial depths within the mucosa. The implica-
tion for clinical diagnosis is that short penetration depths need
to be targeted in order to achieve optimal performance.
Mechanistically, this provides a general road map of which mor-
phological structures to investigate. Ongoing research to impli-
cate specific mucosal components suggests that the alterations
occur due to a combination of intracellular (e.g., condensation of
chromatin in the nucleus®™ or abnormalities in the cytoskele-
ton®) and extracelluar components (e.g., collagen cross-link-
ing*®). Interestingly, these changes appear to be attenuated
versions of other classical markers of neoplasia.* Chromatin
compaction at larger length-scales (>0.5 ym) is a hallmark of
dysplasia widely used in histopathology,®® and lysyl oxidase
(LOX)-induced collagen cross-linking is a well-known hallmark
of tumor microenvironment.*>*! Thus, the changes detected in
field carcinogenesis are largely the same as those occurring at
the site of a focal tumor, only muted in magnitude. A forthcom-
ing paper will provide 3-D spatial maps of the ultrastructural/
optical alterations occurring within CRC and PC mucosa
using inverse spectroscopic optical coherence tomography.***
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