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Abstract

We present an overview of quantitative and label-free optical methods used to characterize living
biological tissues, with an emphasis on emerging applications in clinical tissue diagnostics.
Specifically, this review focuses on diffuse optical spectroscopy, imaging, and tomography, optical
coherence-based techniques, and non-linear optical methods for molecular imaging. The potential
for non- or minimally-invasive assessment, quantitative diagnostics, and continuous monitoring
enabled by these tissue-optics technologies provides significant promise for continued clinical
translation.
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1. Introduction

Measuring the interaction of light with biological tissues can tell us about tissue morphology
and biological function on the microscopic, mesoscopic, and macroscopic levels. Light
tissue interactions have been known for millennia, but over the past century (and particularly
since the invention of the laser), researchers have developed a number of clinically
compatible techniques in which light with prescribed properties (e.g., wavelength,
frequency, coherence, spatial profile) is shone onto tissue, and the portion of this light that
returns to the surface is detected as a function of these same variables. Interaction with the
tissue perturbs the light in a manner that can be detected and quantified by optical
instrumentation coupled with mathematical light transport models. This information can be
employed to assess the health of tissue and characterize its response to perturbation.

One advantage of these methods is that they frequently interrogate endogenous optical
contrast in tissues from, e.g., absorbing, scattering, or fluorescing tissue constituents.
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Therefore, many of these methods do not require an exogenous contrast agent (such as a
fluorescent dye) to probe tissue structure and function. Another objective advantage of these
techniques is that they are quantitative (to a first approximation), using light-tissue
interaction models to extract perturbation-induced changes in concentrations of absorbers
(e.g., hemoglobin, water, lipid), scatterers (e.g., collagen, cells, organelles), and fluorophores
(e.g., collagen, NADH, FAD) within the tissue. For instance, these techniques can include
hybrid photon-wave descriptions of diffuse light (Section 2), coherence- and interference-
based effects (Sections 3 and 4), or modelled in terms of photon absorption and scattering
(Section 4). These techniques span multiple spatial and temporal scales and have reached
various points along the path toward clinical and/or commercial translation.

In this review, we will discuss three widely-used methods in tissue-optics (Table 1): Diffuse
optical techniques (Section 2), Coherence-based techniques (Section 3), and Non-linear
optical techniques (Section 4).

2. Diffuse optical spectroscopy, imaging, and tomography

2.1: Diffuse Optical Spectroscopy (DOS)

Diffuse optical spectroscopy (DOS) techniques have been employed for over two decades to
quantitatively characterize biological tissues in pre-clinical and clinical settings [1-7]. DOS
methods typically interrogate endogenous contrast from absorption and scattering of light by
tissue. Tissue components such as water, lipid, and oxygenated and deoxygenated
hemoglobin (HbO2, Hb) have distinct light absorption profiles in the visible, near-infrared,
and short-wave infrared regions of the electromagnetic spectrum [6]. The optical absorption
coefficient 1,(A) of the tissue can be represented as a linear combination of the extinction
coefficients ;1) of these chromophores, weighted by their concentrations ¢ within the
tissue: py(A) = Zciei(1) [4]. For light that has undergone enough scattering events to be
considered diffuse, the optical scattering coefficient 141 of the tissue can be modeled with
a power law of the form ug(1) = A(A/A,)%, where A and bare referred to as the scattering
amplitude and power, respectively, and A, is an arbitrary reference wavelength. In diffuse
regimes, the scattering of the tissue is typically represented with the reduced scattering
coefficient i’ (1) = ty(A)(1-g(A)), which is a combination of the scattering coefficient zy(1)
and the scattering anisotropy g(A) (defined as the mean cosine of the scattering angle) [7].

