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Abstract

Development of a handheld confocal microscope for fluorescence-guided neurosurgery
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Surgery remains a critical step in the standard-of-care of many brain tumors, and the ability
to identify tumor margins intraoperatively is central to achieving maximal tumor resection with
minimal neurological damage. Unfortunately, the tumor boundary is often ambiguous under
current imaging techniques for neurosurgical guidance (e.g. MRI and wide-field microscopy) due
to their limited resolutions, and the assessment of tumor-brain interface can only be definite via
slide-based histopathology, an invasive and laborious post-operative procedure. In recent years,
there is a growing interest in developing handheld confocal fluorescence microscopy as a non-
invasive and real-time imaging tool to distinguish normal and abnormal tissue with sub-cellular
precision, ultimately improving the completeness of tumor resection. Although intraoperative
confocal microscopes are commercially available, they typically provide either limited frame rates
or suboptimal resolutions. In light of these concerns, we have developed a novel handheld confocal

microscope for neurosurgical guidance based on the line-scanned dual-axis confocal (LS-DAC)



architecture, a more recent optical-sectioning design that provides both high-speed and high-
resolution tissue imaging. This manuscript documents the development of the device, including 1)
an early-stage feasibility study utilizing a tabletop prototype, 2) hardware and software
development of the handheld device, with fully packaging into a clinically viable imaging system,
3) performance evaluation and optimization using animal models, and 4) a pilot clinical study
collaborating with neurosurgeons to image human brain tumors. In the final chapter, a proposed
surgical workflow is provided for the future clinical use of this device, along with a detailed
discussion on the remaining challenges for the clinical acceptance of this new technology as a

routine imaging tool for neurosurgical guidance.
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Chapter 1: Introduction

1.1  Clinical needs

Gliomas are the most common primary malignant brain tumor in adults, and are considered
one of the deadliest cancers. Patients with glioblastoma (World Health Organization [WHO] Grade
IV glioma) have a median survival of 14.6 months and a 2-year survival rate of 26%, even when
optimal treatment is provided. In the current standard-of-care, surgery remains the first step in
effective management of all gliomas, in which the primary objective is to maximize the extent of
resection while avoiding neurological damage [1, 2]. Mounting evidence suggests that more
extensive neurosurgical resection of low- and high-grade gliomas is associated with increased
overall survival and life quality of the patients [3-10]. Unfortunately, most patients do not receive
an optimal extent of resection due to the diffusive nature of glioma cells, in which the tumor
margins are indistinguishable from the surrounding normal brain with conventional visualization
method, namely, visual inspection with standard low-power white-light surgical microscopes [11].
To improve glioma resection, a number of intraoperative techniques are currently in use. These
include intraoperative neuronavigation based on pre-operative magnetic resonance imaging (MRI),
intraoperative ultrasonography, and intraoperative MRI [1]. Of these methods, intraoperative
neuronavigation — despite being well-known for shortcomings such as brain shift [12] — has
emerged as a standard-of-care, whereas intraoperative ultrasonography and intraoperative MRI
remain uncommon due to the high cost and/or technical expertise required [1]. However, despite
the availability of these technologies, the reported rates of gross-total resection (GTR) — the
complete resection of contrast-enhancing region based on post-operative MRI — remains low:
ranging from 14-46% for low-grade gliomas (LGGs) [13-21] and 33-76% for high-grade gliomas

(HGGs) [22-26]. A fundamental limitation of these low-power wide-field imaging techniques is



that each pixel (i.e. the resolvable spot) in a low-resolution image represents an average over many
cells, thus lacking the spatial resolution and the sensitivity to detect disseminated tumor cell
populations at the tumor margins [27]. While frozen-section pathology has been routinely used to
provide preliminary diagnosis during the course of glioma resection, this strategy is invasive
(requires biopsy), time consuming (> 20 mins), and is known for introducing artifacts and sampling
errors. Over and above the goal of achieving GTR, there is a need to visualize and quantify tumor
burden beyond the radiographic margins, as it is well known that glioma cells infiltrate beyond the

regions of MRI contrast-enhancement [28] (Figure 1.1).

