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Highlights
Intravital microscopy (IVM) and optical co-
herency tomography (OCT) are high-
resolution optical imaging tools for in vivo
cancer studies. Both techniques allow vi-
sualization of cancers in living subjects at
subcellular-scale resolutions. They are
complementary in terms of spatial and
temporal resolutions, fields of view, and
depth of penetration, thus providing differ-
ent perspectives in basic cancer research
and clinical oncology investigation.

By leveraging advanced labeling and label
Intravital microscopy (IVM) and optical coherency tomography (OCT) are two
powerful optical imaging tools that allow visualization of dynamic biological activi-
ties in living subjects with subcellular resolutions. Recent advances in labeling
and label-free techniques empower IVM and OCT for a wide range of preclinical
and clinical cancer imaging, providing profound insights into the complex physio-
logical, cellular, and molecular behaviors of tumors. Preclinical IVM and OCT have
elucidated many otherwise inscrutable aspects of cancer biology, while clinical ap-
plications of IVM and OCT are revolutionizing cancer diagnosis and therapies. We
review important progress in the fields of IVM and OCT for cancer imaging in living
subjects, highlighting key technological developments and their emerging applica-
tions in fundamental cancer biology research and clinical oncology investigation.
free approaches, IVM and OCT have
been extensively implemented preclini-
cally and clinically in recent years for vari-
ous aspects of cancer imaging, including
tumor anatomy, physiology, intratumor
cell migrations, and molecular dynamics.

Label-free IVM is enabled by the devel-
opment of nonlinear optical microscopy
techniques, which empowers IVM to
image the extracellular matrix in can-
cers. Label-free OCT techniques have
been advanced by novel optical de-
signs and algorithms, which have
allowed OCT to more accurately detect
the tumor margin and vasculature.

Novel fluorescent labeling techniques have
advanced applications of IVM for tracking
cancer stem cells, visualizing the
intratumoral genetic diversity during tumor
progression and tracking the migrations
of various immunocytes during cancer
therapies. Emerging OCT contrast agents
have enhanced the sensitivity ofOCTangi-
ography and allowed OCT to image the
physiology,molecular expression, and cel-
lular behaviors in and surrounding tumors.

Research advancements that combine
IVM and OCT in a dual modal endoscope
have permitted more efficient and thor-
ough cancer screening in endoluminal lo-
cations, such as the gastrointestinal tract
and urinary bladder, and greatly improved
morphological and molecular character-
izations of endoluminal tumors in preclini-
cal and clinical settings.
Techniques for High-Resolution In Vivo Cancer Imaging
Imaging is an indispensable tool for preclinical investigation of clinical management of tumors.
Clinical imaging techniques such as magnetic resonance imaging and ultrasound permit
macroscale measurement of the location and anatomy of cancers and their change over time,
but lack cellular- and molecular-scale details of the lesions [1]. In contrast, intravital microscopy
(IVM) and optical coherence tomography (OCT), employing distinct imagingmechanisms, provide
subcellular-scale resolutions that enable a broad range of preclinical and clinical cancer investiga-
tions (Figure 1). IVM relies on the scanning of tissues in living subjects with single- ormultiphoton
fluorescent microscopy (MPM) (see Glossary) and can be performed acutely at a single time-
point or chronically with longitudinal observation of a tissue site over a period of days to months.
OCT employs dual-beam interferometry to capture the patterns of light scattering through
tissue. By levering advanced fluorescent labeling techniques, IVM is a very powerful tool to
spatiotemporally characterize the complex tumor microenvironment (TME) in preclinical can-
cer biology studies, including tracking tumor progression [2], tumor vasculature growth and
regression [3], metastasis of cancer cells [4], propagation of cancer stem cells [5], migration of
tumor-associated immunocytes [6], interaction of cancer therapeutic agents with cancer and im-
mune cells [7], etc. Recent advances in nonlinear optical microscopy have allowed IVM to visual-
ize the extracellular matrix in major and metastatic tumors without any fluorescent labeling [8].
Compared with preclinical cancer research, clinical applications of IVM are less prevalent, mainly
focusing on endoscopic evaluation of gastrointestinal cancers [9] and cystoscopic evaluation
of bladder tumors [10]. OCT is commonly used as a label-free technique to noninvasively charac-
terize the anatomies of superficial skin cancers [11] and endoluminal tumors [12]. Compared with
IVM, OCT has greater tissue penetration, wider field of view, and higher imaging speed (Table 1),
which makes it a promising tool for clinical oncology investigation, such as detecting tumor
margins for intraoperative surgical guidance [13,14]. The recent emergence of OCT contrast
agents has extended the capabilities of OCT for cellular and molecular imaging of cancers,
such as near real-time tracking of tumor-associated leukocytes [15] and imaging overexpressed
cancer biomarkers [16] in preclinical animal models. The preclinical cancer imaging research
conducted by IVM and OCT have provided powerful insights to answer the basic cancer biology
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Figure 1. Schematic Comparison of Spatial Resolution versus Imaging Depth between Intravital Microscopy
OCT, and Standard Clinical Imaging Modalities. Abbreviations: MRI, magnetic resonance imaging; OCT, optica
coherence tomography.

Table 1. The Imaging Performance Characteristics of IVM and OCTa

IVM techniques OCT techniques

Spatial resolution b0.5 μm b10 μm

Depth of penetration b600 μm 2–3 mm

Temporal resolution b7 million pixels/second N50 million pixels/second

Multiplexability High (5–10 fluorescent signals) Low (up to three OCT spectral signals)

Contrast agents Fluorochromes (Rhodamine-B, FITC,
Alexa®, ICG, etc.); genetically encoded
fluorescent proteins; nanoparticles
(quantum dots, upconversion nanoparticles)

Gold nanoparticles, magnetic
nanoparticles, microbeads, intralipid,
fluorescent dyes (i.e., ICG)

Photobleaching of contrast
agents

High (small molecule fluorophores)
Low (fluorescent proteins and nanoparticles)