The tissue absorption and scattering properties are obtained by illuminating the tissue with
broadband light (e.g., using a tungsten-halogen lamp) or light at several discrete wavelength
bands (e.g., using light emitting diodes) and detecting the light that is scattered back to the
detector. The light is typically delivered and detected with fiber-optic probes separated by a
controlled distance p that has a direct effect on the interrogated tissue volume. To correct for
the spectral profiles of the light source and detector, the measured backscattered intensity
from the tissue is calibrated against that obtained from a material with known optical
properties (known as a “tissue phantom”) [8]. This calibrated measurement, known as the
diffuse reflectance Ry ), can be directly related to y,(1) and ug(A) (and, consequently, to ¢;,
A, and b) by using the diffusion approximation (DA) to the radiative transport equation. The
DA is valid in regimes where the light has been scattered enough to be modeled as diffuse;
this typically occurs when s /4, > 10. In non-diffuse regimes, such as locations close to the
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source and wavelengths where absorption from blood is very high (e.g., ~400-450 nm), the
DA is no longer valid and Monte Carlo simulations are often employed to model light
transport instead [9]. The flow of the DOS procedure, from data collection to calibration to
mathematical modeling for extraction of tissue properties, is shown in Fig. 2.

2.2: Diffuse Optical Tomography (DOT)

There are many different techniques for obtaining two-dimensional and three-dimensional
maps of tissue properties using DOS measurements. These methods fall under the umbrella
of Diffuse Optical Tomography (DOT). One common DOT approach (Fig. 3), which has
been described by numerous groups [10-12], is to obtain diffuse reflectance at a number of
different source-detector separations p and use a numerical inversion algorithm to obtain
spatial maps of ¢;, A, and b. These multi-fiber DOT probes have been widely employed in
vivo for breast and brain imaging [10, 13], but they typically suffer from low spatial
resolution. Recently, wide-field DOT methods, in which a projected field of light is directed
onto the sample and a camera detects the backscattered signal, have been employed for
reconstruction of optical properties with high (~1 mm) spatial resolution [14]. These
methods typically modulate the light at several different spatial frequencies in order to
rigorously decouple the absorption and scattering coefficients [8].

In order to reconstruct three-dimensional maps of tissue optical properties, an additional set
of measurements typically must be performed in order to provide depth sectioning of the
interrogated tissue volume. This extra variable is often wavelength [15], time [16], or spatial
(or temporal) frequency [17] of the incident light. Acquiring surface images of the tissue at
different wavelengths can provide depth-sectioning capabilities because the tissue absorption
and scattering properties are heavily wavelength-dependent, so the mean penetration depth
of the photons can vary significantly with wavelength [15]. Time-gating of the detected
photons also serves as a means to separate the photons that travelled different total path
lengths (and thus, sampled different depths) within the tissue before returning to the surface
[16].

2.3: Photoacoustic tomography (or microscopy) (PAT/PAM)

Photoacoustic techniques combine the penetration depth of ultrasound with the functional
specificity of tissue optical absorption contrast to provide quantitative and high-resolution
functional and structural maps of tissue deeper than 1mm below the surface. Given that bulk
of the reconstructive imaging in PAT and PAM rely on principles governing the propagation
and detection of ultrasound waves in tissue and that intrinsic functional contrast in these
techniques arises from the optically-induced thermal pressure waves — something that is
directly dependent on the optical absorption spectrum of tissue as discussed above — a full
review of PAT/PAM techniques will not be provided in this review. However, we would like
to emphasize that this area remains one of the most active areas of research in the realm of
biomedical optics mainly because of the tremendous potential these methods for /n vivo
medical imaging, as discussed in several recent reviews [18-23].
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2.3: Clinical applications of DOS and DOT: breast cancer

One common clinical application of DOS and DOT methods is the detection,
characterization, and monitoring of breast cancer and its response to a variety of treatment
mechanisms. Fig. 4 shows maps of tissue absorber concentrations (oxygenated hemoglobin,
ctO,Hb; deoxygenated hemoglobin, ctHHb; water; lipid) of the right and left breast of a
patient with cancer in the right breast [6]. The rightmost column is a map of a quantity
known as the tissue optical index (TOI), defined by the equation 70/ = (ctH,O/Lipid)
(ctHHb) and determined empirically to be a combination of parameters that is particularly
effective for highlighting contrast between tumors and surrounding normal tissue. The figure
demonstrates the ability of DOS to reconstruct two-dimensional maps of tumor optical
properties that correspond well to the spatial location and extent of the tumor (black dashed
circle), as determined by palpation. These methods have also been employed to monitor the
response of breast tumors to neoadjuvant chemotherapy (Fig. 5) and other types of
treatment.