Figure 1.1

o0 <1% tumor cells

> 90% tumor cells

°
8- 5-50% tumor cells
-0

Figure 1.1  Simplified illustration of the distribution of tumor cells in glioma patients. The
tumor margins are ambiguous since there is a gradient in the ratio of tumor to normal cells as a

function of distance from the tumor core, with disseminated cell populations at the margins.

1.2 Fluorescence-guided surgery (FGS): an emerging technique

The idea of using fluorescence to improve visualization of abnormal cells with respect to
the surrounding normal brain tissues is not new. It can be dated to 1948 when Moore reported the

first fluorescence-guided neurosurgery using fluorescein [29, 30], a non-toxic fluorescent contrast
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agent that is now widely used for many in vivo applications in human. However, the efficacy of
fluorescein-guided neurosurgery remains controversial over the past decades, because fluorescein
does not show specific affinity to tumor cells [31, 32]. In recently years, the advancements of
intraoperative imaging technologies and fluorescence contrast agents provide new opportunities
for this old technique to improve brain tumor resections [28, 33-35] (Figure 1.2). For example, the
adaptation of high-resolution optical-sectioning microscopy (e.g. confocal or two-photon
microscopy) for neurosurgical guidance as a non-invasive real-time alternative for conventional
neuropathological examination has emerged as an active research area [36-42]. In 2011, a pilot
study led by Sanai first demonstrated the feasibility of using a confocal fluorescence endoscope
(i.e. the Optiscan® system, now rebranded as the Convivo® system, commercially available
through ZEISS®) for neurosurgical guidance, and successfully identified cancer-indicating
histopathological features (e.g. vascular neoproliferation, neuronal satellitosis, efc.) with contrast
provided by fluorescein. When used in guiding neurosurgery, fluorescein is typically administrated
through intravenous injection right before imaging, providing a sharp contrast of the bright
vasculature over a dark background to the normal brain [36]. In regions where the blood-brain
barrier (BBB) is disturbed (e.g. the angiogenic or the enhancing regions of malignant gliomas),
fluorescein leaks into the extracellular space, providing a bright background that contrast against
the cells and other tissue structures that appear as dark shadows with different grayscale levels [31,
43]. In a follow-up blinded clinical study, diagnoses based on the cytoarchitecture and
microvasculature of intraoperative confocal images showed a 92.9% accuracy when compared to
the gold-standard approach [44].

In recent years, numerous reports have detailed the benefits of FGS for HGG resection

using 5-aminolevulinic acid (5-ALA), the first ever metabolic (i.e. targeted) optical imaging agent
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approved by the United States Food and Drug Administration (U.S. FDA) for neurosurgical
guidance. In brain tumor patients, 5-ALA has been used as an orally administered prodrug that is
intra-cellularly metabolized by mitochondria to become the fluorescent molecule protoporphyrin
IX (PpIX). This heme-synthesis pathway substrate accumulates preferentially in glioma cells and
epithelial tissues, emitting red fluorescence (Aen = 600-700 nm) when excited with violet light (Aex
= 400-410 nm). A landmark phase III clinical trial in Europe led by Stummer demonstrated that
the use of this technique in HGG surgery resulted in higher rates of GTR (65% vs. 36%) and 6-
month progression-free survival (41% vs. 21.1%) compared to the control groups [45]. While this
visualization method (i.e. standard wide-field surgical microscope) is simple and is effective in
detecting strong fluorescence from HGG, it is less effective for identifying residual tumor
infiltration beyond MRI contrast-enhancing regions, where the fluorescence signal declines
(presumably due to a reduction of tumor cell density and PpIX levels). This method is also less
effective in guiding the resection of LGGs, which often do not generate sufficient PpIX
fluorescence to enable detection by conventional visualization technologies. Fortunately, it has
been shown that with more advanced visualization technologies, intraoperative detection of PpIX
fluorescence in LGGs [11, 46], at infiltrative margins [47-49], and from sub-surface tumors [50-
56] is possible, potentially extending the utility of 5-ALA-based FGS. The recent FDA approval
of 5-ALA-based neurosurgery in 2017 presents a timely opportunity to develop high-sensitivity

molecular imaging technology to further improve the effectiveness of this emerging technique.
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Figure 1.2