Low

Toxicity of contrast agents Low (ICG has been FDA approved) Low

Label-free techniques SHG and THG OCT, angiography, and
lymphangiography

aAbbreviations: ICG, indocyanine green; SHG, second harmonic generation; THG, third harmonic generation.
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questions, which can be difficult to elucidate by other approaches. For example, Karagiannis et al.
used IVM to study the dynamics of resident macrophages in response to neoadjuvant chemo-
therapy and found that treatment increased the rate at which macrophages facilitated the
metastatic dissemination of breast cancer [17]. Using OCT, SoRelle et al. were able to plot the
migration trajectories of tumor-associated macrophages (TAMs) in glioblastoma multiforme
after exposure to gold nanoparticles [15]. The clinical imaging conducted by combined IVM
and OCT approaches has enabled more efficient and accurate cancer screening and allowed
for better morphological and molecular characterization of tumor lesions [18,19]. Although
many cancer imaging studies can be conducted by either IVM or OCT, each of these two tech-
niques has its own advantages and limitations in terms of spatial and temporal resolutions, imag-
ing depth and field of view, labeling and multiplexability, etc. (Table 1). This review aims to
elucidate the strengths and deficiencies of each technique for cancer imaging. We focus on the
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Glossary
Cystoscope: an endoscope used to
examine of the urinary bladder via the
urethra.
Doppler OCT (D-OCT): one of the
most important functional extensions of
OCT. It combines the Doppler principle
with OCT to obtain high-resolution
tomographic images of static and
moving constituents simultaneously in
biological tissue. D-OCT can image
blood vessels in vivowith high resolution
and sensitivity and offer valuable
information regarding the blood flow
direction and velocity.
Extravasation: the process of immune
cells or nanomaterials/moleculesmoving
out of the blood stream and into tissue.
Fluorescence laminar optical
tomography: a mesoscopic 3D optical
imaging technique that can achieve a
resolution of 100–200 μm and a
penetration depth of 2–3 mm based on
fluorescence contrast.
Fluorescence-lifetime imaging
microscopy: an imaging technique that
detects molecular interactions based on
the differences in fluorescence decay
rates. It can be used as single-, two-,
and multiphoton microscopy.
Fourier transform: the decomposition
of complex waveforms to simpler
harmonics more amenable to analysis
Hemodynamics: the fluid, mechanical,
and shear forces involved in blood
circulation in vessels.
Interferometry: a technique in which
electromagnetic waves are
superimposed and causing the
phenomenon of interference, which is
used to extract information.
Lymphangiogenesis: the process of
new lymphatic vasculature growth.
Multiphoton fluorescent
microscopy (MPM): fluorescence
microscopy in which fluorophores are
excited by multiple photons at longer
wavelength to emit a shorter wavelength
photon. MPM enables greater
penetration depth compared with
single-photon microscopy.
Second harmonic generation: label-
free, nonlinear imaging performed by
MPM that detects a photon generated
by two photons with twofold greater
wavelength. It discriminates highly
ordered subcellular structures such as
collagen and thus can be used to image
relatively stable ECM architecture
surrounding the tumor.
Third harmonic generation: label-
free, nonlinear imaging performed by
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major progress of IVM and OCT technologies over the past 5 years and their applications to fun-
damental and clinical oncology studies in living subjects that have greatly advanced our under-
standing of cancer biology and facilitated the clinical management of cancer through
anatomical, physiological, cellular, and molecular imaging.

IVM
IVM extends optical microscopy to the interrogation of tissues within living animals. IVM can be
performed label-free by using either brightfield confocal microscopy, as had been done since
the 19th century, to image the tissue reflective signals [20,21], or using MPM to image specific
tissue structures that emit photons at the second- or third-harmonic wavelength of the illumina-
tion source (second/third harmonic generation) [8,22]. However, brightfield confocal IVM
works poorly outside of very specific tissue sites with high translucency, such as inner ear or
eye, and multiharmonic generation is limited to imaging certain specific tissue structures, such
as collagen and cell lipids with strong harmonic emission spectra. To image the dynamics of spe-
cific cells and molecules in living subjects, IVM is usually conducted using fluorescent labeling
strategies. Both 1-photon fluorescent microscopy (1PM) and MPM can be used to excite
fluorophore labels. 1PM allows simultaneous imaging of many different fluorophores with distinct
emission spectra, whereas MPM enables deeper tissue penetration despite somewhat reduced
multiplexability. Fluorophores can be designed to circulate for a long time in the vasculature
[2,23], molecularly target specific cell surface markers [24,25], penetrate the cell membrane
and be retained in a cell [6], or be embedded as reporter genes to continually and nondilutively
generate fluorescent proteins in cells of interest wherever they traffic [7,26]. In some cases,
novel ‘smart’ nanotechnologies that deploy fluorophores or quenchers in response to changes
in microenvironmental conditions may also be used [27]. Careful consideration of fluorophore
excitation and emission spectra is necessary not only for use with a particular laser light source
and microscope filter set, but also for minimizing bleed-through between related fluorophores;
background autofluorescence is also a consistent issue that may influence imaging results.
Advanced IVM techniques, such as fluorescence-lifetime imaging microscopy, can be
used to reduce this issue by selecting fluorophores with very different fluorescence lifetime pro-
files than surrounding tissue [28]. This increases imaging contrast through a sort of ‘time gating’
that, in combination with the standard wavelength filtering used with single-photon andmultipho-
ton microscopy, provides unprecedented fluorophore discrimination and insight into the
formation and dynamics of the TME [29,30].

IVM is often conducted with a window or dorsal skinfold chamber installed on the animal to image
superficial tumors, such as skin tumors. However, most cancers (e.g., colon cancer, liver cancer,
pancreatic cancer) are not directly optically accessible by IVM, which usually has a depth of tissue
penetration up to ~600 μm, depending on the tissue [1,31]. Therefore, specific surgical
procedures must be performed to expose the specific organ of imaging interest in order to
visualize orthotopic tumors. Careful consideration of appropriate animal preparation and imaging
procedures are crucial for successful IVM studies (Box 1).

OCT
In contrast to the relatively straightforward optics of IVM described above, OCT is an interferom-
etry based technique that illuminates tissues with near-infrared (NIR) low-coherence light and
detects the back-scattered photons from tissue. The reflective light interferes with a reference
beam to record the time delay of back-scattered photons at different depths of tissue in an
interferogram, which is then reconstructed to an OCT image using Fourier transforms [32].
The scanning philosophy of OCT is similar to that of ultrasound, which captures consecutive
line images in the z-plane of tissue (A-scan). By changing the angle of the scanner, the OCT
Trends in Cancer, March 2020, Vol. 6, No. 3 207



MPM that detects a photon generated
by three photons with threefold greater
wavelength. It discriminates disordered
structures like lipid bodies and thus can
be used to visualize fat and nerve cells in
the TME architecture.
Tumor-associated macrophages
(TAMs): a class of immune cells present
in high numbers in themicroenvironment
of solid tumors. They are heavily involved
in cancer-related inflammation.
Tumormicroenvironment (TME): the
local environment of a tumor, including
tumor cells, stromal cells, endothelial
cells, and tumor-associated leukocytes.