2.4: Clinical applications of DOS and DOT: functional brain imaging

DOS techniques have also been employed for functional brain imaging. Since DOS methods
typically use near-infrared light, which can penetrate deep beneath the tissue surface, /in vivo
human brain imaging can be achieved by using the appropriate combinations of wavelengths
and probe source-detector separations [13]. One common DOS-based brain imaging
experiment is the monitoring of the cerebral hemodynamic response to an external stimulus.
Fig. 6 shows the experimental setup and results for such an experiment [24]. A probe
containing a number of different sources and detectors is placed on the back of the head,
enabling diffuse optical interrogation of the brain. As the brain responds to the stimulus,
maps of changes in oxygenated hemoglobin concentration (Fig. 6(c)) are reconstructed from
the optical data. Time courses of changes in the concentrations of oxygenated hemoglobin,
deoxygenated hemoglobin, and total hemoglobin (Fig. 6(d)) can be calculated to
characterize the hemodynamic response of the brain to the stimulus. This technique is of
great potential use for quantitatively monitoring the brain’s response to conditions such as
stroke, traumatic brain injury, and Alzheimer’s disease.

3. Coherence-based sensing approaches

As discussed in the previous section, diffuse optical imaging techniques rely on quantifying
spatio-temporal changes of the detected light intensity by connecting them to differences in
optical absorption or scattering properties of media, at one or more wavelengths. The phase
of the electromagnetic optical fields is not considered to play any discernible role in these
diffuse optical measurements. However, in interferometric detection, it is the phase
differences between optical fields that are detected as intensity fluctuations. Interferometric
sensing using coherent (laser) light sources is an extremely active area of research in field of
translational biomedical optical imaging and we describe two important techniques — laser
speckle contrast imaging (LSCI) and diffuse correlation spectroscopy (DCS) — that have
been used in a number of clinical studies and are beginning to emerge as commercial
options.
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Before beginning the discussion about LSCI and DCS, we wish to state we will specifically
not be discussing another important and widely-used coherence-based optical imaging
technique — optical coherence tomography or microscopy [25-28] (OCT/OCM) — here. This
decision to focus primarily on non-OCT based coherence based optical tissue sensing stems
from the fact that OCT is a very well-established clinical technique that has previously been
extensively reviewed [29-38]. We also note that recent advances in Fourier and spectral
domain Doppler-OCT have been developed to enable functional sensing of blood flow
velocities within intact tissues — also termed optical microangiography — and are well-
described elsewhere [39-42].

3.1: Laser speckle contrast imaging (LSCI)

The formation of laser speckle is a well-known phenomenon, especially given the ubiquity
of coherent laser sources today. Laser speckle is mathematically described as a complex
pattern resulting from the interference of a large number of coherent photon fields scattered
off a rough object and therefore having random phases at the image plane [43]. Although the
speckle pattern itself appears chaotic and possess little semblance to any discernible features
to the illuminated and imaged object, laser speckle has several quantifiable statistical
features that can provide a wide range of information about spatio-temporal properties
within the imaged scattering medium [44-47]. Laser speckle contrast imaging (LSCI) for
biomedical imaging was demonstrated nearly four decades ago as an experimentally simple
technique capable of non-invasively imaging microvascular flow in retinal tissues [48].

Experimental implementation of LSCI involves shining a coherent laser light source to
uniformly illuminate a region of interest that is focused using a camera and involves
collection of the raw speckle image with no ambient light [49, 50]. Image analysis is
performed to quantify blurring of the speckles recorded in the image by calculating a spatial

contrast factor given by K=¢ where o is the standard deviation and 4 the mean of the
intensity values recorded some set of pixels. These sets of pixels are usually selected as
region of 7x7 neighbors in a square grid across all pixels in the acquired image as spatial
averaging within a single acquisition, or across a series of images acquired as time-series (or
video data) [49]. Mathematically, the contrast factor can be shown to be related to the speed
of the moving particles causing the blurring of the speckle pattern [46, 51], which in
biological tissues translates to a blood flow index. Although LSCI is experimentally simple
to implement and has been shown to work even with low cost laser diodes for sources and
web-cameras for detectors [52], there are several active and open areas of research including
improving depth-sensitivity, developing improved theoretical models involved in the physics
behind speckle formation, and in developing methods so that LSCI can generate quantitative
blood flow maps [53-57].

