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Abstract

Optical techniques hold great potential to detect and monitor disease states as they are a fast,
non-invasive toolkit. Raman spectroscopy (RS) in particular is a powerful label-free method
capable of quantifying the biomolecular content of tissues. Still, spontaneous Raman scattering
lacks information about tissue morphology due to its inability to rapidly assess a large field

of view. Optical Coherence Tomography (OCT) is an interferometric optical method capable

of fast, depth-resolved imaging of tissue morphology, but lacks detailed molecular contrast. In
many cases, pairing label-free techniques into multimodal systems allows for a more diverse
field of applications. Integrating RS and OCT into a single instrument allows for both structural
imaging and biochemical interrogation of tissues and therefore offers a more comprehensive
means for clinical diagnosis. This review summarizes the efforts made to date toward combining
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spontaneous RS-OCT instrumentation for biomedical analysis, including insights into primary
design considerations and data interpretation.
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This review summarizes the efforts made to date toward combining Raman Spectroscopy (RS) and
Optical Coherence Tomography (OCT) into a single instrument and aims to serve as a ‘one-stop’
guide for researchers interested in the field. It first outlines the essential features of RS and

OCT, followed by an overview of how the two modalities can be integrated with instrumentation
and how data from each is analyzed and combined. Lastly, a summary of reported biomedical
applications of RS-OCT is provided, as well as the associated challenges of multimodal RS-OCT
and future prospects.

Keywords
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1| INTRODUCTION

Label-free optical techniques have long been investigated as potential tools for clinical
diagnostics. Such methods are generally non-destructive, fast, and can readily be applied in
vivo because they rely on intrinsic tissue contrasts. Their ability to provide sensitivity to
various pathological features without exogenous contrast agents has led to the application of
optical spectroscopy and imaging in many areas of medicine [1].

The emergence of label-free optical spectroscopy for biomedical analysis has offered a
clinically compatible set of methods to probe molecular changes in tissue related to disease.
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The interaction of light and its prescribed properties (e.g., wavelength, polarization, and
phase) with primary absorbers and fluorophores allows for a quantitative measure of their
changing concentration and conformation. Methods like diffuse reflectance spectroscopy,
autofluorescence, and vibrational spectroscopy (i.e., infrared and Raman) exemplify the
diversity of spectroscopic tools available to non-invasively probe tissue composition [2].

A large body of research has demonstrated that Raman spectroscopy (RS) provides higher
specificity than any other form of label-free optical spectroscopy for disease classification
[3, 4]. Unlike absorption- or fluorescence-based spectroscopy methods which are most
sensitive to a small subset of the primary chromophores (e.g., hemoglobin, lipid, water, and
melanin) and fluorophores (e.g., collagen, NADH, and FAD), respectively, RS provides
detection of discrete molecular signals from all tissue components. Investigators have
employed RS to study biochemical changes in biological specimens since the mid-1980s
[5], and advances in the field have now extended its application to disease diagnostics

and cell therapies [6-13]. However, the intrinsically weak signal generated by spontaneous
RS requires long signal integration times and is often confined to point measurements for
clinically realistic measurement speeds. This limitation introduces the potential benefit of
image guidance for improved sampling accuracy. Spatially specific RS measurements can
be realized using morphological features from two- or three-dimensional optical imaging to
guide the position of the Raman laser within the target tissue.

Label-free optical imaging techniques such as confocal microscopy (CM) and optical
coherence tomography (OCT) enable visualization of tissue morphology with micron-scale
resolution, and small-form-factor designs allow integration into clinical endoscopes [14,

15]. However, imaging with CM typically uses tissue autofluorescence as the contrast
mechanism, where an excitation source within the ultra-violet or visible range is scanned
axially to image depth-resolved structural information. This leads to inherently slow imaging
speeds, with typical frame rates of a few Hz, and limited penetration depth (<100 microns,
[16]) due to the wavelength of the source beam [15]. Unlike CM, OCT relies on elastic
scattering from long-wave visible or infrared (IR) sources to generate contrast and allows
for faster speeds and deeper penetration depths that is more practical for clinical imaging.
These benefits allow OCT to achieve frame rates of 100 Hz to a few kHz with a penetration
depth of hundreds of microns to a few centimeters [17]. Another distinct advantage OCT
has over other optical imaging methods is that axial resolution is determined by the coherent
length of the source and decoupled from the imaging lens’ numerical aperture (NA), thereby
facilitating better imaging of microstructural features and tissue layers over a wider field of
view [18]. OCT has been used to assess the scattering behavior from a diverse set of tissues
for identifying various disease-specific characteristics [19-24]. However, tissue pathological
features can share similar morphologic and elastic scattering properties, leading to difficulty
distinguishing certain disease states [25-27]. For example, basal cell carcinoma and the
premalignancy of squamous cell carcinoma appeared similar in OCT images [25], pointing
to a limitation of using imaging alone for pathological screening. To address this, coupling
spectroscopic techniques like RS with OCT imaging adds molecular specificity and would
serve to eliminate ambiguity in differentiating disease states that show analogous image
features.
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Characterization of both tissue morphology and biomolecular composition enables a more
comprehensive analysis of disease features for diagnostic purposes. Over the past 15

years, efforts to combine RS and OCT into a single instrument derive the benefits from

both techniques and mitigate their individual limitations. Multimodal RS-OCT enables
microstructural imaging of the tissues, targeted RS measurement at a location of interest
within the OCT image, and improved diagnostic accuracy by combining RS spectral features
with image-derived OCT quantitative metrics [28-31]. Therefore, the combination of RS
and OCT into a single instrument presents a more holistic means for clinical diagnosis than
either modality offers alone.

This review is intended for scientists and engineers interested in optical and photonic design
considerations and data analytics for RS—OCT, as it focuses on the essential features of

how spontaneous RS and OCT systems are integrated into instrumentation and how data
from each modality is analyzed and interpreted in the presence of the other. A summary

of reported biomedical application is also provided, and the associated challenges and
prospects of multimodal spontaneous and stimulated RS-OCT are also examined.

2| RAMAN SPECTROSCOPY OVERVIEW

Among the available optical molecular sensing techniques, RS is particularly advantageous
due to its ability to probe the biomolecular content of tissue with high specificity, in both ex
vivo and in vivo settings, without the need for exogenous labels [32]. It utilizes the inelastic
scattering interaction to analyze the presence and abundance of biomolecules relating to
sample composition. The potential for RS to be used as a clinical diagnostic tool has been
extensively studied [33] and is ongoing. The following subsections will outline the basic
theory, instrumentation considerations, and data processing methods relevant to biomedical
applications of spontaneous RS.

2.1| Principles

The working principle of RS is that the specific arrangement of chemical bonds within a
molecule allows certain vibrational modes to be supported, and these modes are quantized
such that they can only occupy particular energy states. Photons can interact with these
bond vibrations through absorption or scattering events. Vibrational excitations in RS are
generated through inelastic scattering, where the coupling of a photon to a molecular bond
causes an instantaneous transfer of energy between the two. This transfer results in a change
in energy of the incident photon and a measurable shift in its wavelength, which depends on
the specific Raman-active vibrational modes present within a molecule. This effect creates
a spectral “molecular fingerprint” that represents a comprehensive chemical description of
the analyte that can be used to identify the sample or characterize biochemical changes
associated with disease.

2.2 | Instrumentation

Inelastic scattering is a weak optical interaction, so collecting spectra through the
spontaneous production of Raman photons requires extremely sensitive detection hardware
and relatively high excitation laser power and acquisition times compared to other
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optical sensing methods. Furthermore, the Raman component of the measured signal must
also compete with other optical interactions like tissue autofluorescence. While Raman
scattering intensity increases at visible excitation wavelengths compared to near-1R, so
does the likelihood of generating tissue autofluorescence. This increase in autofluorescence
background impacts the signal-to-noise (SNR) of Raman peaks and spectral interpretability
[34]. An established approach to reduce the effects of sample autofluorescence is to
employ IR lasers (e.g., Nd:YAG, 1064 nm) where photon energies are less likely to excite
fluorophores. However, a 3-fold decrease in Raman scattering power at 1064 nm relative

to 785 nm excitation [35] demands higher laser powers and longer integration times. In
addition, the detection of an IR Raman signal requires the use of IR-sensitive materials
(e.g., Germanium, Indium-Gallium-Arsenide) that have relatively high readout noise and
dark current compared to current charge-coupled device (CCD) technologies [36]. Although
1064 nm excitation improves spectral SNR in highly pigmented tissues (e.g., kidney, liver,
pigmented skin, lung), absorption and heating effects become an additional challenge that
limits translation to in vivo applications [35].