Box 1. Animal Preparation and Imaging Procedures for IVM

In acute IVM, surgical exposure or surface visualization of a site of interest in an anesthetized animal model permits visu-
alization of labeled events within the field of view where imaging may be performed for several hours, even a day, to watch
dynamic processes unfold. Other imaging sites, particularly soft tissues, can be acutely imaged using glass slides between
the tissue and the microscope objective. At the conclusion of imaging, the animal may be sacrificed and ex vivo charac-
terization is often done via traditional molecular biology means, including immunofluorescence histology, flow cytometry,
and molecular assays such as western blots to obtain deeper insight into the factors driving the observed cell behavior.
In chronic IVM, the goal is to image the same tissue site multiple times over an interval of several days, weeks, or even
months, necessitating the use of microsurgical techniques and implanted optical scaffolds to isolate the site of interest.
For example, mice may be fitted with a dorsal skin chamber, which resembles a flanged backpack with an optical window
in which a fold of dorsal skin is immobilized for repeated imaging. This chamber provides direct optical access to the inside
of the mouse and enables motion stabilization under the microscope objective via use of customized stages. Alternatively,
mice may be fitted with cranial windows to provide an optically clear view into the meninges and brain, or with a small,
cylindrical washer or window placed around the inguinal lymph node for lymph node imaging [75,117]. Such approaches
are well-suited to test the function, pharmacokinetics, and cell type specificity of novel drugs. Ongoing developments in
surgical technique and optical window development to repeatedly image soft tissue sites are now permitting longitudinal
studies to be performed in an increasing range of tissues of interest, including lung [118], mammary fat pad [119], and
bone marrow [120].
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A-scan beam is moved along the x-direction to complete the cross-section scan (B-scan). OCT
completes the 3D volume scan by conducting consecutive B-scans along the y-direction and
thus builds up a detailed subcellular image of the underlying tissue. OCT can be, and often is,
used as a label-free technique, which enables anatomical and physiological imaging of live tissues
without contrast agents. However, the image quality and level of information obtained from OCT
scanning are highly dependent on the scanning protocols and postimage processing algorithms
used [33]. For example, to detect blood vessels, repeated A-scan or B-scan have to be
conducted in the same imaging location over time and the obtained OCT signals need to be
processed by specific algorithms to calculate the signal difference over the repeated scans
[34]. By combining OCT with contrast agents, the discriminatory power of OCT can be signifi-
cantly enhanced and the functions of OCT can be extended for cellular and molecular imaging
[35]. For example, by injecting large gold nanorods (LGNR) [36] or gold nanoprisms (GNPR)
[37] as intravascular contrast agents, OCT can visualize microvessels located at greater depth
in the tumor (i.e., deeper than 1 mm below skin surface), which cannot be detected by conven-
tional label-free OCT. By using microbeads (MBs) as contrast agents, Si et al. were able to mon-
itor the dynamic expression of lymphatic vessel endothelial hyaluronan receptors (LYVE-1) [38].
Additional modification of OCT instrumentation further enhances the discriminatory power of
OCT. Because OCT image quality can be compromised by speckle noise [39], an optically mod-
ified OCT system [speckle-modulation OCT (SM-OCT)] can greatly improve the image contrast
and resolution by effectively eliminating the speckles [40]. Combining SM-OCT and spectral
OCT contrast agents (i.e., LGNR), the de la Zerda group has greatly extended the capability of
OCT for cellular imaging (e.g., in vivo imaging of circulating tumor cells [41], in vivo imaging of
TAMs in a brain tumor mouse model [15]). By extending OCT with a water-cooling electromagnet
and using ferromagnetic particles as contrast agents, John and colleagues achieved molecularly
targeted imaging of human epidermal growth factor receptor 2 (HER2) biomarkers
overexpressed in a rat breast cancer model [16].

Imaging of Tumor Anatomy
Tumor anatomy, including shape, size, margin, blood vessels, and lymphatic vessels are
important areas of investigation in preclinical and clinical oncology. These anatomical features
of tumors can be visualized using IVM and OCT by either labeling or label-free techniques.

Visualizing tumor margin or boundary plays an essential role in analyzing tumor progression,
monitoring therapeutic responses, and guiding cancer surgeries. While IVM labels tumor cells
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with genetically encoded or intravenously injected fluorophores [2,6,42,43], OCT often delineates
tumor margins by detecting the intrinsic contrast differences between tumors and their surround-
ing tissues using label-free methods [13,14]. The IVM approach has been mostly utilized in pre-
clinical animal models to study TMEs, but recent reports have shown their clinical applicability
in investigating human cancers in endoluminal locations such as gastrointestinal [9] and bladder
cancers [10] and detecting microscopic metastatic tumors [44,45]. Nevertheless, clinical IVM
must overcome obstacles such as dye bleaching and false-positive signals resulting from tissue
autofluorescence or nonspecific binding of fluorescent tags. In contrast, OCT is advantageous in
rapid and label-free detection of tumors with a large field of view,making it a promising clinical tool
for intraoperative and postsurgical assessment of tumor margins (Box 2).

Tumor vasculature is the major pathway for spreading cancer cell metastasis, transporting
immune cells and delivering anticancer therapeutics. Therefore, visualizing tumor vasculature in
living subjects is crucial in both fundamental cancer research and clinical practice to monitor
tumor progression, understand pathological state, provide prognosis, and measure therapeutic
responses. Vascular imaging in living subjects is one of the most important functionalities of
IVM and OCT. With IVM, the vessel diameter, length, intercapillary distance, and branching
patterns can be determined using red blood cells (RBCs) as a natural contrast agent under linearly
polarized or conventional transillumination [20]. Alternatively, high molecular weight fluorescent
tracers (such as long-circulating AngioSense or dextran-conjugated fluorescent dyes) can be
used to demarcate the blood vessels before they begin to leak into the extravascular compart-
ment [2,23,27] (Table 2). By intravenous injection of fluorescent dyes in a melanoma patient,
a recent intraoperative IVM study revealed that about 50% of the tumor vessels do not support
blood flow and vessel diameters of human tumor are larger than predicted by immunohistochem-
istry [3]. With OCT, the tumor vasculature can be imaged using label-free methods such as
speckle intensity variance [46], phase variance [47], and complex signal variance [48]. These
methods are based on the detection of dynamic scattering of RBCs in the blood vessels
[49,50]. Bouma et al. imaged the vasculatures of MCaIV tumors implanted in a preclinical
mouse model using both OCT and IVM [31], finding that MPM excelled at visualizing the smallest
superficial capillaries, but that OCT was superior in discerning vessels deeper within the central
regions of the tumor and in regions where fluorescent tracers leaked (Figure 2). Vessels beyond
1 mm in depth can be routinely observed by OCT, whereas MPM only allows imaging the
tumor vasculature as deep as ~600 μm. In addition, the temporal resolution of OCT can be ten
times higher than IVM. OCT allows rapid visualization of the tumor vasculature, including its
Box 2. Tumor Margin Detection with OCT

