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Light scattering has become a common biomedical research tool, enabling diagnostic sensitivity to myriad tissue alter-
ations associated with disease. Light—tissue interactions are particularly attractive for diagnostics due to the variety of
contrast mechanisms that can be used, including spectral, angle-resolved, and Fourier-domain detection. Photonic
diagnostic tools offer further benefits in that they are non-ionizing, non-invasive, and give real-time feedback. In this
review, we summarize recent innovations in light-scattering technologies, with a focus on clinical achievements over

the previous ten years.
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1. INTRODUCTION

The study of light—matter interactions has been a primary driver
of scientific discovery for hundreds of years. From the earliest days
of rationalizing the color of the night sky, to the wave-particle
duality that captivated Newton and Huygens, to the detection
of gravitational waves, light has proven to be a powerful tool
for understanding our world. Although this interaction has pri-
marily been restricted to studying fundamental physics, in the
past twenty years, light scattering has become central to both
established and emerging biomedical applications [1].

The theory of light scattering has a reputation for complexity,
with massive volumes devoted to the study of scattering by objects
of relatively simple geometry. Indeed, the classical “inverse prob-
lem” of light scattering—that of extracting complete knowledge of
an object by measuring its scattered field—is terribly difficult
[2,3]. Inverse scattering problems are ill conditioned, in that dif-
ferent combinations of object geometries, and of the optical in-
dices of the object and medium, can produce a similar scattered
field, and the difficulty is compounded by limitations of the mea-
surement process. Theoretical frameworks of varying complexity
help to reduce the degrees of freedom associated with the problem
of uniqueness, while regularization and statistical methods can be
used to diminish measurement errors.

Biomedical applications of light scattering are further compli-
cated by the complexity of biological tissues. Unlike the dielectric
sphere studied by Mie [4], tissues exhibit heterogeneity at nearly
every length scale. Organization at some scales is countered by
disorder at others, with unique distributions of material at the
molecular, sub-cellular, cellular, and structural levels. While the
intricacy of tissue certainly introduces difficulty for the inverse
problem, it also signifies the wealth of information available
for quantitative analysis.

Light-scattering diagnostic applications are attractive in part
because of the wide array of parameters available for measure-
ment. Information encoded in the wavelength [5], wavevector
[6], polarization [7], and phase [8] of scattered light may be
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diagnostically relevant, while optical phenomena such as interfer-
ence [9] and propagation [10] can reveal previously unmeasurable
quantities. The richness of information in the scattered field has
led to a wide array of technologies that measure one or more
parameters to extract meaningful information from tissue.

In this review, we give an overview of the current state of bio-
medical applications of light scattering, with a focus on emerging
tools over approximately the last ten years. Particular focus is
given to applications in tissue, with occasional reference to in vitro
studies that lay important groundwork for clinical techniques or
that utilize similar contrast mechanisms to iz vivo technologies to
solve a clinical need. While the methods are highly varied
and often overlap substantially, we have organized our analysis
primarily by contrast mechanism. Sections covering wavelength-
dependent scattering, angle-resolved scattering, and Fourier-
domain methods are introduced. Optical instrumentation and
data analysis are discussed for each technique, with particular
focus on clinical results.

2. WAVELENGTH-DEPENDENT LIGHT
SCATTERING

Like most optical processes, elastic scattering in tissue is charac-
terized by a substantive dependence on the wavelength of incident
light. A number of techniques have been developed that analyze
the spectrum of scattered light from tissue for clinical diagnostic
purposes. An overview of these techniques is given below, with a
focus on recent developments.

A. Elastic-Scattering Spectroscopy and Light-
Scattering Spectroscopy

Elastic scattering spectroscopy (ESS) is a non-invasive optical tech-
nique that analyzes the spectrum of diffuse scattering in tissue for
clinical diagnostic purposes [11]. In typical implementations, light
from a broadband source is coupled into a multimode fiber, the
distal end of which is placed in direct contact with the tissue to
be analyzed. A secondary fiber or fibers placed near the illumination


mailto:zachary.steelman@duke.edu
mailto:zachary.steelman@duke.edu
mailto:zachary.steelman@duke.edu
https://doi.org/10.1364/OA_License_v1
https://doi.org/10.1364/OPTICA.6.000479
https://crossmark.crossref.org/dialog/?doi=10.1364/OPTICA.6.000479&amp;domain=pdf&amp;date_stamp=2019-04-11

Review Article

Vol. 6, No. 4 / April 2019 / Optica 480

spot collect diffusely scattered photons, which are coupled into a
spectrometer for data analysis. ESS has been demonstrated in clini-
cal trials for diagnosis of breast cancer [12], colonic lesions [13],
and high-grade dysplasia in Barrett’s esophagus [14], among others.