Spontaneous production of Raman photons is most common in biological applications of RS
due to the simplicity and customizability of instrument design. In spontaneous RS systems,
wavelength-stabilized diode lasers with center laser lines between 500 and 800 nm and
sub-nanometer bandwidth are typically employed that balance the trade-off between Raman
scattering intensity and tissue autofluorescence [37]. The backscattered light is collected
with either free space optics or fiber optic probes and is then spectrally resolved with
high-efficiency spectrometers that incorporate optical filters to reject the elastically scattered
excitation light. High-sensitivity, thermoelectrically cooled CCD detectors are commonly
used to acquire spectra due to their low-noise performance and the ability to conduct
hardware binning during readout for optimal SNR of the measured signal [38].

2.3 | Data processing

Spectral calibration and preprocessing routines are required to properly extract the Raman
component of the raw optical signal. A given RS system configuration determines the
instrument response and requires two types of calibration: spectral and intensity calibration.
Spectral calibration converts CCD pixel number to relative Raman wavenumber, while
intensity calibration uses the known emission from a calibrated source (e.g., lamp,
luminescence standard) to correct for the system’s wavelength-dependent sensitivity [33].

Preprocessing encompasses the various steps needed to isolate and analyze the signal
components specific to Raman scattering. This is especially important in biological RS
spectra with strong autofluorescent background, often orders of magnitude stronger than
Raman scattering, which impedes analysis of Raman bands and generates additional

shot noise. This background is usually eliminated through software-based methods.

Such methods include derivative filters, frequency domain analysis, but more popularly
with fitting techniques based on polynomials or penalized least-squares [33]. Smoothing
procedures suppress high-frequency noise contributions to the spectrum through a moving
average window, median, derivative, or Savitzky—Golay filters [39]. Finally, normalization
of the spectrum is required if direct peak heights are to be used for analysis, because
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variations in peak energies between measurements may be due to inconsistencies in
experimental or sampling conditions rather than true spectroscopic deviations [40]. Common
approaches include mean normalization, vector normalization, Standard Normal Variate, and
Multiplicative Scatter Correction [39, 41].

2.4 | Current applications

There has been considerable work in implementing spontaneous RS for pathological
screening in oncology [42, 43], pathogen detection, and identification [44], and endoscopic
applications in neurosurgery [45]. In most cases, using an optical approach like RS for
disease screening rivals current gold-standard methods in that it is fast and has relatively
simple sample preparation requirements for ex vivo applications. A unique aspect important
for clinical disease screening is that RS can be applied in vivo directly to the target tissue

by means of handheld optical designs that utilize fiber optics. While the U.S. Food and Drug
Administration (FDA) has not filed approval for any clinical Raman device, current efforts
to apply RS as a diagnostic tool is ongoing, with recent clinical trials investigating the use of
benchtop Raman systems and microfluidic devices for diagnostics in areas including cancer
[46-49], osteoarthritis [50], and diabetic glucose monitoring [51]. Additional clinical trials
relating to probe-based RS are also evaluating direct in vivo detection of gastric dysplasia
[52], esophageal cancer [53], and bone quality assessment [54].

Applications of RS for biomedical analysis have primarily relied on spontaneous generation
of Raman photons, but the slow acquisition speed of RS means that collecting two-
dimensional maps of spectral information is not feasible in a clinical setting. Point-wise
measurement eliminates the ability to determine the spatial extent of disease and introduces
the chance of sampling error in medical applications where these aspects are important;

like tracking of skin lesions or tumor margin assessment. RS diagnostics can therefore

be improved by the addition of an imaging modality to not only provide morphological
information about the sample to complement diagnosis, but also to spatially position the RS
laser to a region of interest within the imaging field.

3] OCT: OVERVIEW

OCT is an imaging modality commonly used in ophthalmology and is also emerging as

a promising tool in cardiology, oncology, dentistry, and otolaryngology. OCT constructs
depth-resolved reflectance profiles of the sample by the interference of backscattered light
from the sample with a reference signal reflected from a mirror [55, 56]. The contrast seen
within these images arises from differences in tissue scattering, and it provides distinctive
information about the morphology of the sample with micron-scale resolution [57, 58].

In the following subsections, the fundamental principles and instrumentation of a standard
OCT system are introduced.

3.1| Principles

In OCT, a low-coherence Michelson interferometer setup splits the light from a broadband
source into two paths: a reference arm and sample arm. According to the low temporal
coherence properties of a broadband light source, interference fringes are created when the
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optical path length difference between the two arms of the interferometer matches within the
coherence length of the broadband source [59]. The backscattered light from the sample arm
is combined with light reflected from a reference arm to create an interference signal, which
is then captured by an optical detector and processed to obtain a depth profile of sample
reflectivity (i.e., A-scan). Combining a series of A-scans at different transverse positions,

by laterally scanning the probing beam, creates a cross-sectional tomogram (i.e., B-scan).
Importantly, the axial resolution of an OCT image is determined by the coherence length

of the broadband light source and is decoupled from the transverse resolution, which is
determined by the NA of the objective lens.

3.2 | Instrumentation

OCT instrumentation can be categorized into two primary types based on how reflectivity
profiles are generated: Time-Domain OCT (TD-OCT) and Fourier-Domain OCT (FD-OCT).
TD-OCT was the first implementation of OCT, but FD-OCT overcame the limitations of the
former in terms of imaging speed and sensitivity [12, 51].

In TD-OCT systems, the mirror in the reference arm is translated axially to obtain depth
information, and a point detector records the intensity. Interference fringes arise when the
optical path lengths of scatters at various axial positions within the sample arm match that of
the reference arm. The requirement for mechanical movement of the mirror in the reference
arm sets the limit for image acquisition speed.

On the contrary, the reference mirror in a FD-OCT system is kept stationary. The absence of
mechanical movement in the reference arm allows FD-OCT to acquire images much more
rapidly; an order of magnitude faster than TD-OCT [56]. Furthermore, reflected signals
from all depths of the sample are measured simultaneously so that the large number of
spectral channels (N) gathering signal provides improved sensitivity by a factor of N/2 [14],
providing an SNR improvement over TD-OCT. FD-OCT creates an A-scan by measuring
the interference spectrum as a function of wavelength and performing a Fourier transform
on this spectrum, which can be realized in two distinct ways. Spectral-Domain OCT (SD-
OCT) uses a broadband light source and spectrometer to acquire the interference spectrum.
Swept-source OCT (SS-OCT), also known as Optical Frequency Domain Imaging, uses a
point-detector and tunable laser. Here, the wavelength-tunable laser rapidly sweeps (with

a sampling rate of up to a few MHz) through a range of wavelengths, usually with a
bandwidth of more than 50 nm, so that the interference fringes of different wavelengths are
recorded sequentially using a single point detector.

3.3 | Data processing

Due to the popularity of FD-OCT, an overview of the signal processing chain specific to
this variant of OCT will be discussed. To generate an A-scan in either SD- or SS-OCT,

the acquired spectrum must be processed and Fourier transformed. In SD-OCT, the initial
step usually involves elimination of the reference power that would otherwise manifest as a
background noise in the OCT image and degrade image quality. This can be done by either
measuring an isolated spectrum from the reference arm, the interference spectrum with no
sample in place, or by deriving one from acquired data [60], and subsequently subtracting
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this from the interference spectrum. In SS-OCT, balanced dual detectors allow for analog
subtraction of the reference power term prior to digitization of the signal.

Resampling is essential to avoiding degradation of axial resolution in SD-OCT. Modulations
in the spectrum produced by FD-OCT vary as a function of wavenumber (k), while the
interference signal is often captured as a function of wavelength (1) [61]. However, SS-OCT
lasers can incorporate a k-clock which allows data to be obtained as a function of k.
Following resampling, dispersion compensation is performed to recover lost axial resolution
due to the difference in optical pathlengths seen by different wavelengths of light as they
travel through optical components or the sample itself. Although it can be corrected for

in hardware [62—64], dispersion compensation is often handled with software methods [65—
67] to minimize system complexity. Once these steps are applied, the spectrum is Fast
Fourier Transformed (FFT). A reflectance profile is obtained by taking the magnitude of the
complex FFT output, that can then be displayed using an intensity plot. Due to high dynamic
range of an OCT system (e.g., more than 30 dB), the pixel intensity range is rescaled using
various compression techniques [60]. The typical workflow for an OCT processing pipeline
as shown in Figure 1.

3.4 | Current applications

OCT has become an established medical imaging technique in ophthalmology. Compared

to other imaging modalities that require direct contact with the sample, like ultrasound,
OCT makes it easier to screen for ocular diseases quickly and comfortably in the clinic.