OCT has unique advantages for intraoperative tumor margin detection, due to its safe, low-energy infrared light source,
wide-field, and label-free imaging, which circumvents the photobleaching problem associated with fluorescence-based
modalities. Many studies have demonstrated the capability of label-free OCT to detect bladder cancer [121], head-and-
neck cancer [122], and brain cancer [123–126]. Recently, optical attenuation mapping has been established and widely
used in differentiating tumor from normal tissue [14,127,128]. Kut et al. demonstrated 3D OCT imaging of human brain
cancer infiltration both ex vivo and in vivo using an optical attenuation mapping method [14]. Compared with white matter,
both high- and low-grade brain tumor tissues had significantly lower optical attenuation values at both the cancer core and
infiltrated zones and applied an attenuation threshold to obtain high sensitivity and specificity detection of the tumormargin
in brain cancer patients. The researchers also demonstrated the feasibility of OCT-guided intraoperative surgery in a brain
cancer mouse model by employing the attenuation threshold. The same group later reported a more robust and higher
speed attenuation mapping algorithm to improve brain cancer detection in the intraoperative setting [128].

While promising, the effective resolution and image quality in the above studies were significantly degraded by the
presence of speckle noise that is intrinsic to OCT imaging. We recently reported in vivo high-resolution imaging of glioblas-
toma with SM-OCT. SM-OCT identifies brain tumor margins with near single-cell resolution in an orthotopic murine
glioblastoma xenograft model [13]. The study shows SM-OCT as a powerful tool for potential intraoperative neuroimaging
and tumor margin detection.

Tr
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Table 2. In Vivo Tumor Imaging Enabled by IVM and OCT Techniquesa

Parameter IVM techniques OCT techniques

Anatomical imaging

Tumor boundary MPM imaging of fluorescent GBM in mouse brains by
transfecting GFP expressing plasmid in U87 MG
cells [2];
MPM imaging of the margin of melanoma tumor in a
xenograft murine model generated by implanting
CFP-B16 cell on the right flank of C57BL/6 mice [6]

Detecting the tumor margins in murine GBM
models and human glioma samples using optical
attenuation [14]
Detecting the margins of mouse GBM xenograft
and human low-grade glioma using label-free
SM-OCT [13]

Tumor blood vessels Label-free imaging of blood vessels using MPM
excited endogenous tryptophan fluorescence [129]
Imaging tumor blood vessels using Rhodamine- or
FITC-dextran [2] or AngioSense 680/750 as
fluorescent dye [23,130]

Imaging blood vessels in mouse GBM xenograft
using LGNR contrast-enhanced OCT [36]
Imaging blood vessels in mouse melanoma
xenograft using GNPR contrast-enhanced OCT [37]

Peritumoral lymphatic vessels MPM imaging of peritumoral lymphatic vessels on a
mouse ear by subcutaneous injection of anti-LYVE-1
antibody coupled to eFluor® 660 [76]
1PM/MPM imaging of peritumoral lymphatic vessels
on mouse tail or footpad by injecting FITC- or
tetramethylrhodamine-dextran subcutaneously
[51,53,131,132]

Lymphangiography of murine mammary
adenocarcinoma using label-free OCT [31]
Visualizing peritumoral lymphatic drainage by
intratumoral and subcutaneous injection of gold
nanobipyramids as contrast agents [71]

Tumor extracellular matrix Imaging collagen surrounding metastatic cancer
cells using SHG [8,22]

Revealing collagen structures associated with
bladder and skin cancers using PS-OCT [133] and
CP-OCT [134]

Functional imaging

Blood flow speed Vessel isolation and repeated imaging in an optical
window with movement correction [21,135]

Measuring blood flow velocity in human retina using
label-free Doppler OCT [61,62,64,136]
Measuring microvascular flow speed in mouse
cortex and rat retina using DyC-OCT [63,66]

Lymphatic flow speed Measuring fluorescence intensity profiles as a
function of time after injecting fluorescent dyes
[67,137,138]

Measuring lymph velocity in mouse ear using
label-free Doppler OCT [54]

Cellular imaging

Tumor microenvironment (tumor subclones
and tumor-associated leukocytes)

Imaging tumor stem cells [5,139] and intratumor
genetic heterogeneity [26,140] using fluorescent
lineage tracing
1PM imaging of monocytes and TAMs using
single-walled carbon nanotubes and dextran-coated
iron oxide nanoparticles, respectively [23,24]
Tracking TAMs using MPM and F4/80
antibody-conjugated fluorescent dye [25]
Tracking adoptive CTLs using confocal laser scanning
microscopy and cell membrane penetrating dyes [6]

Imaging the migration of TAMs spatiotemporally
using SM-OCT and LGNR as OCT contrast
agents [15]

Tumor cell metastasis Tracking tumor cells expressing fluorescent
reporter genes using MPM [4,22]

Imaging metastatic choroidal tumor using label-free
OCT [141,142]

Circulating tumor cell Imaging circulating BXPC3 tumor cells in mouse
peritumoral blood vessels using MPM and anti-CD24
antibody conjugated quantum dots [143]
Intravital flow cytometry [144–146]

Myeloma detection using LGNR contrast-enhanced
OCT [41]

Molecular imaging

Tumor surface biomarkers Imaging HER2 on xenograft mouse breast tumor
model using single-cell IVM [84]

Imaging HER2 on rat breast cancer xenograft using
magnetomotive OCT [16]

Lymphatic vessel biomarkers Imaging LYVE-1, VEGFR3, and PECAM1 using
1PM/MPM with fluorophore-conjugated antibodies
[77,147,148]