Spectral analysis in ESS may take many forms and may include
direct analysis of specific spectral regions [11], identification of
diagnostically relevant portions of the spectrum with machine
learning [15], or extraction of tissue optical properties (such as
the reduced scattering coefficient, blood volume fraction, or he-
moglobin oxygen saturation) by fitting the acquired spectrum to
an appropriate model [16]. The best-suited method of analysis is
chosen according to the desired application.

In recent years, ESS has expanded to include a wide array of
potential applications. Suh ez a/. have suggested ESS for discrimi-
nating benign from malignant disease in ex vivo thyroid samples
[17]. Rodriguez-Diaz ez al. have conducted a more recent study of
colonic polyps, finding >90% sensitivity and specificity for
detecting neoplastic polyps [18]. Trials have also been completed
showing the ability of ESS to distinguish malignant from benign
skin lesions [19] as well as to distinguish between benign, dys-
plastic, and inflammatory prostate samples ex vivo [15].

It should be noted that ESS is sometimes labelled diffuse re-
flectance spectroscopy, a technique that is similar to ESS but that
may encompass both contact and non-contact probes [20]. A vast
literature exists on this topic, so we focus here on new develop-
ments. In recent years, diffuse reflectance spectroscopy has been
applied to in vivo diagnosis of skin cancer [21] and combined with
fluorescence measurements for breast surgical margin analysis
[22] and identification of peripheral lung tumors [23].

A related technique to elastic scattering spectroscopy is light-
scattering spectroscopy (LSS). Like ESS, LSS analyzes the spectrum
of scattered light to determine the morphological properties of tis-
sue. Unlike ESS, LSS secks to extract light that has been singly
scattered, which can then be analyzed using Mie theory [5] or more
sophisticated models [24]. Analysis of spectral oscillations yields
parameters like the size distributions of nuclei, their population
density, and refractive index relative to the cytoplasm [25].

In traditional implementations of LSS, light from a broadband
source is linearly polarized and directed onto the tissue or cell
monolayer surface to be analyzed. Scattered light is passed
through an analyzer to the detector plane in a manner sometimes
referred to as polarization-gated LSS [26]. Spectral discrimination
occurs by filtering the input light to a narrow, tunable spectral
range or by using a spectrally selective means of detection such
as a spectrometer or tunable filter. Typically, two measurements of
the scattered light are taken, with the analyzer parallel and
perpendicular to the illumination polarization axis, respectively.
Subtraction of the depolarized component /) from the coplanar
component /| yields an intensity A/ that attempts to isolate sin-
gly scattered photons from the upper epithelium, which have
maintained their polarization state. Polarization subtraction is
particularly useful in tissue, as it attempts to remove the contri-
bution of the unpolarized diffusive background. A7 is acquired
for a number of wavelengths and may also be acquired for various
scattering angles [27] or object locations in an imaging configu-
ration [25]. Spectra may also be acquired using an optical fiber
probe for in vivo applications [28]. The resulting spectrum is fit-
ted to an analytical model based on Mie theory, with the best fits
used to predict nuclear crowding and size distributions. The re-
sults correlate highly with those obtained by light microscopy

and are a significant biomarker in histopathological dysplasia
detection.

Recent work in LSS has focused on Barrett’s esophagus and
other endoscopic applications. Qiu ef a/. has demonstrated a scan-
ning instrument capable of detecting dysplasia in Barrett’s esopha-
gus with 92% sensitivity and 96% specificity [29], and in a more
recent study has demonstrated 96% and 97% sensitivity and
specificity, respectively [30]. Patel ef al. have used polarization-
gated LSS of the duodenal mucosa to detect an early increase
in blood supply (EIBS) associated with neoplastic lesions in
the pancreas [31]. Further, Zhang ez al. have verified the ability
of LSS to identify the malignant potential of pancreatic cystic le-
sions during endoscopy [32]. Representative figures from this
study are displayed in Fig. 1.

B. Diffuse Reflectance Modeling

The validity of spectral analysis of diffuse reflectance relies heavily
on analytical models of varying complexity. One of the most
common standards is based on a steady-state diffusion model
of light scattering, which describes the radial dependence of dif-
fuse reflectance from tissue [33]. In a seminal paper, Zonios ez al.
used the diffusion model to extract hemoglobin concentration,
hemoglobin oxygen saturation, effective scatterer density, and ef-
fective scatterer size from diffuse reflectance measurements of nor-
mal and adenomatous colon 7z wvive [34], with adenomatous
tissues showing a marked increase in hemoglobin concentration.