In addition, near-IR light can penetrate down to the deepest layers of the eye’s fundus.
These advantages, as well as the micron-level resolution offered by this modality, have made
OCT a gold standard for imaging corneal and retinal pathology. Like RS, optical fibers can
also be used to design endoscopic OCT probes that collect images from tissues deep inside
body cavities. Endoscopic OCT is gradually gaining attention [58] due to the expansion

of possible applications offered by probe-based imaging. Aside from clinical screening in
ophthalmology, the FDA has given clearance for the use of OCT endoscopic probes in
cardiology since 2010 [68], and has since cleared devices for applying OCT to breast cancer
margin assessment [69] and otitis media diagnostics [70].

Although OCT imaging of tissue microstructure is suitable for diagnosing many conditions,
in some cases qualitative analysis of OCT images lacks the specificity required to
differentiate certain disease states. For example, dermatologists and pathologists trained in
interpreting OCT scans had difficulty in separating basal cell carcinoma from premalignant
lesions [25]. In such cases, the addition of label-free spectroscopic methods to perform
biochemical characterization of tissues could improve diagnostic accuracy compared to
using OCT imaging alone.

4| MULTIMODAL RS-OCT: OVERVIEW

The complementary information provided by RS and OCT motivation their integration into
a single device. A multimodal design enhances the scalability and diagnostic accuracy
beyond what is possible for either technique alone, but appropriate integration of hardware
and data is first required. The following subsections will discuss aspects of multimodal
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instrumentation, including example RS-OCT system configurations and signal analysis
methodologies toward combining RS and OCT data for diagnostics.

4.1| Instrumentation

An important consideration when integrating RS and OCT into a single instrument is the
unique hardware requirements for each modality. RS requires a narrowband light source
because the source bandwidth sets a limit on the Raman band linewidth in the recorded
spectrum [71]. On the contrary, OCT needs a broad bandwidth light source to realize

low coherence interferometric signal and achieve high axial resolution. In addition, the
appropriate center wavelengths of the sources are distinct. Although visible sources generate
more Raman scattering compared to IR, due to the fourth-order dependency of scattering
power versus wavelength (i.e., A=), they also increase the level of tissue autofluorescence
that overwhelms the Raman components of the signal. Laser lines between 500 and 800
nm with sub-nanometer bandwidth balance these two effects for most tissues and are
usually chosen for biological RS. Ultimately, the target tissue’s absorption, scattering,

and fluorescent properties will determine the optimal center wavelength for the RS laser
[33]. In OCT, center wavelengths that are too short reduce the penetration depth due to
optical scattering inside the tissue [18] and usually increase material/waveguide dispersion.
Center wavelengths that are too long can suffer from water absorption losses and deteriorate
axial and lateral resolution because of the extended coherence length and enlarged spot
size, respectively. So, lasers with center wavelengths between 850 and 1300 nm with

~100 nm bandwidth are typically implemented into clinical OCT systems. Accordingly,
the requirements for laser sources in terms of bandwidths and center wavelength are not
similar between RS and OCT. Figure 2 depicts the spectral characteristics of laser sources
most commonly reported for each modality, showing that combining light sources into a
fully integrated system is challenging.

Optimal detector characteristics are also distinct between these two modalities. RS requires
a high-sensitivity detector with low noise to capture the weak Raman signal. Because
spontaneous Raman spectra must be integrated over long exposure times, speed is not a
necessary detector characteristic. On the contrary, FD-OCT requires either a fast-scanning
laser (with a MHz sampling rate for SS-OCT) or a high-speed spectrometer (with a kHz
line speed for SD-OCT) to ensure fast imaging speeds. Another important characteristic
for detecting the SD-OCT spectrum is having a large full-well capacity, as the smallest
reflectivity from the sample that can be captured in an OCT scan (i.e., sensitivity) is
dependent on the electron-storing capacity of pixel wells [72]. So, the ideal shared detector
for RS and SD-OCT would have high sensitivity, low noise, a large full-well capacity, and
fast readout; four characteristics that are seldom found in a single optical detector. The
sampling density of the spectral data is also a consideration. OCT imaging depth range is
dependent on the sampling density of the interference signal [17]. While sparse sampling
of the RS spectrum with ~1000 pixels is sufficient for biological Raman spectra, SD-OCT
typically employs line detectors with >2000 pixels. In general, it is possible to combine
RS and SD-OCT detection platforms by using a common spectrometer. The caveat to

this approach is that Raman emissions and OCT spectrum must occupy the same spectral
window, which can be accomplished by using a narrowband 785 nm source for RS and
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broadband OCT source centered at 850 nm, as depicted in Figure 2. While a single detector
cannot fully satisfy the unique detection requirements of both modalities, a compromise
can be made in terms of sensitivity, readout speed, noise performance, and pixel array size.
Due to the stringent requirements of RS source and detection characteristics for biological
materials, the common detector is usually chosen toward the needs of RS. Thus, it down-
scales some of the OCT performance metrics (e.g., imaging speed and depth range) [73].

Although the unique excitation and detection needs of RS and OCT makes combining such
instrumentation aspects a challenge, recent advances in laser and detector technologies may
help bridge this gap; as outlined in Section 6.1. Instead of sharing a common light source
or detector, another option for integrating both modalities is to only employ common optics
for RS and OCT beam paths in the primary sample arm. This approach allows for more
flexibility in optimizing excitation and detection instrumentation decisions independently
to maximize the performance for each technique, but it leads to extensive instrument
components and electronic control, added cost, and increased system complexity.

Several groups have explored the integration of RS and OCT into a single instrument. Nearly
all designs incorporated RS into the OCT sample arm with free-space optical designs and
left the detection platforms separate, resulting in bulky benchtop systems. A diverse set

of RS-OCT system configurations have been explored in this way, including miniaturized
designs that are more suitable for clinical translation. To the best of our knowledge, the
only attempt to detect RS and SD-OCT signals on a single spectrometer was reported by
reference [73], as discussed in Section 4.1.1. Table 1 provides a summary of published RS-
OCT multimodal instrumentation characteristics that compares integration strategies, light
sources used, RS acquisition settings, and OCT imaging resolution. An overview of these
reported system variants, and associated aspects of instrumentation like data coregistration,
will now be discussed.

4.1.1| Free space benchtop systems—The initial efforts toward combining RS and
OCT data used completely separate systems for each modality. The first result of such work
was reported by Ko et al. where the authors applied OCT and polarized RS to detect early
dental caries ex vivo [74]. The benefits of multimodal signal detection were demonstrated
with both RS microscope- and probe-based acquisition, and these results set the ground of
motivation for combining RS and OCT into a single working system.

Subsequent explorations demonstrated RS-OCT using common scanning optics in a single
sample arm, where both OCT and RS share the same light-guiding optics. As depicted in
Figure 3, these kinds of systems involve free-space beam steering optics, dichroic filters
or flip mirrors to separate optical paths, and independent laser sources and spectrometers.
Evans et al. reported an example of such a system to simultaneously acquire RS and
OCT signals, where Raman spectra were collected at each lateral position within an

OCT scan of ex vivo retinal tissue. Collection of Raman spectra were acquired at an
eye-safe laser power of 4 mW, and therefore required more exposure time (e.g., 5 s)

than measuring an OCT A-scan (e.g., 50 ps). So, collecting multimodal RS-OCT maps
was slow and retinal samples suffered from dehydration during these long acquisitions
[75]. In scanning mode, either more sparse sampling of RS-OCT data or an increase
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in the Raman source power is necessary to expediate measurements. This scheme for
simultaneous collection of morphological and spectroscopic maps therefore limits feasibility
for in vivo implementation. For more rapid tissue interrogation with RS-OCT, OCT can

first be used to perform initial real-time imaging of tissue microstructure without RS
measurement. The morphological imaging can then be used to identify ambiguous lesions
and subsequently apply RS point measurement to specific regions of interest to characterize
lesion composition. Patil et al. was the first to report this scheme for RS-OCT data collection
[76]. The authors demonstrated sequential acquisition of OCT and RS data, where OCT
imaging was used to guide Raman laser positioning.

In another study, Patil et al. combined the detection platform for RS and OCT onto a
single spectrometer to simplify system complexity and allowed for smaller footprint of the
overall system [73], shown in Figure 4. In this design, a region of the RS spectrometer
CCD was dedicated to the OCT spectrum so that both signals could be sequentially read
out. Detection components were chosen that best supported the sensitivity requirements
of RS while compromising OCT readout rate and dynamic range. This common detector
approach required specific laser source center wavelengths (i.e., RS: 785 nm, OCT: 850
nm) so that Raman spectra and OCT source bandwidth operate within the same spectral
window. However, a limited OCT imaging range of 1.27 mm and scanning rate of 2-3
Hz was reported due to the limitations imposed on using a detection platform sufficient
for spontaneous RS spectral acquisition. So, RS-OCT tissue characterization on a shared
detection platform requires improved spectrometer design to balance the needs of each
modality, so that an optimized single-detector system can minimize RS acquisition time
while maximizing OCT imaging performance.