Imaging LYVE-1 using phase variance OCT with
microbeads as contrast agent [38]

aAbbreviations: CFP, cyan fluorescent protein; CP-OCT, cross-polarization optical coherence tomography; CTL, cytotoxic T lymphocytes; GBM, glioblastomamutltiforme;
PECAM-1, platelet endothelial cell adhesion molecule; PS-OCT, polarization-sensitive optical coherence tomography; SHG, second harmonic generation.
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Figure 2. Optical Coherence Tomography and Intravital Microscopy Angiographies in a Murine MCaIV Tumor Model. (A,B) Wide-field imaging of an MCaIV
tumor implanted in the dorsal skinfold chamber using OCT (A) and multiphoton fluorescent microscopy (MPM) (B). Imaging with MPM over this field of view required the
acquisition and subsequent alignment of 30–40 separate 3D image stacks to sample a field of view equivalent to that of the OCT instrument. MPM resolved vessels as deep
as 400 μm in tissue. Imaging duration was 10min for OCT and 2 h for MPM. Faster MPM imaging times can be obtained using lower magnification lenses at the expense of
resolution and depth of penetration. (C,D) Higher magnifications of the top boxed regions in (A) and (B) showing the enhanced ability of OCT (C) to visualize deeper vessels
and distinguish morphology in regions of vascular leakage relative to MPM (D). (E,F) Higher magnifications of the bottom boxed regions in (A) and (B) showing the greater
detail of finer vascular structures obtainable by MPM (F) in comparison with OCT (E). (G–I) The application of automated vascular tracing to registered data sets of normal
brain vasculature acquired with OCT (G) and MPM (H) allowed quantification of the resolution of OCT angiography and validation of the morphological measurements
obtained from OCT (I). Scale bars, 250 μm. Figures reprinted, with permission, from [31]. Abbreviation: OFDI, optical frequency domain imaging.
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connectivity with host vessels, which complements the higher resolution but relatively superficial
angiogram provided by IVM.

Despite its applicability for tumor vascular imaging, label-free OCT could overlook deep tumor
vasculature where light is significantly attenuated and fine tumor vascular structures where
hematocrit is low [37]. SoRelle et al. reported that by intravenously injecting LGNRs as exogenous
contrast agents, OCT reveals deeper tumor microvessels that cannot be detected by conven-
tional OCT approaches [36] (Figure 3A–D). Si et al. recently reported that by using gold
nanoprisms (GNPRs) as intravascular contrast agents, OCT detects ~60% more blood vessels
in a melanoma tumor and ~40% more capillary vessels in the peritumoral tissue compared with
label-free OCT methods [37] (Figure 3E–H).

In addition to the study of angiogenesis, IVM and OCT have also provided powerful insights into
the pathophysiology of lymphatic endothelium development and lymphangiogenesis around
tumors. IVM micro-lymphangiography of tumors growing in the tails of mice has shown that the
lymphatic vessels in the tumor margins are hyperplasic [51]. The diameters of these lymphatic
vessels in the tumor margin increase even further in tumors that overexpress VEGFC [52].
Trends in Cancer, March 2020, Vol. 6, No. 3 211
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Figure 3. Optical Coherence Tomography (OCT) Contrast Agents for Enhanced OCT Tumor Angiography and Multiplexed Lymphangiography.
(A) Transmission electron microscopy (TEM) image of large gold nanorods (LGNRs) with average length of 107 ± 7 nm, average width of 32 ± 2 nm, and average
aspect ratio of 3.4. (B) Visible–near-infrared (Vis-NIR) absorbance spectra of LGNRs displaying a peak longitudinal plasmonic resonance at 815 nm. (C,D) Spectral
contrast OCT images of a U87MG tumor implanted on the mouse ear before (C) and after (D) intravenous injection of LGNRs. LGNRs improve the contrast of blood
vessels in OCT images and enables OCT to detect small blood vessels deep in the tumor (white arrows). Figures reprinted with permission from [36]. (E) TEM image of
PEGylated gold nanoprisms (GNPR) showing an average edge length of ~140 nm. (F) Vis-NIR absorbance spectra of LGNRs displaying a peak longitudinal plasmonic
resonance at 1385 nm. (G,H) En face projected OCT angiograms of melanoma-bearing mouse ear tissue before (G) and 5 min after (H) intravenous administration of
0.75 nM PEGylated GNPR. The color map shows the depth of vasculature below tissue surface. After injection, ~60% more microvasculature can be visualized in the
tumor. Figures reprinted, with permission, from [37]. (I) TEM images of gold nanobipyramids (GNBPs) with different aspect rations (GNBP-I and GNBP-II) as
multiplexing OCT contrast agents. (J) The NIR spectra of GNBP-I and GNBP-II. (K) Flow-gated spectral OCT images showing blood vessel network of a tumor-
implanted mouse ear before contrast agent injection (left), GNBP-I in the tumor and peritumoral lymphatic vessels (middle), and both GNBP-I and GNBP-II in the tumor
and peritumoral lymphatic vessels (right). Figures reprinted, with permission, from [71]. Abbreviations: i.t., intratumoral; s.c. subcutaneous.
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However, overexpression of VEGFC does not induce the formation of functional lymphatic
vessels within these tumors [51,53]. IVM micro-lymphangiography is typically performed by
local injection of a fluorescent dye and imaging its uptake and drainage via the lymphatic vessels
(Table 2). This approach, however, obscures fine structures near the site of injection and high-
lights only those lymphatic vessels draining the region of injection [31]. Label-free OCT is able
to image lymphatic vessels by detecting tissue structures that have vascular shapes and low
OCT signals, because lymphatic fluid is optically transparent and reflects little light compared
with the surrounding tissue [54]. Utilizing this unique optical characteristic, many label-free OCT
lymphangiography techniques have been developed [55–58]. Vakoc et al. showed that the
peritumoral lymphatic network can be segmented using this approach [31]. By subcutaneous
injection of OCT contrast agents, enhanced imaging of lymphatic structures can be achieved.
For example, by injecting two different types of LGNRs in discrete locations in the mouse ear,
the lymphatic valves can be visualized [36]. Although IVM and OCT approaches have been
proven to be useful tools to investigate peritumoral lymphatic networks, it is challenging to
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image intratumoral lymphatic networks in living subjects due to the deep vascular depth,
collapsed lumen, and nonfunctional intratumoral lymphatic vessels [51,53].

Imaging of Tumor Physiology
IVM and OCT have enriched our understanding of the various physiological determinants of drug
delivery to tumors. A blood-borne contrast agent must be delivered via the vasculature, enter the
tissue typically by transvascular exchange, move through the interstitial space by diffusion or con-
vection, and be cleared by lymphatics in the tumor margin, just as effective delivery of drugs to tu-
mors must follow the same path [59]. IVM imaging studies have shown that blood perfusion in
tumors is spatially and temporally heterogeneous, providing evidence of how disordered
intratumoral resource distribution can drive tumor heterogeneity, resulting in varied drug exposure
and disease progression [60]. Furthermore, in some tumors, average RBC velocity is lower than
that in host vessels and does not correlate with vessel diameter, indicative of altered blood and in-
terstitial pressures [60].