In recent years, diffuse reflectance modeling has been under-
studied compared with other methods. However, there have been
a few advances of note. Improved computational schemes have
enabled the use of Monte Carlo methods for arbitrary collection
geometries, enabling semi-empirical approximations of diffuse re-
flectance to replace complex analytic solutions [35]. Two-layers
models have been introduced, which more realistically model
the vast majority of biological tissues that exhibit an epithelial
layer [36]. Additionally, the influence of the phase function has
been studied, demonstrating the importance of the probabilistic
angular scattering distribution on model results [37]. The long-
term trend towards parallelized, high-throughput computing
could lead to a resurgence in this type of modeling.

C. Spectroscopic OCT

Optical coherence tomography (OCT) is a well-known biomedi-
cal imaging technique that creates tomographic images of tissues
with a resolution on the order of a few micrometers. While tradi-
tional OCT creates depth-resolved reflectivity maps, functional
information is not generally available. To solve this problem,
spectroscopic OCT (SOCT) allows encoding of spectral informa-
tion into the tomographic images. SOCT traditionally uses a win-
dowing method [38], such as the short-time Fourier transform
(STFT), in which spectral fringes are isolated from wavelength-
specific regions to create a series of spectroscopically distinct
tomograms. The properties of the window may be chosen accord-
ing to the desired spectral resolution, which contains a well-
known trade-off with depth resolution in the resulting image.
SOCT has become a popular tool for characterizing tissues,
since only an additional processing step is required to obtain spec-
tral information from a Fourier-domain OCT instrument. Here,
we present some of the major developments in SOCT in recent
years. To overcome the trade-off in depth versus spectral resolu-
tion, Robles e 2/ have introduced a dual-window (DW) method,
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Fig. 1. (Left) (a) Illustration demonstrating an endoscopic ultrasound-guided fine-needle aspiration procedure for optical biopsy of the pancreas using
LSS. (b) Endoscopic ultrasound image of the needle probe penetrating the cyst. (c) Spectra collected from two distinct source-detector separations and
(d) backscattering component obtained from the LSS spectrum. (Top Right) (a) Comparison of standard biopsy forceps with integrated dual-fiber probe
forceps for ESS and (b) use of forceps for polyp assessment using ESS. (Bottom Right) (a) Conventional OCT image and (b) molecular imaging true-color
spectroscopic OCT, which uses a dual-window method for spectral analysis. Reproduced with permission Refs. [18,32,40]. 2015, Elsevier and 2017,

2011, Springer Nature.

which uses two spectral window functions of different band-
widths followed by a point-by-point multiplication to preserve
depth resolution [39,40]. Yi ¢t al. have developed a processing
scheme referred to as inverse spectroscopic OCT (ISOCT), which
measures wavelength-dependent scattering coefficients using a
forward model and uses these parameters to deduce the refractive
index correlation function in tissue [41]. ISOCT is useful for
probing the ultrastructural nature of tissues and has been used
to study field carcinogenesis in the pancreas and colon [42].

Clinical applications for SOCT continue to develop for several
tissue types. Zhao er al. has shown the ability of SOCT to quan-
tify burn severity in a mouse model [43]. Visible-light spectro-
scopic OCT has been suggested for a number of applications,
including retinal oximetry [44], microvascular hemoglobin map-
ping [45], examination of amyloid beta plaques in the human and
mouse brain [46], bilirubin quantification in tissue phantoms
[47], and elastic light-scattering spectroscopy in the visible and
near infrared [48]. Though applications in oncology have been
more limited, Kassinopoulos e /. have demonstrated that a cor-
relation of the spectral derivative from SOCT may be utilized to
estimate scatterer size, with good performance distinguishing nor-
mal from cancerous human colon ex vivo [49]. Spectroscopic
OCT remains a highly active research area.

D. Dark-Field Spectral Scatter Imaging

Spectroscopic analysis of resected tissue may be performed using
more conventional microscopy configurations. One such tech-
nique is dark-field spectral scatter imaging, originally developed
by Krishnaswamy er al. [50]. In this method, a broadband

supercontinuum light source is collimated onto a dark-field aper-
ture stop, creating a hollow cylindrical beam that is focused onto
the sample. Orthogonal galvanometer-based scanning mirrors are
used for raster scanning, while a custom, broadband f-theta scan
lens ensures telecentricity. A CCD-based spectrometer is placed in
the detection pathway. The result is a system that efficiently and
quickly analyzes the spectral properties of scattered light while
rejecting specular reflected photons.

Dark-field spectral scatter imaging has shown promise in the
assessment of breast surgical margins. In particular, this approach
achieved 93% sensitivity and 95% specificity in distinguishing
benign from malignant pathologies using a threshold-based clas-
sifier [51]. Unique spectral signatures from distinct breast path-
ologies have also been identified, including fibrocytic disease,
invasive breast carcinoma, and ductal carcinoma iz situ [52].