4.1.2 | Miniature systems—Several efforts have been made toward developing
miniaturized RS-OCT systems that suit particular in vivo applications [69-72]. Recent
advancements in system designs utilize optical fibers that serve as light-guides to decouple
the primary imaging head from excitation sources, spectral detection components, and OCT
reference arm. In this way, handheld RS-OCT devices can be fabricated that offer the steric
freedom to reach areas on or within the body that a benchtop system cannot. A few studies
have reported small-form-factor RS-OCT probes to increase the portability and potential
usability in clinical settings.

Patil et al. demonstrated a clinical probe physically separated from the source and detection
systems using optical fibers to provide portability to the combined RS-OCT device and
enable clinical compatibility toward identifying skin cancer. The beam paths for RS and
OCT were combined within a probe that was 12.7 by 20.32 cm in size, and the laser sources
and detection subsystems were set within a portable handcart to allow sufficient mobility

in a hospital setting [77]. Wang et al. developed a handheld RS-OCT probe ~120 mm long
and capable of OCT imaging and acquiring both fingerprint and high-wavenumber Raman
spectral regions in the oral cavity (Figure 5A) [31, 78]. The OCT beam was scanned by
galvo mirrors located at the back focal plane of an objective lens, and this scan path was
then relayed into a half-pitch gradient index rod lens to achieve lateral scanning at the
sample. A Raman fiber bundle was imaged onto the sample by a separate sapphire lens,
co-aligned with the SS-OCT scan path using a long-pass dichroic mirror. This micro-optical

J Biophotonics. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fitzgerald et al.

Page 12

design facilitated miniaturization of the RS-OCT probe so that it could fit within the oral
cavity. In another study, Klemes et al. reported a RS—-OCT probe with a length of 165 mm
that consisted of separate RS and OCT fiber-coupled paths housed in a common miniature
scanning head (Figure 5B) [79]. This was attached to an automated scanning system so

that user-selected positions within an OCT scan could then be targeted for RS acquisition
through software control of the motorized stage. Mazurenka et al. reported a portable RS-
OCT probe by modifying a commercial SD-OCT device for screening melanoma (Figure
5C) [80]. The OCT scanning path was kept in place whereas the probe alignment CCD
camera of the device was replaced with a Raman signal collection arm, where a fiber bundle
collected and guided RS emissions to a dedicated spectrometer. The design used a separate
Raman excitation fiber with beam-expanding optics that distributed the laser energy over the
objective lens’ full field of view (FOV); allowing for skin irradiance to fall below Maximum
Permissible Exposure (MPE) limits while maintaining adequate SNR of Raman collection.
A similar attempt to incorporate dedicated RS excitation and collection fibers into a portable
OCT imaging device was described by Monroy et al., where a RS fiber probe was integrated
into an OCT ear speculum to determine the feasibility of applying RS-OCT within the
middle ear [81].

4.1.3| Axially selective RS—OCT—The ability to retrieve Raman scattered light
from specified depths within tissue is critical when the target tissue is not superficially
exposed or when the assessment of disease margins is of interest to locate. The addition
of axially resolved RS measurement in RS—OCT systems would expand their application
space into new clinical territories. An established approach to add depth selectivity to

RS measurements is to use confocal gating, termed confocal RS (CRS). Confocal optical
systems spatially select emissions arising from a particular plane by using a spatial

filter (i.e., pinhole) conjugate to that plane. Khan et al. demonstrated this approach with
a benchtop CRS-OCT design [82]. Results showed that distinct epithelial and stromal
tissue layers could be rapidly visualized with OCT imaging, and CRS could then be

used to interrogate specific Raman spectral signatures from these layers to isolate their
depth-dependent signals. Transitioning into fiber-based CRS, an important step toward
system portability, Maher et al. [83] and Klemes et al. [79] each reported a collection
geometry where the RS collection fiber was positioned at a conjugate image plane to act
as a pinhole and achieve confocal detection. Ren et al. most recently demonstrated fiber
confocal detection [84], which expanded the confocal capabilities of a CRS-OCT system
by including a tunable lens in the RS laser path to position the Raman probing beam at
any arbitrary transverse and axial position within the OCT volumetric image. While CRS
facilitates axially resolved spectral information, rejection of out-of-plane emissions naturally
impacts the amount of detected signal. This reduces RS collection efficiency and requires
higher laser power or acquisition time.

4.1.4] Coregistration—In many cases, acquiring colocalized RS-OCT maps of
morphologic and molecular information is helpful to understand spatial correlations of the
information provided by these two modalities. To correlate such morphomolecular maps,
coregistration of the OCT scan path with the Raman laser focus must first be established.
If the OCT and RS optical paths share a common sample arm and primary focusing lens,
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coregistration is accomplished by the overlap of laser focuses. The CRS-OCT system
reported by Ren et al. outlined a method to quantify coregistration error using fluorescence
beads [84]. While a common focusing lens simplifies coregistration of data, the lens’ optical
characteristics must be shared between RS and OCT. A high NA lens can increase collection
efficiency of the weak Raman signal and reduce acquisition time, but at the cost of a shorter
Rayleigh range which limits OCT imaging depth.

When the RS and OCT excitation/detection paths are left separate, coregistration must

be achieved manually or by careful software control of sequential RS and OCT signal
acquisition. Guevara et al. manually registered RS data onto the projected OCT volume of
a skin specimen by using separate RS and OCT subsystems to build a mosaic image map
over larger area of the sample [85]. However, the authors reported introduction of errors

in marking suspicious lesions from the RS mapping due to manual registration degrading
the accuracy of relating the spatial data between each modality. On the other hand, Placzek
et al. described a coregistration method that utilized separate RS and SS-OCT probes with
digital position control of a two-axis sample stage [86]. This system was recently used

to demonstrate well-correlated morphomolecular information in bladder biopsy tissue [87]
(Figure 6). OCT imaging unveiled transition zones between lamina propria and epithelium
that were noted by increase in OCT scattering intensity due to the collagen-dense lamina
propria tissue layer. These layer differences agreed with the coregistered RS maps fitted

by a component model representing spectral contributions from epithelium, lipid, and
collagen. Strong collagen versus epithelial RS component coefficients were seen in these
high-scattering image zones. Importantly, areas of low contrast in the OCT images, which
might be mistaken for voids caused by mechanical rupture of tissue during biopsy extraction
or handling, were clearly shown to arise from homogenous low-scattering fatty regions that
presented strong lipid component coefficients on the RS maps. While this approach is slow
and tailored to ex vivo applications, it demonstrated that large coregistered maps of OCT
and RS data can be generated with virtually infinite FOV.

4.1.5| Challenges in multimodal instrumentation—The key challenge of
combining RS and OCT into a single instrument for clinical diagnostics is integrating the
hardware for both modalities in a compact and flexible way. Integration of fully fiber-based
subsystems, for example, fiber-based RS [88] and OCT fiber probe [89], could be a step
toward miniaturization that would suit the requirements for clinical adoption and integration
into endoscopic tools. Whether combined or left separate, a suitable choice of light sources
and detection platforms is essential to addressing this challenge. A shared spectrometer
minimizes cost and system size but requires that the light sources operate in the same
spectral window and eliminates the ability to optimize detection for each modality or
simultaneous signal acquisition. Due to the unique laser characteristics required for each
technique, there are currently no reports that attempt to combine light sources within a
multimodal RS—-OCT system. A related challenge includes maintaining adequate Raman
collection efficiency to reasonably match RS acquisition time with OCT imaging speeds.
Many of the reported RS-OCT results used high RS laser powers relative to RS spot size
(Table 1) that exceeded the MPE level set by American National Standards Institute to
maintain useable SNR within a reasonable acquisition time. Therefore, methods to minimize
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laser power or distribute the RS laser power over a larger area are essential to reduce the
risk of potential specimen damage, especially for in vivo applications. Finally, coregistration
of the morphological and molecular information is essential if two-dimensional RS-OCT
maps are desired. Optical paths can be left separate for added flexibility in integrating each
modality into the platform, but this introduces the challenge of registering the laser spots
for spatially correlated signals. The RS and OCT probing beams can instead be co-aligned
into a shared sample arm to ensure spatial overlap of laser foci, but then the primary

lens NA introduces a trade-off between RS collection efficiency and OCT imaging depth.
Novel beam-shaping methods like Bessel beam formation have been explored to extend the
OCT imaging depth when using high-NA objectives [90], at the expense of imaging SNR.
This could serve as a potential method to maintain long OCT imaging depth and large

RS collection efficiency through a shared imaging lens, but have yet to be explored for
multimodal RS-OCT. Appropriate integration of instrumentation aspects for each modality
should therefore consider the specific needs of the biomedical application.