OCT has been heavily investigated as a quantitative tool to measure blood flow velocity and
hemodynamics [61–64]. Doppler OCT (D-OCT) was developed to measure the axial velocity of
blood flow in both arteries and veins [65], but this technique cannot detect blood flows that are per-
pendicular to the OCT incident beam and is susceptible to tissue motion [34]. To overcome this lim-
itation, Merkle et al. developed dynamic contrast optical coherence tomography (DyC-OCT) by
imaging the transit of an intravascular tracer (intravenously injected intralipid) as it passes through
the field of view [66]. This technique can also be used to measure microvascular hemodynamics.

Understanding the pattern of tumor lymphatic flow provides a physiological basis to study tumor
lymph node metastasis. Using intravital techniques [67–69], fluid velocity in the lymphatic
capillaries can be accurately measured (Table 2). IVM studies have shown that hyperplasic
peritumoral lymphatic vessels in the mouse skin (induced by overexpression of VEGFC) have
impaired lymphatic flow [70], and that there are no functional lymphatic vessels draining lymph
flow within tumors [51,52].

Using OCT, the lymphatic flow can be visualized by both label-free and contrast-enhanced
methods. Blatter and colleagues reported a label-free D-OCT approach to measure lymphatic
fluid velocity [54]. In most recent studies, multiplexing OCT contrast agents based on gold
nanobipyramids (GNBPs) have been developed (Figure 3I,J) [71,72], allowing simultaneous visual-
ization of multiple biological processes, such as intra- and peritumoral lymphatic flows. One study
shows that intratumorally injected OCT contrast agents are drained into peritumoral lymphatic ves-
sels and the sentinel lymph node, whereas subcutaneously injected OCT contrast agents are able
to flow into the tumor, peritumoral lymphatic vessels, and then the same sentinel lymph node post-
injection (Figure 3K) [71].

Imaging of Tumor Cells and Tumor-Associated Leukocytes
Understanding cellular behaviors in the TME is critical to unravel the mechanisms underlying
tumor development and to develop new therapeutic approaches. IVM is a powerful technique
to study cellular behaviors in the TME, including the migrations of tumor cells and tumor-
associated immunocytes. These studies can elucidate various steps involved in cancer progres-
sion, regression, metastasis, and responses to various therapies. Lymphatic metastasis is a key
process that helps tumor cells spread from their primary location to other sites of the body. IVM
has been employed as a primary tool to discern various steps of the lymphatic metastatic process
[73–75]. For instance, dynamic visualization of a lymph node using a murine lymphoma model
showed that tumor cells infiltrating the lymph node came from the spleen and bone after building
Trends in Cancer, March 2020, Vol. 6, No. 3 213
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up at those sites, instead of trafficking there from the initial inoculation site as was previously
assumed [75]. With genetically modified mice expressing tumor-specific reporter fluorophores,
IVM can dynamically monitor tumor cell metastasis in lymphatic vessels [76,77]. However, a tra-
ditional limitation is that IVM must typically be performed while an animal is under anesthesia.
New approaches, at least under certain conditions, are beginning to allow IVM on behaving animals
[78]. Evolution of such techniques could permit IVM of phenomena occurring not within minutes to
hours, but continually over hours to days to weeks, a potential game-changer when observing
long-term dynamics is required, when imaging the immediate effects of stimulation requiring
awake or behaving animals, or when anesthesia could affect the imaged cells and molecules.

Tumor-associated leukocytes mediate both anti- and protumorigenic processes and play signif-
icant roles in the TME. Among them, TAMs and CD8+ T cells are two important types of immune
cells that are known to exert substantial influence on the efficacy of various cancer immunother-
apy strategies. By leveraging advanced fluorescent labeling strategies, IVM has the exclusive ad-
vantage of simultaneously and longitudinally tracking multiple leukocytes and therapeutic agents
in the TME. Such imaging has allowed IVM to elucidate leukocyte recruitment, adhesion, and be-
havior within the TME [79], quantify the responses of leukocytes to various therapeutic agents
[7,24,25], and unravel important mechanisms that lead to the resistance of cancer immunother-
apies [6,7]. For example, Junankar et al. revealed that TAMs could engulf bisphosphonate drugs
binding to small, granular microcalcifications in breast tumors using real-time 2-photon IVM [25].
Arlauckas and coworkers simultaneously tracked the distributions of TAMs, CD8+ T cells, and
the therapeutic agents for 30 min during anti-PD-1 immunotherapy [7]. Their IVM study revealed
that the anti-PD-1 monoclonal antibodies (aPD-1 mAbs) transiently bind to a CD8+ T cell at
6–15 min postinjection, but that T cells eventually lose aPD-1 mAbs, which are physically
captured, and retained by, neighboring TAMs (Figure 4A). With increased availability of
engineered mice that overexpress or lack the genes of relevant molecules, such as fluores-
cent lineage tracing models in the former and gene knockout models in the latter, IVM will
continue to provide greater insights into the TME, unravel the mystery of tumor–immune sys-
tem interactions, and improve cancer therapies.

OCT has been employed as an emerging technology to study the migration of immune cells in the
TME. Compared with IVM, OCT has the advantage of a larger imaging field of view and higher
temporal resolution (i.e., it typically takes ~1 s for IVM but 0.02 s for OCT to scan a tissue volume
of 300 × 20 × 200 μm), with the compromise of spatial resolution (Table 1). Recently, de la Zerda
et al. reported longitudinal imaging of leukocytes based on contrast-enhanced SM-OCT [15].
In this study, TAMs and activated microglia were labeled in vivo with LGNR contrast agents in
an orthotopic murine glioblastoma model. They demonstrated near real-time tracking of TAM
migration and distribution within the tumors (Figure 4B). The intrinsic resolution, imaging depth,
and sensitivity of this method may facilitate detailed studies of the fundamental behaviors of
TAMs in vivo, including their intratumoral distribution heterogeneity and the roles they play in
modulating cancer proliferation. In addition to leukocyte tracking, they also demonstrated
in vivo tracking of circulating tumor cells with the contrast-enhanced OCT technique [41]. In
this study, the OCT contrast agent LGNRs were used to label myeloma cells and the labeled my-
eloma cells could then be imaged by SM-OCT. This study marks the first time that OCT has been
used to detect individual cells within blood in vivo. This technical capability unlocks exciting op-
portunities for dynamic detection and quantification of tumor cells circulating in living subjects.