E. Partial Wave Spectroscopy

Conventional light-scattering methods are typically focused on
assessing structural changes at the wavelength scale or longer.
However, recent work has shown that nanoscale sensitivity is also
possible. The approach, termed partial wave spectroscopy (PWS)
is based on analyzing spectral fluctuations of backscattered light to
determine correlations within the sample [53]. Analysis of these
correlations can then be used to assess the health status of indi-
vidual cells [54].

The PWS approach became a significant optical diagnostic
technique when it was linked to the field carcinogenesis effect
[55]. In this interpretation, the conditions that may cause carcino-
genesis to occur in one site in an organ should be prevalent at
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other locations in that organ. For example, PWS studies showed
that measurements of cytology brushings from histologically nor-
mal rectal mucosa can reveal the presence of cancer at distant sites
in the colon [506]. The observed changes in PWS signals have also
been linked to changes in subcellular features such as chromo-
some [57] and cytoskeleton [58] organization.

3. ANGLE-RESOLVED LIGHT SCATTERING

Tumorigenic cells exhibit a number of morphologic variations
from healthy cells, including changes in the size and shape of the
cell, nuclei, and cytoplasmic organelles and alterations in the
nuclear-to-cytoplasmic ratio and chromatin structure. Because
angular light scattering is highly sensitive to alterations in scatterer
properties, angle-resolved scatter detection is a useful tool for
the measurement of subcellular morphology. In many cases,
angle-resolved light scattering has been used to predict the pres-
ence of early carcinogenesis. An overview of these techniques is
given below.

A. Goniometric Measurements

Early studies of angular scattering used a goniometer system to
measure the angle-resolved light-scattering intensity from sus-
pended cells, isolated nuclei, and mitochondria to demonstrate
that light scattering is sensitive to changes in the morphological
structure of organelles [59,60]. In the goniometer system, a colli-
mated beam of light is incident on a tank, which is filled with an
index-matching solution and the sample located at the center of
the rotation axis. A detector is rotated about the sample on the
goniometer arm to collect and map the scattered light intensity as
a function of angle. By fitting the angular scattering data to si-
mulated scattering distributions of spherical and ellipsoidal scat-
terers, the size distribution of scatterers can be determined [61].

To better understand the light-scattering properties of tissue,
goniometric measurements have been taken using multicellular
spheroids, which better mimic the 3D micro-environment and
organization of tumors iz vivo. A comparison between intact
and dissociated spheroids found general similarity in the angle-
resolved light scattering, suggesting that cell—cell interactions, cell
shape, and the intercellular matrix do not significantly contribute
to angular light scattering in spheroids [62]. However, in the same
study, tumorigenic spheroids showed higher relative backscatter
intensity when compared to healthy spheroids, consistent with
prior results suggesting that rapidly growing cells produce higher
backscattering. Spectral, polarimetric, and angular light-scattering
measurements were also performed on tumor spheroids, where
light depolarization was found to be dependent on scattering an-
gle [63]. This effect was attributed to multiple scattering events
caused by internal cellular organelles.

Recently, a similar goniometric system was used to acquire an-
gular light-scattering measurements from Hela cells in different
phases of the cell cycle. It was demonstrated that the intensity
of low-angle, forward-scattered light and high-angle, backscat-
tered light can be linked to cell size and DNA content within
the cell, respectively [64]. Further study of these optical signatures
can provide relevant information on the physiologic structure of
tumor cells.

B. Finite-Difference Time-Domain Methods

While analytic solutions of angular scattering exist for geometri-
cally simple objects, cells and tissues exhibit substantial optical

heterogeneity [67,68], making exact solutions of the angular scat-
tering problem difficult. Finite-difference time-domain (FDTD)
computational methods have been used to predict scattering dis-
tributions for cells and organelles of arbitrary shape and refractive
index [60]. The FDTD algorithm spatially and temporally discre-
tizes the Maxwell equations, which are solved over multiple time
steps using finite-difference equations within a 3D lattice of grid
points. Using FDTD, angular scattering was determined to be
sensitive to changes between healthy and precancerous cells, par-
ticularly in regards to nuclear atypia [69,70]. Recent implemen-
tations of the FDTD algorithm have been greatly accelerated
through GPU-based execution, enabling more complex light-
scattering analysis [71-73]. Using these algorithms, various
groups have explored the effects of nuclear size and refractive in-
dex [74,75], collagen fiber networks [76], and epithelial depth

[77] on light scattering through neoplastic progression in cells.