Fluorescein-based 5-ALA-bsaed

Macroscopic
visualization

+
Resolution
/ sensitivity

Field-of-view

Microscopic
visualization

Figure 1.2 Overview and comparison of common visualization technologies for of
fluorescence-guided neurosurgery. (a) Imaging methods based on free-standing microscopes
typically provide the macroscopic fluorescence expression over a large field-of-view that can
cover the entire surgical cavity. (b) Example image of macroscopic fluorescein accumulation in
brain tumor, where the BBB is disrupted. (¢c) Example image of macroscopic accumulation of 5-
ALA-induced PpIX fluorescence in a HGG case. The pink fluorescing region corresponds to the
bulk tumor while the blue back-reflected light is from the illumination source at ~405 nm. (d)
Alternatively, the fluorescence signal can be visualized with probe-based high-resolution methods,
which are designed to be placed very close to, or in direct contact with the tissue surface, providing
a number of advantages such as flexibility to access difficult-to-reach locations within the tumor
cavity, and high optical-detection sensitivity, at the trade-off of a reduced field-of-view. (e)
Example of microscopic visualization of the cytoarchitecture of brain tumors using fluorescein as
the contrast agent, showing a neuronal satellitosis, which is an indicator of maglinant tumor. (f)
Example of microscopic (sub-cellualr) expression of PpIX fluorescence using a high-resolution

optical-sectioning microscope.
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1.3 Current visualization technology for FGS

Visualization technologies for 5-ALA-induced PpIX fluorescence in gliomas can be
grouped into free-standing systems and probe-based systems. Free-standing imaging systems
consist of standard wide-field (WF) operating microscopes (e.g. ZEISS Pentero®, Leica M530%,
etc.) or other custom microscopes that operate on a similar principle: namely, by illuminating a
large field (usually the entire surgical cavity) at one excitation wavelength while imaging the
resultant fluorescence signal onto a detector array (camera), or through an eyepiece, to the unaided
eyes of the surgeon. Such techniques have the advantage of providing a large field-of-view (FOV),
but are incapable of visualizing individual cells due to a trade-off between FOV and spatial
resolution. Since each pixel of a low-resolution WF image represents an average signal from a
large number of cells, all of which can produce non-specific autofluorescence and other
background fluorescence, the sensitivity to detect sparse fluorescently labeled cell populations (e.g.
disseminated tumor cells at the margins) is reduced (Figure 1.3a). In addition, the long working
distance of free-standing surgical microscopes results in a further reduction in optical detection
sensitivity (the inverse-square law). In contrast to free-standing microscopes, probe-based imaging
systems are designed to provide a higher-magnification view of localized regions within the
surgical site, with FOVs ranging from sub-millimeter to centimeter scales. Probe-based methods
in general imply higher sensitivity because the probes are designed to be placed very close to (a
few millimeters at most) or in direct contact with the tissue surface, resulting in more efficient
light delivery and collection compared to non-contact visualization methods [57] (Figure 1.3b).
This section provides a brief discussion of the strengths and weaknesses of the current technologies

for intraoperative fluorescence visualization in neurosurgery.
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Figure 1.3

a Low magnification High magnification b

Pixel size Pixel size
— >

Light source

X
¥y
e ST ES | IR
) On

¥

¥
CReES ST (o IO |
¥

&

¥y

¥
¥ XL, L

WX

' Tumor cell

o

X
¥

¥
b | X ¥ ¥
AT Py ! ¥ Normal cell . - .
¥ * Same effect on both illumination and collection
W