3.2: Diffuse correlation spectroscopy (DCS)

In DCS, optical fibre probes are used to launch a coherent source of light into the medium of
interest and then measure intensity fluctuations across small areas (typically within
diameters of 1-5 um) several mm-cm from the incident source and at relatively high
frequency (> 1-5 MHz). The observed intensity fluctuations represent speckle intensity
fluctuations caused due to motion of scattering particles moving through diffuse photon
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trajectories leading from the source-detector. The temporal autocorrelation of these speckle
intensity fluctuations is the normalized intensity-autocorrelation g»(z) and is related to the
normalized field-autocorrelation function g(z) through the Siegert relationship: g»(z) =
1+B(g1(7))? [58]. The normalized field autocorrelation g4(z)=G1(z)/G1(0), where G4(z) is
related to the time-varying coherent electric field in the scattering and absorbing medium.
G1(7) is modeled as propagating through the turbid media via a DOS-like diffusion equation
but having an attenuating factor that depends both on the tissue absorption as well as the
mean-squared displacement of a scattering particle — which is a function of the
autocorrelation delay z[59, 60]. Thus, experimentally measured intensity-autocorrelation
() from DCS measurements, when supplemented with estimates of optical absorption and
scattering properties at the laser wavelength (typically obtained from simultaneous or
sequential DOS/DOT measurements), allow theoretical fitting of g»(z) using expressions for
Gi(z) [61, 62].

Experimentally, Figure 7 illustrates the schematic relation between the incident laser
speckle, the intensity fluctuations measured and its autocorrelation to the experimental
components of typical DCS instrument. The choice of the laser coherence length (i.e., the
maximum distance within the tissue for which the laser is expected to sufficiently maintain
its coherent properties) must be such that it is much longer than the average path length of
photons diffusing from the source and the detector placed on the tissue. Most researchers use
laser sources with coherence lengths longer than 10m. Detectors are small-area avalanche
photodiodes running in photon counting mode whose digitized output is passed on to the
autocorrelation device — usually a dedicated hardware board [61, 62].

One burden with using DCS techniques has not only the need to have a long coherence
length laser but also to require autocorrelator boards for fast computation of the numerically
intensive calculation of the autocorrelation function, which usually adds cost to the
instrument. However, recent developments in theoretical analysis of the autocorrelation
decays indicate the possibility that blood flow information may be acquired measuring the
autocorrelation for few initial delay times [63].

3.3: Clinical applications of LSCI

Applications of LSCI have focused on using this technique to detect blood flow in tissue that
are transparent (ocular blood flow [64, 65]) or for tissue where the vasculature is more
readily accessible from the surface (such as skin wound healing and open surgery [66—71]).
Figure 8 below shows one particularly novel application of LSCI to differentially image
arteries and veins in the human eye by superposing an adaptive optics image of the retinal
bed with a LSCI image [72], it was shown that LSCI could be used to compute a retinal
blood flow index to quantify. The colour and contrast density of the merged image (Figure
8(C)) indicates mean blood flow rates for arteries in red and veins in grey.

3.3: Clinical applications of DCS

DCS has been more widely employed for a variety of clinical applications (relative to LSCI)
for monitoring blood flow in the brain, skeletal muscle, bone, and during tumour growth
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[73-83]. Tissue blood flow changes measured using DCS have also been quantitatively
matched to blood flow measured using ultrasound, MRI and laser Doppler flow.