4.2 | Multimodal data analysis

Because RS—-OCT systems provide unique but complementary information about sample
structure and composition, it is then useful to employ appropriate data analysis procedures
that extract and combine meaningful diagnostic information. Feature extraction procedures
construct a comprehensive set of quantitative metrics that can be used to characterize

or identify the sample. Ultimately, the employment of chemometric tools to interpret
combinatorial RS—-OCT feature sets allows one to explore underlying relationships between
the data and pathology. This section will provide an overview of feature extraction methods
for both RS and OCT, commonly used chemometric tools, and a summary of attempts to
combine data from each technique to improve tissue classification accuracy.

4.2.1| RS feature extraction—Many molecular components within tissue are not
altered during the progression of disease, and so several RS spectral features are often
strongly correlated to one another and provide no discriminatory information. Feature
extraction techniques are essential to overcoming the issue of spectral band correlation in
RS and assist in creating more robust predictive models that can serve as diagnostic tools.
They effectively reduce the number of inputs to the model, which avoids model overfitting,
but also aid in determining which vibrational bands are significant for biomedical analysis.
This allows the analyst to trace back to the biochemical origin of disease-related tissue
alterations.

Identifying important spectral bands related to disease transformation can be performed
manually through visual comparison of preprocessed spectra. Alongside direct peak
analysis, it is common in RS to calculate the area-under-the-curve of a particular spectral
region or perform ratiometric analysis to create spectrally derived features [92]. Principal
component analysis (PCA) is a popular data transformation method used in RS to conduct
feature extraction. This technique captures the primary sources of variation within the data
by projecting it into a subspace whose basis vectors point in orthogonal directions of
maximum variance [39]. The component “loadings” for a PC are the weights assigned to
each original spectral feature. If data points are well separated along this PC axis, then
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high loading coefficients help to inform which spectral bands were discriminatory to disease
state. Automated feature selection is also possible with the use of regularization techniques,
which induce sparsity in the RS feature set by learning which spectral bands best contribute
to model accuracy while the model is being trained [93, 94]. Popular regularization methods
for RS like Least Absolute Shrinkage and Selection Operator (LASSO) [95-97] and Elastic
Net [98, 99] add constraints to the optimization of a regression algorithm, through which the
weights of irrelevant features are shrunk to zero. In summary, feature extraction methods in
RS are important tools that serve to reduce dimensionality for spectral analysis and improve
the performance of diagnostic models.

4.2.2 | OCT feature extraction—Deriving quantitative metrics from OCT images,
which are typically analyzed qualitatively, offers a new avenue for image-based tissue
characterization. Such metrics have been widely used to build classification algorithms for
pathology identification and have been explored in clinical OCT applications, including
breast [100-104], ovarian [105-107], prostate [108], and urinary tract cancers [109], as well
as gastrointestinal [110, 111] and arterial [112] tissue characterization.

Texture analysis is a common feature extraction approach within the OCT community.
Texture is a measure of the spatial intensity variations within an OCT image that arise from
speckle, which depends on the underlying optical properties of scatterers, their size and
distribution, and their degree of motility [113]. Correlations between this speckle texture and
sample microstructure have shown that it can be used as a metric to differentiate tissue types
[114, 115] or as a tool to segment structural layers in OCT images [116-118]. These texture
metrics can represent the mean, variance, or skewness of pixel histograms but often include
higher-order parameters (e.g., contrast, entropy, homogeneity [119]) derived from the Gray
Level Co-occurrence Matrix (GLCM) that can be calculated for different directions within
the image [84].

Alternative OCT image quantification schemes attempt to derive information about the
tissue directly from the intensity profile of an A-scan. Structural differences between

tissue types or morphological changes associated with disease alter the degree of optical
attenuation that is seen within an A-scan. So, approximations of signal attenuation represent
another diagnostic feature that can be extracted from OCT images [120]. Attenuation
estimation has been reported by linear [91] and exponential [92] fitting of an A-scan.

More advanced approaches can retrieve depth-resolved estimates for attenuation coefficient
at every pixel within an A-scan, first introduced by Vermeer et al. [121] to segment multiple
tissue layers.

4.2.3] Chemometrics—Chemometric analysis encompasses a set of multivariate tools
to discover patterns within large datasets. In the context of biomedical analysis, these

tools can build predictive models to accurately classify spectroscopic or imaging data for
the purpose of diagnostics. These tools can be broadly categorized into two categories:
unsupervised clustering methods and supervised classification methods.

Unsupervised methods attempt to categorize data points without prior knowledge of class
membership (i.e., labels). This is accomplished by calculating metrics that associate
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mathematical relationships between the measurements; most commonly distance metrics
(e.g., Euclidean and Mahalanobis distance) or metrics of correlation (e.g., Pearson or
Spearman correlation coefficients) [39]. PCA can be used for unsupervised data clustering.
However, it is more commonly used as an initial dimension reduction procedure, where

a subset of PC scores is used as inputs to train an alternative classification algorithm.
Accuracy of prediction typically improves when only a subset of PCs that capture the
majority of data variance, typically 95% of the latent variation, are used to train the

model [122]. Other popular unsupervised methods include Hierarchical Cluster Analysis
and K-means. In supervised methods, an algorithm trains a classification model that learns
relationships between the input features and assigned class labels. K-nearest neighbor
(KNN) predicts class membership of an unlabeled measurement by attributing the same
class label to that of the closest neighboring labeled measurements, demonstrated in
reference [108]. Support vector machine (SVM) attempts to assign measurements to their
respective classes by fitting a decision boundary that optimally separates each group,
reported for RS—OCT classification in references [73, 109-111]. Discriminant analysis
(DA) is similar to PCA in that it projects the measured data into a subspace through

linear transformation, but does so in a label-guided manner by maximizing the ratio of
between-class and within-class scatter, which was utilized in references [73, 77]. A summary
of reported attempts to discriminate both pathology and tissue type with RS-OCT data, and
the associated feature extraction methods and chemometric tools used, is provided in Table
2.

Many other chemometric tools have been employed for disease state classification of optical
data, such as neural networks, decision trees, and naive Bayes, that have been recently
reviewed in detail [39, 123] but have not been utilized for RS—OCT applications. Indeed,
the breadth of available algorithms introduces a challenge in optimizing diagnostic models,
as the ideal choice of feature extraction methods and chemometric tools for maximizing
discriminatory accuracy may not be universal to all RS—OCT datasets.

4.2.4| Combining data in RS—OCT—Enhancing tissue classification performance is
a common mativation when combining RS and OCT complimentary features. Although

RS has shown promise in tissue discrimination on its own, clinical applications are

impeded by inter-patient variability that affects spectral discrimination in larger-scale

patient studies [128]. When classification accuracy falls below acceptable performance,
combining quantitative OCT image features with spectrally derived features from RS
represents one solution to enhancing classification efficiency to clinically relevant levels. For
example, Ashok et al. improved discrimination accuracies between normal colon and colonic
adenocarcinoma by combining texture parameters extracted from OCT images with PCA-
derived RS features. The reported sensitivity and specificity for RS alone were 89% and
78%, respectively. When adding 16 texture features derived from GLCM, both sensitivity
and specificity improved to 94% [126]. TamoSiunas et al. similarly showed that combining
statistical metrics from OCT images with RS features increased the detection accuracy of

ex vivo malignant skin lesions [127]. Independent RS and OCT datasets could discriminate
healthy or benign samples from malignant samples with 89% average accuracy, while the
combined RS-OCT dataset could classify malignant samples with 94% sensitivity and 98%
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specificity. Table 2 confirms that in all cases where RS and OCT features were combined,
the trained classification model showed improved performance compared to training on RS
or OCT features alone.

4.2.5] Challenges in multimodal data analysis—To maximize the discriminatory
potential of RS—OCT classification, it is necessary to find the optimal choice of
classification algorithm and feature set used for training. Data-mining software like
Waikato Environment for Knowledge Analysis (WEKA) can help address this burden.
This software contains data screening methods to eliminate noisy, missing, or erroneous
data and includes numerous supervised and unsupervised algorithms for testing various
classification models. It can also employ feature selection tools like filter and wrapper
based methods, regularization methods like LASSO or elastic net [129], and stochastic
search methods like swarm search [130] to assist the analyst in choosing a model and
feature set that performs best for a particular task [131, 132]. Advances in this open-source
machine learning platform have led to the automation of WEKA, called Auto-WELA,
where the best-performing model and hyperparameter settings are found through Bayesian
optimization [133]. WEKA is a powerful model optimization tool in clinical research areas
like bioinformatics [134] and meta-data diagnostics [135, 136], and has recently been used
in RS—OCT model optimization [28].