C. Four-Dimensional Elastic Light-Scattering
Fingerprinting

As this review notes, both spectral and angular scattering infor-
mation are useful in extracting morphological information from
cells. A technique for measuring both properties, termed four-
dimensional elastic light-scattering fingerprinting (4D-ELF)
was developed by Roy ez al. An extension of light-scattering spec-
troscopy, 4D-ELF measures spectral, angular, azimuthal, and
polarization dependence of light scattering from a sample and uses
the angular scattering data to calculate higher fractal dimensions
in tissue architecture during carcinogenesis [65,78]. A simplified
endoscopic version of this technology has also been utilized to
investigate mucosal microvascular blood supply associated with
colonic neoplasia [79]. A schematic diagram for a typical
4D-ELF system is shown in Fig. 2.

D. Angle-Resolved Low-Coherence Interferometry

In addition to providing scattering information, spectral detection
of light may be used in an interferometry scheme to provide
coherence-gated localization of scatterer depth in tissue. Angle-
resolved low-coherence interferometry (a/LCI) is a technique that
implements angle-resolved backscattering detection via Fourier-
domain spatial detection of angular scattering with depth resolu-
tion utilizing low-coherence interferometry. Early a/LCI studies
used the coherence-gated scattering distribution to determine
the fractal organization of a cell monolayer [80]. More commonly,
the angular scattering profile from a/LCI can be compared with
lookup tables of angular scattering profiles derived from Mie
theory to quantify the nuclear morphology from the basal layer
of the epithelium during neoplastic transformation [81,82].
a/LCI has enjoyed a wealth of success in diagnosing dysplasia
in the clinic, with standalone systems developed for detecting
esophageal [83,84], intestinal [85], and cervical dysplasia [66,86].
In the clinical studies, repeated optical biopsies were taken with
the a/LCI instrument and compared to histopathological analysis
of co-registered tissue biopsies. Here, a/LCI demonstrated high
sensitivity, specificity, and negative predictive value (NPV) in
detecting dysplasia (92.9% sensitivity, 83.6% specificity, 98.2%
NPV in the esophagus; 100% sensitivity, 97% specificity, and
100% NPV in the cervix). In addition, recent developments have
incorporated scanning capability [87] and co-registered OCT
imaging [88] to improve the clinical application of a/LCI. a/LCI
was further developed to detect angular scattering across a
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two-dimensional solid angle for determining the aspect ratio and
orientation of spheroidal scatterers and for measuring spatial cor-
relation distances of scatterers within tissue [88—90]. A schematic
diagram of a typical a/LCI instrument is shown in Fig. 2(c).

4. FOURIER-DOMAIN METHODS

Fourier-domain techniques present an alternative to the direct
measurement of scattering angles. As a general rule, the angle
and position of a collection of scatterers in a sample plane are
fully characterized by a transfer function. Interrogating the spatial
frequency response of a sample is therefore equivalent to mea-
suring its angular profile under certain assumptions and condi-
tions. Several such techniques have been utilized to perform
scattering measurements in cells and tissue.

A. Fourier Transform Light Scattering

Fourier transform light scattering (FTLS) was first reported by
Ding et al. in 2008 [8]. FTLS uses diffraction phase microscopy
(DPM) [93] to acquire a wavefront image near the image plane of
the microscope. The acquired wavefront image is complex, in-
cluding both phase and amplitude information from the sample.
The scatterers in the sample plane impart a perturbation to the
wavefront. A simple Fourier transform of this field is equivalent to
optically propagating the scattered light and analyzing the scat-
tered field as a function of angle.

The main advantages of FTLS are the ability to obtain scatter-
ing information from a small number of cells and, relatedly, the

ability to produce scattering maps with high spatial resolution.
These features allow FTLS to be used with sparse cells such as
red blood cells [8]. Further, the imaging-based approach of FTLS
allows the scattering signal from non-isotropic cells to be indi-
vidually rotated into alignment and summed, which would not
be possible with bulk scattering measurements.

Jo et al. used FTLS to characterize the scattering of rod-shaped
bacteria, finding significant differences between the 2D scattering
profiles of four superficially similar bacterial species [94]. These
studies were expanded to identify unknown bacteria by feeding
their FTLS-derived scattering profiles into a principal component
analysis classifier, obtaining an overall classification accuracy of
over 94% [95]. This FTLS-based bacterial assay could potentially
be used to rapidly identify bacteria without the need for stains
or labels.