In the past, DCS instrumentation contained bulky electronic components and required
significant logistical efforts for use in clinical settings. Recent efforts have focused on
improving the form-factor of these systems. One such application of DCS (Figure 9)
provides a proof-of-principle example where employed a hand held DCS instrument
(source-detector separation of 2.5 cm) to optically scan women with clinically confirmed
malignant breast lesions as they were seated in the clinic in a supine position [84].
Measurements were acquired both on the ipsilateral breast — containing the malignant lesion
—and on the contralateral normal tissue. DCS measurements were obtained in a line-scan by
moving the device across 10 cm. Although these studies used a priori knowledge about the
location of the tumors to make the DCS measurements, the extracted blood flow values
(relative to the repeated errors) are more than double the value measure normal sites (on
either breast). a diffuse correlation tomographic approach could be designed with multi
source detector configurations to increase spatial sensitivities to yield a 3D map of relative
blood indices.

4. Non-linear optical methods for label-free molecular sensing and imaging

in living biological tissues

The theoretical principles and experimental techniques of non-linear optics (NLO) are well
known in physics and have been applied to numerous and diverse fields of study in the basic
sciences and engineering [85]. In particular, a variety of NLO techniques have been applied
to address fundamental and applied studies in biology and medicine [86-89], as illustrated in
Figure 10, including exciting applications of two-photon excitation fluorescence (TPEF) and
second-harmonic generation (SHG) to label-free molecular sensing and imaging in clinical
medicine [90, 91] and emerging /n vivo applications of coherent anti-Stokes Raman
scattering (CARS) [92].

Employing NLO techniques for medical applications presents some distinct advantages as
well as challenges relative to approaches based on linear optics. For sensing and imaging
applications in biological tissues, general advantages offered by NLO methods include the
ability to interrogate specimens at greater tissue depths by using longer (near infrared, NIR)
wavelengths that are subject to less optical loss from absorption and scattering, to optically
section tissues and minimize out-of-focus photodamage while decreasing background, and
to employ label-free sensing with molecular specificity. In general, the greatest challenges to
implementing NLO-based technologies clinically include high equipment costs, complexity
of operation (both for data acquisition and analysis), and potential regulatory hurdles for
human studies.

Here we illustrate the utility of NLO methods for label-free molecular sensing and imaging
in living biological tissues to address critical regulatory issues in tissue engineering and
regenerative medicine (TE/RM). The fields of TE/RM have advanced to the point where
tissues damaged by disease or trauma can be replaced with a living engineered tissue
construct manufactured from the patient’s own freshly-harvested primary cells [93].
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Generally, engineered tissue manufacturing processes take several days, are strictly
controlled by regulatory agencies to ensure cell-based device effectiveness and patient
safety, and require rigorous quality control testing on the day of product release to determine
the most robust tissue construct to implant into the patient. One of the challenges facing the
commercialization and clinical translation of TE/RM technologies is the unmet need for
reliable, rapid quality control methods to assess construct viability without destroying or
compromising the living, cell-based device and that yield quantified parameters employable
as release criteria. Methods currently employed for the assessment of TE/RM products have
serious limitations. For example, tissue histology is time-consuming and requires an invasive
and destructive tissue biopsy, while biochemical assays of tissue culture media are non-
invasive, but lack sensitivity by reporting parameters integrated over the entire construct
without providing spatially localized information. An ideal quality control method would
rapidly and non-invasively provide a quantitative, spatially localized assessment of tissue
construct viability prior to product release and would be translatable to a clinical
environment for /n vivo assessment of the tissue construct post-implantation in patients.

Optical sensing methods based on endogenous tissue fluorescence have been suggested to
characterize the structure and function of living, cell-based, tissue-engineered devices
fabricated for implantation in clinical applications [94]. Rather than employing destructive
cell viability assays or exogenous fluorescent dyes that are invasive to the cell manufacturing
process, the label-free methods proposed target biologically- and metabolically-relevant
endogenous cellular metabolic co-factors and extracellular structural proteins via NLO
microscopic imaging techniques, including TPEF and SHG [95, 96]. Endogenous
fluorescent biomolecules that report on cellular metabolism and oxygen consumption
include nicotinamide adenine dinucleotide (phosphate) (NAD(P)H) and flavin adenine
dinucleotide (FAD), whose concentrations are related to cellular glucose uptake and energy
consumption and production in metabolic pathways. Fluorescence lifetime imaging (FLIM)
provides further information about the protein binding states of cellular coenzymes [96].
Optical signals from endogenous structural proteins including keratin, elastin, and collagen
report on the morphology and composition of the extracellular matrix, with SHG providing
an excellent means for revealing collagen in biological tissues.