Similar challenges exist in preprocessing of RS—-OCT data. The ideal choice of
preprocessing methods for Raman spectra and OCT images is heavily dependent on data
quality, and so there is little consensus in either field for a single processing pipeline that
should be applied universally. Some efforts have explored the use of machine learning
algorithms to find the best procedure for a given dataset, which searches for the optimal set
of preprocessing steps that maximize the performance of a classification or regression model
[137, 138].

5| APPLICATION OF MULTIMODAL RS-OCT

Though it is still in an early phase of exploration, multimodal RS—OCT has been used to
investigate a diverse set of biological samples, including skin, dental, retinal, lung, bladder,
and colonic tissues, with a large focus on cancer diagnostics. The feasibility of using RS-
OCT has mainly been demonstrated in ex vivo samples, while only a small percentage

of studies have been conducted in vivo. A statistical summary of the kinds of biological
samples referenced within this review is provided in Figure 7. The wide application space
for applying RS-OCT for biomedical analysis shows the broad utility of this multimodal
approach to optical diagnostics.

5.1| Exvivo applications

Most ex vivo studies have demonstrated the successful use of OCT to localize and visualize
lesions, from which RS point measurements can be performed to probe tissue composition
in a particular region. For example, in the early exploration of this multimodal tool, Chun-
Te Ko et al. [74] reported OCT and polarized RS analysis of extracted teeth. Carious

and normal enamel were scanned from both un-sectioned and longitudinally sectioned
tooth samples. The deepest area of carious lesions was determined by OCT scan, and
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RS measurement was then acquired at this location to reveal differences in relative band
intensities compared to healthy teeth. Demineralization of enamel caused a decrease in RS
peak energies related to hydroxyapatite, which allowed for differentiation of healthy enamel
from caries legions.

Other ex vivo reports of RS—-OCT include application to retinal samples [73, 75], skull [73],
and mucosal tissue [82]. In the study conducted by Evans et al. [75], human and porcine
retinal tissues were scanned with a benchtop system to collect volumetric OCT data and RS
spectral maps. Retinal layers were clearly visualized with OCT. The RS maps also revealed
higher signal in the spectral range between 1500 and 1630 cm™! at the fovea, which was
thought to be indicative of Cytochrome C that is associated with mitochondria; suggesting
apoptosis of the excised retina [75]. Another ex vivo study applied RS-OCT to rodent
calvarial bone [73]. The OCT images allowed clear visualization of the inner and outer
surfaces of the calvaria, along with notable contrast between the hyper-reflective mineralized
bone tissue and the less reflective collagenous tissue that hold the plates of the skull
together. The associated Raman spectra showed a corresponding signature of mineralized
tissue. Similarly, Khan et al. imaged samples of goat mucosal membrane and found a clear
separation between upper epithelium and lower stromal layers via OCT. The RS analysis of
these stromal layers showed stronger amide-1 and amide-I11 bands than the epithelial layer,
as the stroma has a larger concentration of structural proteins [82].

Several groups have utilized RS-OCT to investigate its potential for cancer screening and

to identify tumor margins. For example, Patil et al. reported ex vivo screening of malignant
breast tissue [76]. The authors concluded that OCT images could distinguish the highly
scattering malignant regions from healthy tissue. Raman spectral features associated with
these two zones could clear differentiate lipid-rich healthy tissue regions from malignant
areas that showed higher DNA and protein content, as shown in Figure 8. Besides breast
cancer detection, RS—OCT has demonstrated the potential to improve diagnosis of lung and
bladder cancers [29, 86]. Zakharov et al. performed an ex vivo study on 22 lung biopsies,
while Placzek et al. analyzed 119 bladder biopsies. In both cases, their results suggested that
multimodal RS—OCT increases the detection accuracy compared to either modality alone.

Interstitial tracking of analytes within biological tissues has also been investigated with
RS—OCT. Maher et al. [83] used CRS co-localized with OCT imaging to determine the
concentration of Tenofovir, a microbicide drug used to prevent the transmission of HIV, in
ex vivo porcine vaginal tissue. A standard-formulation gel loaded with 0% (control) or 1%
Tenofovir was applied to the tissue surface, and RS measured drug concentration within
this tissue at different time intervals after application. OCT images and Raman spectra were
then acquired from a benchtop CRS-OCT platform that shared a common sample beam
path, which utilized a motorized flip mirror to switch between the two modalities. The
multimodal system determined the average depth of the interface between epithelium and
stromal tissue layers with OCT imaging. Subsequently, it quantified physiologically relevant
concentrations of Tenofovir in the targeted stroma with confocal RS. Building on this work,
Chuchuen and Presnell et al. each used this same system to track drug transport dynamics
through epithelial and stromal tissues in ex vivo vaginal tissue [139, 140].
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5.2 | Invivo applications

To date, there have been several RS—OCT reports of in vivo tissue analysis, primarily of
skin. The OCT images clearly located skin lesions in each case, which was subsequently
probed with RS to classify lesion type. For example, Patil et al. reported the first in vivo
result from a combined RS—-OCT system to analyze human skin scabs [76]. The scab was
visible in the OCT image as a hyper-reflective zone. RS spectra were taken from locations
within the scab and bordering regions, showing unique spectral lineshapes between the scab
and the neighboring healthy tissue. Mazurenka et al. demonstrated the applicability of a
miniaturized RS-OCT probe to screen for skin lesions. As a proof of concept, the device
could distinguish RS spectral characteristics from volar and dorsal regions (i.e., palm and
back) of the hand [80] while also imaging tissue microstructure with OCT. The spectra from
the dorsal region showed lower Raman signal intensity due to higher melanin concentration,
and higher carotenoid concentration was found in the volar area due to thicker stratum
corneum layer. A large study was carried out by Zakharov et al. [29] that demonstrated in
vivo results from 50 Caucasian subjects’ skin comprising melanomas, basal cell carcinoma,
squamous cell carcinoma, pigment nevi, benign tumors, and healthy tissues. OCT images
were used for tumor area localization and RS spectra were used in two-step phase analysis
for tumor-grade diagnostics. An increase of 9% in sensitivity and 8% in specificity was
observed by the multimodal system compared to either of the single modality systems.

In addition to skin interrogation, Wang et al. demonstrated the efficacy of RS-OCT for

in vivo characterization of tissues in the oral cavity with a handheld probe. OCT showed
unique tissue morphology between soft palate, blood vessels in lamina propria, and a clear
contrast between the epithelium layer and lamina propria. These morphological differences
were congruent with histology images of oral cavity tissues. Raman spectra of these oral
tissues were also unique. When combining RS features with OCT-derived attenuation
coefficients from each tissue type, discrimination between oral tissue types (e.g. hard and
soft palate, floor, buccal, ventral, and dorsal tongue) was achieved with 75% accuracy [31].

6| FUTURE DIRECTIONS

Although the utility of multimodal RS—OCT has been demonstrated for various biomedical
applications, there are still barriers that must be addressed to promote clinical adoption. The
following section will outline potential technological and methodological advances that may
bring RS-OCT technologies to a more clinically ready state.

6.1| Hardware advances

The future landscape for advancements in biomedical RS—OCT largely/mainly depends on
the development of miniaturized probe designs for specific applications. This is necessary to
deploy RS—OCT in clinical or remote environments. Many groups have reported miniature
OCT technologies [141], which have demonstrated that more compact or cheaper OCT
systems can be fabricated; for example, as stand-alone systems designed for self-OCT
scanning at home [143] or even within photonic integrated circuits [142]. While there

are multiple commercial companies offering portable RS technologies, like the handheld
Agilent Resolve Raman (Agilent, Santa Clara, CA), the purpose of such devices is
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primarily for chemical identification, as they do not have the required sensitivity for tissue
characterization. By a large margin, the stopgap for miniaturizing clinical RS-OCT systems
rests on the instrumentation requirements for collecting biological Raman signals.