Other 77 vitro models have benefited from the high-resolution
dynamic scattering analysis provided by FTLS. The transport dy-
namics of an iz vitro neural cell culture were characterized by Mir
et al. [96]. In this work, the spatial correlation of subcellular struc-
tures was measured by obtaining the power spectrum of the
Fourier-domain image, which is related to the autocorrelation
of the complex field by the Wiener—Khinchin theorem. Mir ez al.
utilized these techniques to measure neurons during growth,
finding that distinct periods of growth exist with quantitative
differences in behavior [96]. The idea of examining properties
of the Fourier-domain image is similar to optical scatter imaging
(OSD), in which a digital micromirror device in the Fourier place
enables characterization of particle shape, orientation, and aspect
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ratio [97]. OSI has also been applied to study the fragmentation
of mitochondria during apoptosis [98].

FTLS has also been demonstrated in tissue samples. Shortly
after introducing the FTLS method, Ding ez a/. explored the scat-
tering profiles of 5 pm thick slices of rat kidney, liver, and brain
tissue and found significant differences in scattering and transport
mean-free paths derived from the cross sections measured by
FTLS [99]. More recently, Lee er al. used FTLS to map the scat-
tering coefficient and anisotropy in the grey and white matter of
both healthy and Alzheimer’s diseased mouse brains [100]. FTLS
in tissue is generally limited, however, to analysis of thin slices.
Without being able to scan living tissue, the high temporal res-
olution of FTLS is not fully utilized.

B. Spatial Frequency-Domain Imaging

Another light-scattering method takes a somewhat reversed ap-
proach to FTLS. Spatial frequency-domain imaging (SFDI), first
introduced by Cuccia ¢t al. in 2005 [101], encodes frequency-
domain interrogation into the illumination. A series of sinusoidal
stripes of varying frequency are projected onto a sample using a
spatial light modulator (SLM) or digital micromirror device
(DMD). The light scattered within and reflected from the sample
is imaged to a camera. However, each frequency of illumination
does not penetrate equally into the sample. Higher frequencies are
attenuated more readily due to scattering, while lower frequencies
achieve greater penetration. Analyzing the input frequency re-
sponse therefore reveals scattering properties as a function of
depth, allowing SFDI to yield tomographic volumes of scattering
data [101]. SEDI can also be performed with multiple wave-
lengths of light to capture color-dependent scattering and absorp-
tion properties, enabling measurement of spectrally evident
properties, such as blood oxygenation [102].

Compared to many other techniques for assessing light scat-
tering, SFDI is more amenable towards implementation in clini-
cal settings. By performing imaging in the reflective direction and
requiring only basic structural modulations of the illumination, a
SEDI system can acquire its data as an external device pointed
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towards the sample tissue, lending itself readily to clinical trans-
lation. The authors of the original SFDI manuscript extended
their original phantom study towards iz vivo imaging of human
skin and subcutaneous tissue in 2009 [92].

Unsurprisingly, SFDI finds many applications in dermatology, as
many skin disorders benefit from a quantitative picture of subcuta-
neous tissue. SFDI has been used to evaluate burn severity [103], to
identify patients at risk of developing pressure ulcers [104], and to
characterize the cancer risk of actinic skin lesions [105].

SEDI is also being used to discriminate tumors and tumor
margins based on the distinct scattering properties of cancerous
tissue. Rohrbach ez /. used SFDI to map skin cancer tumors by
absorption, scattering, blood oxygen saturation, and hemoglobin
[106]. McClatchy ez al. found that SFDI could classify stroma,
epithelium, and adipose tissue in ex vivo human breast tissue that
were well validated against histology [107].

The brain presents an even greater challenge for subsurface im-
aging, though various groups have explored using SFDI for neuro-
biology. An SFDI study of a mouse model of Alzheimer’s was able to
detect significant differences in the wavelength-dependent scattering
and absorption of the brain between control and disease states, even
when imaging 7z vivo through the intact skull [108]. By extracting
absorption cross sections, SFDI has also been used to image drug
delivery in rat brains [109]. Changes in tissue absorption and scat-
tering due to hypoxic injury have also enabled SEDI study of the
damage to rat brains resulting from cardiac arrest [110]. A block
diagram showing SFDI instrumentation is shown in Fig. 3.

It should be noted that many implementations of SFDI rely on
adaptations of the diffusion theory of photon propagation, in con-
trast to many of the techniques discussed in this review, which
operate using primarily single-scattered photons. Bridging this
gap, Kanick ez /. have used high-spatial-frequency illumination
to isolate light in the sub-diffuse transport regime [111] with ob-
served differences between normal and scar tissue in a healthy
volunteer. Further examination of the assumptions inherent to
photon propagation models in SEDI would be of great interest
to the broader optics community.
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spatial frequency-domain imaging. Reproduced with permission from Refs. [91,92] 2012, The Optical Society and 2009, SPIE.