An illustration of using an NLO-based approach to characterize morphology and
biochemistry in living engineered tissues is shown in Figure 11 [91]. While histological
assessment would destroy the tissue construct, NLO microscopic imaging could be
performed non-invasively via optical sectioning in 3-dimensions (3D) in the living tissue
(left) under environmentally controlled and sterile conditions. 3D spatially localized
information about cellular metabolic function, cellular spatial organization, and tissue
microenvironment could be extracted from the optical datasets via quantitative image
analysis algorithms applied to cross-sectional (middle) and en-face (right) images. For
example, the tissue’s layered structure was visible in the destructive histology section (left)
as well as the optically cross-sectioned image of endogenous cellular TPEF (NAD(P)H,
cyan) with overlaid scaffold SHG (collagen, blue) (middle). Cellular viability information,
primarily contained within TPEF signals from metabolic co-factors NAD(P)H and FAD, was
obtained by optically sectioning thin cellular layers and using SHG signals to correct for
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extracellular matrix components (right). The acquired optical signals enabled tissue viability
assessment via metrics of cellular spatial organization and metabolic function.

For these studies, cells and tissues were cultured from distinct primary human patient donors
to intentionally introduce the intra-patient variability anticipated in clinical use [91].
Additionally, realistic stressing conditions anticipated during the biofabrication process were
introduced to intentionally compromise cell viability. These experimental design features
were introduced to challenge the reliability and robustness of the NLO approach, which
successfully differentiated control from stressed constructs. This study was the first report
demonstrating the ability of label-free NLO microscopy to characterize the viability of living
cell-based devices manufactured with primary human cells. Thus, label-free NLO
microscopic imaging was found to non-destructively provide reliable and quantitative
release criteria for engineered human cell devices.

Thus, the microscopic detection of TPEF, FLIM, and SHG from endogenous constituents in
living engineered tissue constructs provides information-rich multi-dimensional optical
datasets that can be analyzed quantitatively to extract parameters linked to pre-implantation
construct structure and function and, hence, the likelihood of /n vivo graft success. In
contrast to existing methods, these NLO-based methods for quality control enable rapid,
quantitative, non-destructive, label-free, and spatially-resolved assessment of engineered
tissue construct morphology and viability. Thus, such NLO-based measures could serve as
the basis for reliable manufacturing release criteria for cell-based tissue-engineered
constructs prior to human implantation, thereby addressing a critical regulatory need in
regenerative medicine.

perspectives, and conclusions

In this review, we have presented several key capabilities of diffuse, coherent, and non-linear
optical techniques for characterization of living human tissues. These methods provide
quantitative, non- and minimally-invasive means of assessing tissue structure and function,
through physical parameters such as tissue absorber and scatterer concentrations, velocity of
blood flow, and fluorescence from intracellular and extracellular tissue components.

The techniques discussed in this paper are able to probe a wide range of spatial and temporal
scales. DOS/DOT and LSCI/DCS can provide sub-mm spatial resolution for quantifying
optical properties on the so-called “mesoscopic” length scale (between microscopic and
macroscopic). Certain versions of these techniques can also be performed very rapidly, at
upwards of 50 Hz, to obtain information about pulsatile hemodynamics in living tissue [97].
Some DOS/DOT techniques, such as those involving streak cameras, can even enable near-
ps scale temporal resolution to measure photon time-of-flight distributions in tissue [98, 99].
NLO methods provide microscopic spatial resolution for imaging of structures such as cells
and collagen fibers /in vivo [91]. Certain NLO techniques, such as those involving
fluorescence lifetime, can also provide sub-ns temporal resolution to quantify the dynamic
behavior of fluorescent molecules in living tissue [91].
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In terms of depth sectioning within tissue, DOS/DOT, LSCI/DCS, and NLO techniques are
all typically associated with somewhat different spatial scales in the z-dimension. Diffuse
methods such as DOS/DOT and DCS typically penetrate on the order of cm into the tissue,
although the penetration depth is a strong function of probe source-detector separation and
wavelength of incident light. Indeed, DOT methods typically employ a large number of
different source-detector separations to enable depth-sectioning of several cm of tissue. By
contrast, LSCI and NLO methods primarily interrogate the first few hundred microns to 1
mm beneath the tissue. NLO techniques are capable of sectioning with a high spatial
resolution (dz ~ 10 microns) along the z-axis, suitable for separating the fluorescence of the
superficial keratinized layer from that of the cellular layers in skin or a tissue-engineered
construct (Figure 11). LSCI is not typically employed for depth-sectioning, although LSCI
technology has been employed to characterize the penetration depth of photons in turbid
media [100].