The unrealistic system cost, size, and complexity associated with using dedicated laser
sources and detection platforms for RS and OCT also impedes the scalability and
deployment of this technology. So, we believe next-generation RS—-OCT systems will also
benefit from recent advances in laser and detector technologies that may help bridge the
instrumentation gaps between these two modalities. For example, a detector that can provide
low noise, deep wells, long pixel arrays, and fast readout rates would allow both optical
signals to be acquired efficiently on a single detection platform. Next-generation low-light
detectors like the Blaze CCD (Teledyne, Waterloo, ON) are approaching the high sensitivity
(98% quantum efficiency at 900 nm) and sufficiently fast spectral readout rate (215 kHz)

to address the detection needs for both RS and SD-OCT signals. Swept source lasers that
provide fast tunability, narrow bandwidth, and high-power output could allow for a single
source to be used for both RS and SS-OCT, and custom laser designs have been reported
that represent potential solutions. Strupler et al. described a modified commercial external
cavity diode laser with a custom rapidly tunable filter, based on a scanning polygonal mirror,
that could sweep between 761 and 798 nm with a maximal output power of 117 mW [144].
This design demonstrated a coherence length of 11 mm and instantaneous linewidth of 24
pm at a sweep rate of 30 kHz. Because the mirror position corresponds to the output laser
line, such a device can park the laser output at 785 nm for standard dispersion-based RS.
This provides a reasonable compromise between the source power, center wavelength, and
bandwidth requirements for spontaneous RS and a sweeping rate sufficient for SS-OCT
imaging, but with a low axial resolution. The authors mentioned that a more optimized
design, for example with extended scan range and a faster scanning mirror, could reduce the
coherence length to realize improved axial resolution while maintaining acceptable sweep
rate for fast SS-OCT imaging. This configuration would require RS and OCT signals to be
acquired on dedicated detectors.

An alternative solution would be to apply swept source detection for both RS and OCT
using a single light source and detector for further device miniaturization. Small form-factor
microelectromechanically tunable vertical-cavity surface-emitting lasers (MEMS-VCSEL)
have separately demonstrated great utility for both swept-source RS (SS-RS) [145] and
SS-OCT [146] miniature designs. In SS-RS, a fixed bandpass optical filter selects a

narrow range of Raman scattered emissions to be collected by a point-detector. The Raman
spectrum is readout by sweeping the tunable laser line, effectively eliminating the need for
a dispersive spectrometer for smaller form-factor RS system designs. This collection scheme
is nearly identical to SS-OCT. One could envision easily switching between SS-OCT and
SS-RS spectral readout by mechanically moving the bandpass filter within the detection
path.

However, combining detectors or sources for cheaper and more portable RS-OCT systems
will inevitably impact system functionality and performance. Using a single detector or
laser source eliminates the potential to acquire both signals simultaneously. The limited
pixel array size of RS—optimized CCD detectors decreases OCT spectral sampling and,
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therefore, impacts the imaging range. Although MEMS-VCSEL and similar tunable sources
could represent a potential solution to using a single source and detector for RS-OCT,

they have a limited scanning range. Atabaki et al. reported coverage of only 400 cm™ in
their implementation of SS-RS even when integrating two MEMS-VCSEL lasers to cover

a more extensive scan range [145]. Another limitation of their results was that SS-RS on
biological samples required 52 s acquisitions due to the need to detect each Raman spectral
channel sequentially. So, RS-OCT system designs must weigh the trade-offs associated with
multimodal integration to determine if sharing common components is desirable.

6.2 | Pump-probe RS-OCT

The long exposure times needed for spontaneous RS severely limit the potential for
real-time RS-OCT morphomolecular imaging or swept-source detection of the Raman
signal. Therefore, mitigation of this speed imbalance between RS and OCT is another
avenue for future innovation. One way to add molecular sensitivity to OCT without the
speed limitations imposed by RS is by analyzing the acquired OCT interferogram to
derive compositional information, termed spectroscopic OCT (SOCT) [147]. In SOCT,
wavelength-specific attenuation of the OCT spectrum can be assigned to molecular
absorbers like hemoglobin and lipids [148]. Still, this approach cannot provide unambiguous
molecularly-specific information that is available in RS. Instead, the integration of pump-
probe optical methods like coherent anti-stokes Raman scattering (CARS) can amplify the
rate of Raman scattering and enhance Raman detection speeds to approach that of OCT
[149].

Vinegoni et al. proposed a CARS-OCT system design [150] to perform real-time
interferometric imaging with added RS molecular contrast. Due to the need for high-
powered femtosecond lasers to stimulate CARS, multiple higher-order optical processes
could also be used as additional label-free contrast mechanisms, including stimulated Raman
scattering (SRS), and higher-order harmonic generation. Clinical applications for CARS-
and SRS-OCT have been explored for optic nerve imaging [151], characterization of human
bone [152], brain tumor detection [153], and adipose tissue [154]. Although, the high cost
and tissue-damaging effects of fast-pulsed lasers limit the accessibility of such devices for

in vivo use. To address this issue, advances in spectral broadening techniques to lower pulse
peak power are attempting to find novel optical designs better suited for clinical pump-probe
RS-OCT imaging [155].

7| CONCLUSION

This review is intended to present the reader with design considerations and limitations of
current implementations of RS—OCT but also to inspire future technical developments in this
very promising area of multimodal optical diagnostics.

Hybrid RS—-OCT systems demonstrate the benefits of multimodal optical systems in that
combining unique optical techniques can address the limitations of one modality by offering
the advantages of the other. In situations where in vivo RS acquisition is difficult due to
spatial constraints (e.g., small body cavities, noncontact measurements) or requires spatially
dependent probing (e.g., legion boundaries, tumor margin detection), OCT can provide
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feedback on tissue morphology relative to the RS probing beam. In this way, OCT scans can
serve as an image guidance tool to spatially select a specific tissue region for point-wise RS
measurement. When the structural information provided by OCT imaging is insufficient to
characterize disease states, RS may provide the necessary molecular specificity needed for
accurate diagnosis. Also, it has been shown that combining RS spectral features with OCT
image-derived metrics can improve diagnostic accuracy in cases where either morphological
or biochemical information is inadequare to discriminate disease. In all reported cases
where quantitative features from RS and OCT were combined, the classification accuracy

of diseases state or tissue types was enhanced by 1%—47% relative to their independent
classification performances. Compared with either RS or OCT alone, the complementary
structural and compositional information provided by multimodal RS-OCT systems expands
the application space for each label-free optical method. In this way, combining these optical
modalities into a single platform augments their use for tissue characterization.

While the technical challenges for integrating RS and OCT into a single device are
considerable, the prospects for this field of noninvasive and label-free optical diagnostics
are becoming more and more apparent. It is an active and growing field of research, and the
wealth of potential biomedical applications for RS—-OCT has yet to be fully realized.
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FIGURE 1.
OCT signal processing workflow, modified from reference [60]
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FIGURE 2.

1300 nm OCT

Unique light source requirements for RS and OCT in terms of laser wavelength and
bandwidth. Dotted lines represent the spectral regions for Raman emissions
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FIGURE 3.

Schematic of a multimodal RS and SD-OCT system with separate detection sub-systems,
combined through a shared sample arm. This example shows spectral channels separated by
dichroic filters (DF), and detected by dedicated spectrometers with collimating lens (CL),
diffraction grating (DG), and charge-coupled device (CCD)
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FIGURE 4.

Multimodal RS-OCT system implemented using a shared sample arm and common detector.
BP, band pass filter; DM, dichroic mirror; LP, long pass filter; MOS, MEMS optical

switch; ND, neutral density filter; PC, polarization control paddles; SF, spatial filter; TM,
translatable mirror; WC, water filled cuvette; XY, scanning galvanometer pair. Figure
reproduced from [73] with permission
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r(A) Wang et al. (2016) (B) Klemes et al. (2017)
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adaptor

spacer

FIGURE 5.

Miniature RS—OCT probes (A) handheld probe for real-time tissue measurements developed
by Wang et al. [78]. (B) 3D technical model of the optomechanical probe developed by
Klemes et al. [79] (C) 3D CAD design of the RS-OCT probe developed by Mazurenka et al.
[80]. Figure reproduced from references [78-80] with permissions
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FIGURE 6.
Coregistered RS-OCT morphomolecular maps of a bladder biopsy. Raman component

coefficient maps of epithelium (A), collagen (B), and lipid (C) show their presence and
distribution. (D) An en-face maximum intensity projection of the OCT volume between 150
and 180 um. (e, f) Maximum intensity projections of 10 cross-sectional B-scans, positions
indicated by dashed and dotted lines in the Enface OCT image with corresponding Raman
component values (E: Epithelium, red, C: Collagen, green, L: Lipid, blue). An overlap of
lipid Raman signals can be seen in black voids within OCT images. (g) H&E image of

the biopsy. Arrows indicate lipid pools (blue arrow), epithelium (red arrow), lamina propria
(green arrow), and collagen (green arrow). Scale bars: 250 pm. Figure reproduced from
reference [87] with permission
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FIGURE 7.
Multimodal RS-OCT application domain. (A) In vivo versus ex vivo, (B) cancer versus other

applications, and (C) scope of various tissue types explored with RS-OCT.
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FIGURE 8.
RS-OCT data from ex vivo breast tissues. Structural anomalies within the OCT image are

spectrally characterized by RS, showing pronounced protein peaks indicative of malignancy
(solid curve), while normal breast tissue exhibited a strong lipid signature (dotted curve).
Scale bar represents 500 um. Reproduced with permissions from reference [76]

J Bigphotonics. Author manuscript; available in PMC 2024 March 01.