Review Article

Vol. 6, No. 4 / April 2019 / Optica 485

5. DISCUSSION

A comprehensive index of the techniques discussed in this review is
shown in Table 1. For a substantial portion of these techniques, a
familiar pattern emerges. First, a mathematical model of varying
complexity is developed to model tissue scattering. Next, a physical
property associated with a variable in the model is measured, and
the data are fitted to a library of model variations until a best fit is
found. This general framework is present in some form in ESS,
LSS, diffuse reflectance modeling, ISOCT, and a/LCI, among
others, and allows for measurement of quantities that are difficult
to access, as when partial-wave spectroscopy demonstrates sensitiv-
ity to correlations at the nanoscale [112] despite these features
existing an order of magnitude or more below the diffraction limit.
As always, limitations should be acknowledged. In particular, this
procedure constrains the range and resolution of possible measure-
ments to a pre-computed class of model outcomes defined by an
array of input variables. These models make assumptions regarding
tissue morphology, composition, scatterer size and shape, and op-
tical properties that are generally accurate but may not countenance
statistical variations in patients or tissues. In some cases, these as-
sumptions may be simply incorrect, as assumptions of the nuclear
refractive index increasingly appear to have been [67,68,113].

Deviations from the assumed simplicity of analytic models may
produce errors in analysis and ultimately limit device performance
over large populations. Such limitations are not often identified in
preliminary studies, but in truth may contribute heavily to the ul-
timate clinical effectiveness of these techniques.

One potential solution to the issues inherent in model fitting is
machine learning. Analytic models may be insufficiently complex
(or overly complex), imbalanced in certain variables, or impropetly
characterize the real-world range of parameters. Instead, any series of
measurements can simply be entered into a machine learning algo-
rithm, which will find the optimum discriminatory variables in
high-dimensional space. While obviously an effective strategy, ma-
chine learning approaches should take care that they are not over-
fitting to a particular dataset at the expense of a more generalizable
diagnostic. Prospective validation studies (in which classifications
are based on parameter cutoffs from previous studies) are underre-
presented in the literature, and execution of such studies should help
prevent machine learning classifiers that are accurate for the case of a
small feasibility study but not valid for larger populations.

Many analytic models of light scattering take extreme caution
in developing complex theory to explain the scattering process.
Less care is generally taken when assuming physical constants,

Table 1. Summary of Biomedical Light Scattering Techniques

Technique Contrast Mechanism Representative Applications in Tissue

Elastic-scattering spectroscopy (ESS) Spectral Bladder Cancer [11]; Breast cancer [12]; Colonic lesions [13];
Dysplastic Barrett’s esophagus [14]; Malignancy in ex vive thyroid [17];
Colonic polyps [18]; Skin lesions [19]; Dysplastic and inflammatory
prostate ex vivo [11,15].

Diffuse reflectance spectroscopy Spectral Skin cancer [21]; Breast surgical margin analysis [22];

Light-scattering spectroscopy (LSS) Spectral, Polarization

Diffuse reflectance modeling Spectral

Spectroscopic OCT (SOCT) Spectral, Depth-resolved
(Interferometric)

Dark-field spectral scatter imaging Spectral

Partial wave spectroscopy (PWS) Spectral

Goniometric measurements

Finite-difference time-domain

(FDTD) methods

Four-dimensional elastic light-scattering
fingerprinting (4D-ELF)
Angle-resolved low-coherence
interferometry (a/LCI)

Fourier transform light scattering (FTLS)

Spatial frequency-domain imaging

(SFDI)

Angle-resolved
Angle-resolved
Spectral, Angle-resolved,
Azimuthal, Polarization

Angle-resolved, Depth-resolved
(Interferometric)

Fourier-domain, Angle-resolved

Fourier-domain, Spectral

Peripheral lung tumors [23].

Dysplastic Barrett’s esophagus [5,28-30]; Field carcinogenesis
(rat model) [24]; Colonic adenoma [25]; EIBS during colon
carcinogenesis [26]; EIBS associated with neoplastic

pancreatic lesions [31]; Malignant potential of pancreatic
cystic lesions [32].

Normal and adenomatous colon 77 vivo [34]

Carcinogenesis in the pancreas and colon [42]; Burn severity [43];
Retinal oximetry [44]; Microvascular hemoglobin mapping [45];
Amyloid beta plaques in the human and mouse brain [46];
Bilirubin quantification [47]; Light scattering spectroscopy

of the retina [48]; Colon cancer ex vivo [49].

Breast surgical margins [51]; Various breast pathologies [52].
Field carcinogenesis in the colon, pancreas, and lung [55];
Cytological brushings of the rectal mucosa [56];
Morphological structure of organelles [59-61];

Multicellular spheroids [62,63]; DNA content [64].

Nuclear size and refractive index [74,75]; Collagen fiber networks [76];
Epithelial depth [77];

Colon carcinogenesis (rat model) [65,78]; Early carcinogenesis
of the rectal mucosa [79].