One major trend in tissue optics over the past decade has been the development of
spectroscopy and imaging methods that combine multiple modalities to provide a more
complete characterization of living tissue. An example of such a technique is the
combination of diffuse optical methods (DOS/DOT) with coherence-based methods (LSCI/
DCS) to provide information about tissue blood flow and oxygenation in tandem [101].
These combined flow/oxygenation technologies have the potential to help decouple flow-
based hemodynamic parameters (e.g., reperfusion following injury or ischemia) from
metabolism-based hemodynamic parameters (e.g., rate of oxygen consumption by tissue)
[101]. When these types of multi-modal measurements are coupled with advances in
imaging speed to acquire data at a rapid frame rate (e.g., >50 Hz) [97], the pulsatile nature of
these hemodynamic parameters can also be characterized, providing information about
vascular reactivity and compliance. These rapid, multi-modal imaging systems may enable
the empirical development of more comprehensive models of the response of living tissue to
different perturbations, providing a valuable inroad to understanding how the body responds
to, and recovers from, trauma and disease.

Here, we have presented a review of several optical technologies (DOS/DOT, LSCI/DCS,
and NLO methods) that are frequently employed for quantitative characterization of living
biological tissue. Since these techniques rely on endogenous contrast arising from the
subsurface tissue constituents, they are label-free and cause minimal perturbation to the
structures being investigated. The quantitative nature of these technologies lends itself well
to the development of standardized, objective, optical-parameter-based metrics for tissue
classification. Recent progression toward devices with smaller form factors and greater ease
of use has facilitated gradual translation of biomedical photonic technologies into the clinic,
paving the way for optical techniques to provide valuable assistance for a variety of tissue
diagnostic and monitoring applications.
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Figure2.
Flow of DOS method. First, the measured backscattered intensity is obtained from the tissue

sample and from a reference with known optical properties, enabling acquisition of the
calibrated diffuse reflectance R, of the tissue. Then, a mathematical model is employed to
obtain the tissue absorption and scattering coefficients from the diffuse reflectance, and
mathematical representations of t,(A)and ug(1) are employed to extract tissue absorber
concentrations ¢, scattering amplitude A, and scattering power 4.
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Schematics of common DOS (top) and DOT (bottom) measurement setups. In DOS, light is
delivered to the tissue via a source fiber and backscattered photons are detected via a
detector fiber separated some distance p from the source. This source-detector separation
plays a key role in controlling the region of tissue sampled by the majority of the photons.
DOS measurements provide the reflectance at different wavelengths, enabling detection of
spectral features of tissue absorption and scattering. In DOT, reflectance measurements at
multiple source-detector pairs are employed to enable reconstruction of a two-dimensional
map of the reflectance (and hence, absorption and scattering) at each wavelength.

Adv Phys. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Wilson et al. Page 19

ctO,Hb

Lipid

Right

E]

833828 233

Figure4.
DOT maps of concentrations of oxygenated hemoglobin (ctO,Hb), deoxygenated

hemoglobin (ctHHb), water, and lipid in the breasts of a human subject with a cancerous
tumor in the right breast. The rightmost column is a map of the tissue optical index (TOI),
defined by TOI = (ctH,O/Lipid)(ctHHb). The changes in the measured optical parameters
correspond well to the tumor region estimated by palpation (black dashed circle) ([6],
reproduced with permission).
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Post
therapy