Page 36

‘urewiop aw ‘@ ‘894nos 1dams ‘Ss ‘urewop [es9ads ‘gs ‘Adoasoiidads uewey :SY ‘Aydeibowor adualayod feando ‘19 faquinuanem ybiy ‘MH unidiabuly ‘44 :suoneinaliqay

Fitzgerald et al.

Wwu Gy ¥ ¥0ET - LOO-SS

wrl gz wrl zT wrl 00T 1-Wo G SG MW 0L uoibas dd ‘wu 68/ :SY [98] "[e 18 azoEld
uonensibaiod
palewolne Jo [enuew
Wwu Z€ ¥ 088 :100-As ‘swire ajdwes
wrg'g wrl gy - - $ 0502 MW €7 uoibal d ‘Wu G'Ze9 :SH [62] ‘e 18 ‘'saway 100-SY @resedss
WaISAS UoIoa1ep
Wwu 0Z ¥ 958 :100-As pue wJe ajdwes
wrl g1 wrl g wrl 6T -Wo . S 06—0€ MW 00T uoibai dd ‘wu 68/ :SY [€2] ‘e 18 ‘I1red 100-SY paseys
wu 0Z ¥ 0£8 '100-AS
wrl gg'z wrgz wrl g 1-Wo £ $09-0€ MW 0T uoibas dd ‘wu €S :SY [¥8] ‘fe 18 ey
wu G2eT :100-as
wrl g1 wrlg'g  weaq pajewnjod - S 00T ZWO/fW 82 uoifal d4 ‘pasind wu zeg :sy  [08] '[e 18 euaInZe N
Wwu GT ¥ 058 '100-AS
- - wrl 6T - s¢ MW 00T uoibai dd ‘wu 68/ :SY [t6] ‘e 18 uByYD
WU 09 ¥ GZET *100-SS
wr zT wrl zT - 1-W 6~ $G0 MW GT-0T  suolfal MH/dH ‘Wu G/ :SH [82] 're 18 Buepn
wu 0§ ¥ 0¥8 :100-as
wrge wrlgg ww T wu 500 S - uoiBal d4 ‘wu 8/ :SY [62] 1e 18 AoteydeZ
Wwu zZ ¥ 0¥8 :100-as
wrl oy wrl g - -Wog'¢ - MW 0 uoibai dd ‘wu 68/ :SY [e8] |e 10 JoyeN
wu TZ ¥ 0TET :100-al
wr g7 wrl oz wrl zT 1-Wo 8 SOt MW 09 uoibas dd ‘wu 68/ :SY [28] ‘e 10 ueyy
wu og ¥ 0TET :1L00-AL
wrl gz wrl $7 wrl yy - s0€ MW oy uoibai d ‘wu 68/ Sy [22] ‘e 18 pned
Wwu /€ ¥ 58 :100-AS
wrl g7 wr gy ww GT 1-Wd 9~ SG MW i uoiBal d4 ‘wu g€9 'Sy [G2] ‘e 10 sueng
SWAISAS UOI10318p
wu 0€ ¥ 0TET -L00-AL ayesedas ‘w.e ajdwes
wrl Gz wr 7z wrl g - Ll - MUW oy uoibai dd ‘wu 68/ :SY [9/] ‘e 18 [ed 100-SY pateys
e [eIxy (sd)azss j0ds (SY) uonnjosal (sy) (Sy) a|dwes uoltelox3 Joyiny  ABereuss uoireBelul
[e1100ds awy uonsinboy Te Jemod Jesen fepow NN

(LO0) uonnjose . [elreds

suoneinbiuod WalsAs | DO-SH SNoLIRA 10J suoiedlyldads papiodal syl Jo MAIAIBAQ

T31avl

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Biophotonics. Author manuscript; available in PMC 2024 March 01.



Page 37

Fitzgerald et al.

"3uIyoeW 10198/ 1oddns ‘INAS ‘Adodsoaidads uewey ‘SY 15940} Wopuel 4y ‘sisAjeue jusuodwod
lediounid “v2d ‘AydesBowioy 8ousIayod [eando ‘1 DO ‘uoissaifial ons1Bo| ‘YT ‘s1oqyBiau 1sareau-y ‘NN ‘SISA[euR JUBUILULIOSID ‘WY ‘BAIND 3y} J3pUN BaJe ‘ONY USIdNJ800 UONENUSYE ‘DY SUOIRIASIYY

96

68

68

74

99

0.

¥6

9.

€8

8 ‘98 ‘06
19 0L ‘89
€8'G8 ‘.8
16

144

S8

¥8

00T

IZA

74

0L

€6

(%) Aoeunooy

vd

va

va

vd

va

va

NAS

NS

NAS

d71 44 'NAS
g1 98 'NAS
g1 48 'NAS
vd

3UON

va

NAS

NS

NAS

vd

NN

NN

|00 91 IIBWOWRYD

(100) sisAjeue i@} ‘(Sy) ONV
sisAJeue ainxal

onvy

(100) oV :(sy) auoN

ov

3UON

(1L00) stsAjeue ainyxal {(LO0 'SY) VOd
VOd ‘siskJeue ainxal

VOd

(1D0) sisAjeue ainxa) {(SY) DNV ‘Soltel yead
sisAJeue ainxal

JNV ‘soles 3ead

(1D0) .Sa4nanu3s 1sau,, J0 aouasald ayl {(Sy) solel yead
,.S3INJaN1s 183U, JO 30Uasald

soljel yead

uoneInap piepuess ‘ado|s

VOd

sisAjeue ainxa)

3UON

sisAJeue ainxal

VOd

Uo119e J1%8 3 InJea

100-Sd
100

Sd
100-Sd
100

Sd
100-sd
100

Sd
100-sd
100

Sd
100-sd
100

Sd

100

Sd

100

Sd

100

Sd
Aurepo N

AoueuBijew Jadued UIYS OAIA X3

S8NSSI) [240 OAIA U]

Asdoiq uojod

SPUNOM UING UIYS OAIA X3

130UBD UINS OAIA U]

UoNeIUBIBIP UBBIO OAIA X3

(abeys Jown) Asdoiq Jappe|g

(apeub Jowny) Asdoiq Jappelg
ABojoyredp|dures

[221] ‘|e 18 seumigowe|

[1€] |e 18 Buem

[9zT] 1e 18 Yoysy

[82] ‘e 18 nlesebuey

[62] "2 18 noreyyez
[geT] 3o i
[98] |e 19 dez0eld

[7zT] 12 18 dwesusnog
Joyny

SISAeue

pauIqUI0d pue ayesedas 10§ S819BINDJE PUR PasN SPOLISL SISA[eur PaleIdosse LM ‘UOIBIIIIUBPI NSSI) pue ajels aseasip 10) | DO—SY 10 suonealjddy

Author Manuscript

¢ 31avl

Author Manuscript

Author Manuscript

Author Manuscript

J Biophotonics. Author manuscript; available in PMC 2024 March 01.



	Abstract
	Graphical Abstract
	INTRODUCTION
	RAMAN SPECTROSCOPY OVERVIEW
	Principles
	Instrumentation
	Data processing
	Current applications

	OCT: OVERVIEW
	Principles
	Instrumentation
	Data processing
	Current applications

	MULTIMODAL RS–OCT: OVERVIEW
	Instrumentation
	Free space benchtop systems
	Miniature systems
	Axially selective RS–OCT
	Coregistration
	Challenges in multimodal instrumentation

	Multimodal data analysis
	RS feature extraction
	OCT feature extraction
	Chemometrics
	Combining data in RS–OCT
	Challenges in multimodal data analysis


	APPLICATION OF MULTIMODAL RS–OCT
	Ex vivo applications
	In vivo applications

	FUTURE DIRECTIONS
	Hardware advances
	Pump-probe RS-OCT

	CONCLUSION
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3
	FIGURE 4
	FIGURE 5
	FIGURE 6
	FIGURE 7
	FIGURE 8
	TABLE 1
	TABLE 2