Esophageal dysplasia [83,84]; Intestinal dysplasia [85];
Cervical dysplasia [66,86]; Grading of esophageal

neoplasia (rat model) [82]; Esophageal adenocarcinoma

(rat model) and retinal degradation (mouse model) [88];
Identification of bacterial species [94,95]; Neural transport
and growth dynamics [96]; Alzheimer’s disease

(mouse model) [100].

Blood oxygenation [102]; Burn severity [103]; Pressure ulcer
risk assessment [104]; Cancer risk of actinic skin lesions [105];
Skin cancer [106]; Breast tissue classification [107];
Alzheimer’s disease (mouse model) [108]; Brain damage from
cardiac arrest (mouse model) [110].
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with many works content to pull parameters related to refractive
index, size distribution, and nucleus-to-cytoplasm ratio from deca-
des-old studies [114,115]. There is a general dearth of basic research
related to the statistical presentation of scattering properties, includ-
ing variation on the temporal and spatial scales and across cell lines
and types. Emerging technologies like refractive-index tomography
[116,117] as well as more established techniques like digital holo-
graphic microscopy [118,119] are well suited to this type of char-
acterization. This type of work is labor intensive and often
underappreciated, but an improved body of knowledge regarding
the optical properties of biological specimens would provide a more
solid foundation for models of tissue scattering.

Computational resources have improved markedly in recent
years; however, it is not obvious that an accompanying renaissance
in numerical light-scattering studies, such as FDTD modeling,
has occurred. This is particularly interesting given the additional
advances in parallel computing and GPU-based processing in this
time period. While the exact reason is unclear, we can speculate
that further simulations of light scattering from homogenous tis-
sue models may be uninteresting and also have been shown to
exhibit results heavily dependent on initial assumptions of the
phase function and other parameters [37]. A potential avenue
of new research exists in creating more realistic models of cells
and tissues using quantitative measurements. Comparisons of
light scattering between realistic models of cellular architecture
and simplified models would provide a stronger empirical backing
for the use of simplified models and further legitimize diagnostic
modalities that rely on light scattering.

Substantial innovation in the field of scattering-based optical
diagnostics continues to occur at the level of basic research, and
considerable support for established technologies like OCT is avail-
able within commercialized entities. However, there is a dearth of
movement between the two spaces, with a number of optical tech-
nologies unable to realize commercial success despite substantial
success in clinical studies. A portion of this stasis is likely related
to mandatory regulatory pathways defined by the U.S. Food and
Drug Administration (FDA), in which devices lacking a cleared
predicate are required to undergo Premarket Approval (PMA).
The PMA process can require a substantial investment, with years
of time and significant expenditure before completion. Recent
adoption of the de novo process by the FDA promises to enable
a more accessible pathway for Class I devices, similar to the less
burdensome 510(k) process. Further innovations in regulatory
pathways, such as specialized pathways for low-risk photonic diag-
nostics, may incentivize the formation of new companies and ven-
tures around these techniques.

A common theme in many of the studies discussed in this review
is the comparison of a specific measurement technique with the
“gold standard” of histopathology, the premise being that scatter-
ing-based diagnostics should match the classification of a represen-
tative biopsy examined by an expert pathologist. Histopathology is a
tried and true method, and it has remained the standard of care in
essentially all branches of medicine for over a century. However, it is
also not without limitations, with issues including sampling error
and relatively high inter-observer variability (<50% agreement) for
some conditions like esophageal dysplasia [120]. On the occasion
when an optical technique is sensitive to pathology that is not dis-
covered by a biopsy, a comparative study would classify this as a fail-
ure of the optical technology rather than a failure of the pathologist.

Extending such validation studies to include supplemental techniques

such as immunohistochemistry [121] and genomic screening will
help improve validation of new photonic diagnostic devices.

This review has focused primarily on elastic scattering; however,
a significant literature on inelastic scattering exists as well.
Diagnostic modalities based on Raman scattering have been quite
popular over the years [122—124], and Brillouin spectroscopy has
seen a recent increase in interest driven primarily by improved spec-
trometer technology [125-127]. Regulatory pathway reform may
help to incentivize commercialization of these technologies as well.

6. CONCLUSION

In this review, we have given an examination of the current state
of photonic technologies that udlize light scattering for disease de-
tection. Techniques that measure spectral, angular, and phase prop-
erties of the scattered field have been presented, along with
examinations of the associated instrumentation and data processing
schemes. A discussion of the state of the field was presented. Rich
innovation on the level of basic research, combined with prudent
regulatory reform and continued investment in translational stud-
ies, will allow for continued success in the years to come.
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