TOI

DOT maps of tissue optical index (TOI), defined by TOI = (ctH,O/Lipid)(ctHHDb), of the
breast of a patient with a cancerous lesion (black elliptical region) at different time points
throughout the process of neoadjuvant chemotherapy ([6], reproduced with permission). The
areola (green elliptical region) is used as a fiducial marker. The TOl maps demonstrate the
successful treatment of the patient, who exhibited a pathologic complete response to the

chemotherapy.
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Figure6.
In vivo diffuse optical measurement of functional activation of the human brain using a DOS

setup (left) with multiple sources (red) and detectors (blue) placed on the back of the head.
The DOS measurements provide spatial and temporal maps (a—c) of changes in hemoglobin
concentration in the tissue in response to stimulus. Time courses (d) of changes in the
concentrations of oxygenated hemoglobin (red), deoxygenated hemoglobin (blue), and total
hemoglobin (green) can be calculated to characterize the brain’s response to the stimulus
([24], reproduced with permission).
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Figure7.

Illustration of DCS measurements in terms of speckle intensity fluctuations and
experimental components required in measuring the autocorrelation trace. It is critical in
DCS to capture only a few speckles and thus the detection probe is usually 4-5 pm. The
laser also needs to have a coherence length that is much longer than the mean photon path

from the source to the detector.
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AO camera Merge

Figure8.
Representative merged figure from [72] (reproduced with permission). Laser speckle image

(A) and adaptive optics image (B) were merged into (C).
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Figure9.
Line-scans of BFI in (a) for ipsilateral cancerous breast and (b) for the normal contralateral

breast, from [84] (reproduced with permission). Locations of the (T) and normal (N) regions
were chosen using radiological data to guide probe placement. Mirror locations of the
Tumor (MT) and normal (MN) regions (in the ipsilateral breast) are identified in the
contralateral breast.
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Figure 10.
Schematic energy level diagrams for linear (one-photon excitation) fluorescence and non-

linear optical processes including two-photon excitation fluorescence (TPEF), second
harmonic generation (SHG), and coherent anti-Stokes Raman scattering (CARS).

Adv Phys. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Wilson et al.

Page 26

- >
1| Endogenous » Keratin layer
! fluorescence
: emission
Femtosecond |
multiphoton 1 j;===== >
excitation Second

b1. Differentiated cells

b2. Proliferating cells

4000
F

x
Scale bar: 25 um

ity (&
8
2

onsit
~
=3
8
]

1000/

Fluorescence int
o

Figure 11.
NLO imaging can be employed for non-invasive, label-free assessment of cell viability in

living tissue engineered constructs prior to surgical implantation in patients to repair
damaged tissues. The living tissue construct (illustrated by the histology cube at left) is
imaged microscopically via NLO techniques in three dimensions, generating both cross-
sectional (middle) and en-face (right) images. Two-photon excited fluorescence (TPEF)
microscopy, fluorescence lifetime imaging microscopy (FLIM), and second harmonic
generation (SHG) microscopic images are analyzed via quantitative algorithms to assess
local tissue viability, including cellular metabolic function, spatial organization, and cellular
microenvironment. (Figure reprinted from [91] with permission.)
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Overview of tissue-optics methods discussed in this review, including diffuse optical spectroscopy and
tomography (DOS/DOT), laser speckle contrast imaging and diffuse correlation spectroscopy (LSCI/DCS),
and non-linear optical (NLO) molecular sensing methods.

Generation (SHG)

Pulsed laser; typically far visible
to near-infrared

Non-centrosymmetric structures

Technique Physical Process Light Source and Spectral Origin of Contrast Within Quantitative Endpoints
Range Tissue
DOS/DOT Diffuse photon waves | Broadband lamp or set of LEDs; Absorption and scattering Hemoglobin concentration
typically visible to near-infrared and oxygenation; Scatterer
concentration and
morphology
LSCI/DCS Coherent waves Laser; typically near-infrared Particle motion Changes in blood flow
velocity
Two-Photon Pulsed laser; typically far visible Molecular absorption Fluorophore concentration
Nonlinear Excitation to near-infrared and spatial distribution;
Optical Fluorescence (TPEF) Fluorophore binding with
(NLO) microenvironment (using
Molecular
Imaging Second Harmonic

Concentration, spatial
distribution, and orientation
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