In parallel work using IVM, by labeling single-walled carbon nanotubes (SWNTs) with
fluorophores, upon intravenous injection into mice Smith et al. directly observed the selective ac-
cumulation of SWNTs into monocytes within the circulation and their subsequent behavior,
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including native trafficking, extravasation, and entry into the tumor [23], insights that would
not have been feasible with traditional methods (Figure 4F–H). In this case, IVM was explor-
atory, intended to understand and quantify how SWNTs are able to accumulate in tumors
so robustly (~15% ID/g versus an average of 0.7% ID/g for other nanoparticle types)
[80,81]. Intriguingly, SWNTs both extravasated and hitched a ride into tumors by entering
inflammatory monocytes as a ‘Trojan horse’ [27,82], resulting in the observed very high
tumor accumulation. These SWNTs could potentially be useful to image sites to which inflam-
matory monocytes traffic, or to treat such inflammatory monocytes since they are implicated in
many diseases, from cancer to atherosclerosis to neurodegenerative diseases and arthritis.
Thus, by directly visualizing the vascular and tumor dynamics of nanomaterials in real-time
at the microscale via IVM, this early example of nano-immunoimaging provided a potential
foundation for monocyte/macrophage imaging and therapy in cancer and other diseases
[23,83]. Because of the multicolor repertoire and high-resolution of IVM, it will likely be a valu-
able tool in trouble-shooting and ensuring the localization of SWNTs (and other nanomaterials)
within disease sites and their ability to effect therapy by assessing cell killing (e.g., via injection
of apoptosis signaling reagents), activation, and differentiation to other cell phenotypes.
To perform such multidimensional analyses simultaneously, five colors may be insufficient;
new spectral deconvolution algorithms and other methods may be required to reach ten
or more colors for observing highly interactive systems of various cell types, vasculatures,
cell states, and molecules.

Imaging Molecular Markers and Dynamics of Tumor
Both IVM and OCT are capable of imaging biomarkers overexpressed on the tumor cell surface
by labeling the biomarkers with proper contrast agents. Prior OCT study has demonstrated
molecular imaging of a single cancer marker in a preclinical animal model [16], but novel OCT
contrast agents promise multiplexing in the future [36,71]. Conversely, IVM has already been
widely used for multiplexed labeling and imaging of cancer biomarkers [84], providing important
insights into tumor heterogeneity. In addition, due to the better resolution of IVM, it has unique
strengths in monitoring drug delivery [85] and various intracellular molecular events involved in
tumor progression, such as gene expression/regulation [86,87], enzymatic activities [88], and sig-
naling pathways [89]. This approach can also be used to monitor the circulation and biological ef-
fects of many other nanoparticles [90–92], new antibodies [93,94], or small molecule drugs [95].
Monitoring the activity of an enzyme requires amolecular probe that changes its optical properties
by specific interaction with the enzyme or its products. This approach has been successfully
applied to monitor the activity of cathepsin B [96,97] and many other enzymes with NIR light
sources [98–100]. To visualize gene expression, transgenic cell lines or animals that express
various fluorescent proteins (e.g., GFP) under the control of the promoter of a gene of interest
need to be developed. For example, Leben and coworkers utilized this approach to study the
Figure 4. Examples of Tumor-Associated Macrophages (TAM) and Monocyte Migration Tracking Using Intravital Microscopy (IVM) and Optical
Coherence Tomography (OCT). (A) Longitudinal and simultaneous IVM imaging of TAMs (labeled with Pacific blue–dextran nanoparticles), T cells (labeled with YFP)
and anti-PD-1 monoclonal antibodies (aPD-1 mAb, labeled with AF647) in an MC38–H2B-mApple tumor mouse model during anti-PD-1 immunotherapy. Yellow
arrows indicate the site of aPD-1 mAb binding to an CD8+ T cell at 6–15 min and macrophage internalization at times N21 min. Scale bar, 30 μm. Figures reprinted,
with permission, from [7]. (B) En face speckle-modulation-OCT (SM-OCT) image of tumor (spectral, color scale) and surrounding brain parenchyma (intensity,
grayscale) at 40 h postinjection. (C) Time-resolved OCT imaging of TAM migration in the brain tumor. The tumor vasculature (red) was detected by speckle variance.
(D,E) Mapping of the migration trajectory of randomly selected TAMs from 40 h postinjection to 41.5 h postinjection. Figures reprinted, with permission, from [15].
(F) Schematic of single-walled carbon nanotubes (SWNTs) noncovalently coated with a block amphiphile phospholipid PEG on the surface, with the hydrophobic
segment (light blue) associated with the SWNT surface and the hydrophilic segment (green) attached to Cy5.5 fluorescent dye (red sphere) and/or RGD (or RAD)
peptide (blue cyclic ball structure). (G) An IVM fluorescence image of SWNT-laden circulating monocytes within tumor vasculature (example cell circled). Greyscale,
SWNTs; red, tumor blood vessels; green, enhanced green fluorescent protein (EGFP)-transfected tumor cells. Scale bar, 40 μm. (H) Representative intravital
micrograph of a tumor region (tumor cells, green; blood vessels, red; SWNTs, greyscale). Yellow arrows point to several SWNT-laden monocytes within the tumor
interstitium. Scale bar, 50 μm. Figures reprinted, with permission, from [23].
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dynamics of NAD(P)H metabolism in netosis [89], a neutrophil-associated inflammatory reaction.
Measurements from these studies revealed fundamental molecular drivers for cancers, such as
genetic or enzymatic responses to new treatments, are potentially vital components for cancer
therapeutic targets.

Recent advances in contrast-enhanced OCT techniques have empowered OCT for molecular
imaging of cellular biomarkers in vivo [16,38]. Boppart’s group demonstrated targeted molecular
imaging of HER2 in a breast cancer rat model using magnetomotive-OCT, in which antibody-
conjugated ferromagnetic iron oxide nanoparticles were used as molecular contrast agents [16].
With an applied changing magnetic field, the molecularly targeted nanoparticles rotate and agitate
the surrounding cells, leading to a change in the local optical scattering properties that can be
detected by OCT. In recent work, Si et al. reported that targeted polystyrene MBs can be used
as molecular contrast agents for OCT [38]. In this work, MBs were used to target LYVE-1, an im-
portant lymphatic biomarker susceptible to tumor metastasis and inflammation. After molecular
targeting, the LYVE-1-bound MBs were detected by OCT through their phase-variance signals.
With this technique, the dynamic expression of LYVE-1 was visualized in a murine inflammation
model. In the future, this technique can be used to study the molecular dynamics associated
with tumor-induced inflammation and lymphangiogenesis. Research is underway to develop
new contrast-enhanced OCT methods that allow monitoring of a wider range of tumor-
associated lymphatic vessel and blood vessel biomarkers, including vascular endothelial growth
factor receptor 2 (VEGFR-2), VEGFR-3, vascular cell adhesion molecule 1, platelet and endothelial
cell adhesion molecule 1, etc. These developments will further expand the capability of OCT to
characterize the TME in living subjects.

Combining IVM and OCT for Tumor Imaging
IVM and OCT are complementary techniques and multimodal systems combining the two
could enhance cancer imaging in a preclinical setting and support better malignancy diagnosis
in a clinical setting. Preliminary studies that integrate OCT with IVM in an endoscope or
cystoscope have shown potential for enhanced oncological characterization [101–105].
A key advantage of the combined OCT-IVM technique is that it allows simultaneous character-
ization of the anatomical structure and molecular characteristic of the imaged neoplasia.
A fluorescence-guided OCT approach was reported by Iftimia et al., who first used IVM to
screen colon cancer localization after intradermally injecting RGD peptide-conjugated fluores-
cent microparticles in a preclinical mouse model of colorectal adenomas and then used OCT to
validate IVM-identified neoplastic tissues and examine colon cancer morphology [106].
Pan [105] and Wang [107] further reported fluorescence-guided OCT cystoscopy for early
detection of bladder cancer in a rat model. By combining fluorescence cystoscopy and OCT,
false positives were reduced in bladder cancer detection [108]. In recent work, Tang et al.
integrated high-sensitivity fluorescence laminar optical tomography and OCT endoscopy
for structural and enzymatic activity imaging of the colon cancer in C57BL/6J-ApcMin/J mice
models [18]. Li et al. developed a multimodal endoscopic system with simultaneous
coregistered NIR fluorescence imaging and OCT, which allowed early detection of colorectal
cancer by simultaneously visualizing the microvasculature and morphological changes in the
gastrointestinal tract [19]. The imaging technique was demonstrated to successfully identify
and differentiate normal colon, hyperplastic polyp, adenomatous polyp, and adenocarcinoma
in a F344-ApcPircUwm rat model. Since most OCT contrast agents have emerged in recent
years and not yet been approved by the FDA, the integrated approach is promising at current
stage for improved morphological and molecular imaging of the tumors in clinical settings.
Further technological development to better integrate these two imaging approaches will
only increase our understanding of the complex cancer biology and its response to various
treatments [106,109].
Trends in Cancer, March 2020, Vol. 6, No. 3 217
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What next-generation imaging probes,
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Concluding Remarks
IVM and OCT are complementary optical imaging techniques in terms of resolution and imaging
algorithms, and optical designs can
further enhance the multiplexability
of IVM and OCT for in vivo tumor
imaging?

Can IVM and OCT scanning be sped
up 10–100 fold while maintaining high
spatial resolution to enable real-time
imaging of the cellular dynamics of
TME in a large tissue volume?

What standard guidelines are necessary
for IVM and OCT to evaluate the effec-
tiveness and safety of a new drug?

Could an in vivo tissue clearing
(e.g., CLARITY-like) technique emerge
in the future to break the depth of pene-
tration limits of IVM and OCT and allow
these optical imaging techniques to ac-
cess much deeper tissue sites?

Are IVM and OCT effective tools in clin-
ical oncology to diagnose early-stage
tumors, assess micro-metastases, and
predict and monitor the therapeutic
responses of novel cancer treatment
approaches (e.g., immunotherapies,
targeted therapies, antiangiogenic
therapies, etc.)?

To what extent can artificial intelligence
and machine learning improve
the performance and analysis of
optical microscopy and coherence
tomography for preclinical cancer
study and clinical cancermanagement?
depth, each providing unique perspective in basic cancer biology research and clinical oncology
investigation. IVM has high resolution (b0.5 μm, depending on wavelengths and optics) but limited
tissue penetration (b600 μm), whereas OCT enables deeper tissue penetration (2–3 mm), faster
scanning speed, andwider field of view at the expense of spatial resolution (5–10 μm). Both labeled
and label-free techniques are available for IVM and OCT. With multiplexed labeling, IVM is a very
powerful tool for cell tracking and molecular imaging of cancer drug delivery, gene expression,
and enzymatic activities in basic cancer research. Label-free techniques such as multiharmonic
generation allows IVM to image subcellular structures in the TME, such as extracellular matrix
and lipid bodies. Intrinsically, OCT is a label-free technique that allows tumor anatomy imaging
and tumor margin detection. This capability has been advanced significantly in recent years by
novel optical design and imaging algorithms. Emerging contrast agents and labeling techniques
have extended the capability of OCT for physiological, cellular, and molecular imaging of cancer
in living subjects, opening new realms of basic cancer research and clinical oncology investigation.
We have summarized various emerging IVM andOCT techniques that have been used for anatom-
ical, physiological, cellular, andmolecular imaging of cancer in Table 2. Endoscopic design combin-
ing IVM and OCT in a multimodal imaging system permits more thorough characterization and
more accurate detection of cancers in the gastrointestinal tract and urinary bladder.

Future IVM and OCT innovations in optical design, algorithm development, and contrast agents will
further empower preclinical and clinical cancer imaging to reveal more profound insights into can-
cer biology and to enable exciting clinical oncology applications (see Outstanding Questions).
Extending the multiplexability could be a major technological advancement for IVM and OCT in
the future with the advances of new contrast agents, labeling techniques, and algorithms. For ex-
ample, development of better spectral unmixing techniques permits simultaneous excitation and
detection of seven fluorophores expressed in distinct cellular and tissue compartments using
MPM [110]. Such imaging resolves more labels and captures greater information about cancer
cell type, cell state, and tissue architecture in living subjects. Innovation in in vivo super-resolution
microscopy, which relies on advances in structured illumination, stochastic techniques, and adap-
tive optics, will open whole new research avenues to significantly advance our understanding of
molecular-scale dynamics in cancer biology. Such imaging techniques have been demonstrated
recently for imaging the living brains of zebrafish and mice [111]. Combination of in vivo optical im-
aging with correlative electron microscopy imaging [112], downstream molecular profiling using
flow cytometry [113], RNA sequencing [114], and proteomics [115] can further extend the capabil-
ities of optical microscopy and coherence tomography for molecular cancer research. Superfast
IVM and OCT that is more than 10–100 times faster than current scanning speed would enable
real-time tracking of cellular and molecular activities in a wide field of view. For example, the devel-
opment of swept-source OCT techniques [116] has increased the OCT scanning rate by 50 times
and will continue to improve the speed of OCT in the future. In addition to hardware improvement,
the development of advanced computer algorithms, cloud computing, and artificial intelligence will
significantly facilitate the analysis of large IVM and OCT datasets in the future. These analyses are
highly promising to enhance the accuracy and efficiency of early cancer detection, classification of
cancer types, intratumor heterogeneity mapping, therapeutic response monitoring, and alignment
of imaging results with downstream molecular analysis in the future.
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