A
N & SN0
&

o B

¥
. ¥
A0, S
 Hhgac I ey ¥ - p
C” A ] | C
- el A Widefield Confocal
' Readout ' Readout
) X Spatial
= Signal filter
-=e:- Background
Tumor I
! Objective Objective
Background v v
Tissue Tissue
Disseminated tumor cells MISSED  Disseminated tumor cells DETECTED Confocal

Figure 1.3  Factors that affect the sensitivity of fluorescence-based tumor detection. (a) The
“averaging effect” due to low spatial resolution reduces the signal-to-background ratio of optical
detection, which therefore reduces the ability to detect sparse disseminated tumor cells that exhibit
a differentially higher level of fluorescence compared to the adjacent normal cells. (b) A longer
working distance is typically associated with reduced sensitivity due to a reduction in signal
collection with distance according to the inverse-square law. (¢) Wide-field imaging in thick tissue
is subject to a strong background due to insufficient rejection of out-of-focus and multiply
scattered light. High-resolution optical-sectioning techniques, such as confocal microscopy, can

enable sensitive detection of individually labeled cells and sub-cellular features.

1.3.1 Wide-field surgical microscopy

The first report on 5-ALA-based FGS of gliomas was published in 1998 by Stummer and
colleagues in Germany [58, 59]. The benefits of this method were subsequently demonstrated and
documented in a collection of reports from around the world, prompting the development of

commercial wide-field fluorescence microscopy systems (e.g. ZEISS Blue400® and Leica FL400®)
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for 5-ALA-based FGS. These systems consist of add-on modules to existing white-light surgical
microscopes (e.g. ZEISS Pentero® and Leica M530®, respectively) with optimized filter sets for
inducing and collecting PpIX fluorescence. For example, the Blue400® module consists of a filter
set that provides an excitation wavelength at 400-410 nm and a collection wavelength at 620-710
nm, both of which are optimally matched to the excitation and emission spectra of PpIX. In
comparison to the early systems used by Stummer et al. in 1998 (Aex = 375-440 nm; Aem => 455
nm), the newer systems provide higher excitation efficiency as well as superior rejection of
autofluorescence background and back-scattered excitation light, therefore improving the image
contrast.

As a commercialized technology for 5-ALA-based FGS, free-standing WF surgical
microscopy provides a straightforward and intuitive means to visualize macroscopic PpIX
fluorescence in real time over a large FOV. However, as previously mentioned within this
manuscript and other reports, this method has several limitations [28, 35, 57, 60, 61]. First, WF
imaging often does not provide sufficient resolution or sensitivity to visualize sparse foci of
fluorescence, such as the weak sub-cellular distribution of PpIX in LGGs and disseminated tumor
cells at the diffuse margins of all gliomas. Second, WF imaging in thick tissue is subject to high
levels of background signal due to the inefficient rejection of out-of-focus light, further reducing
its sensitivity to detect weak fluorescence (Figure 1.3c). Third, there is often a steep angle of
incidence between the focal plane of standard operating microscopes and the walls of a resection
cavity, which results in defocused regions and blind spots, especially within sulci and behind bends.
Finally, almost all current WF techniques for visualizing of PpIX fluorescence are not quantitative
but rather rely upon the subjective judgements of the surgeon to determine what colors and

intensities correspond to tumor, benign, and/or mixed cell populations. In short, since the detected
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fluorescence signal is influenced by a number of parameters such as tissue optical properties (e.g.
scattering and absorption) and non-specific auto-fluorescence background, there is a nonlinear and
often non-intuitive relationship between the detected fluorescence signal and actual fluorophore

concentrations.

1.3.2 Wide-field fluorescence endoscopy

Initial efforts to develop endoscopic probes for 5-ALA-based FGS aimed to provide
visualization of PpIX fluorescence from deep-seated tumors and other regions that are not easily
accessed by standard free-standing surgical microscopes. In general, the detection sensitivity of
such endoscopic imaging probes is superior to that of conventional surgical microscopes due to
the shorter working distance of the miniature probes that are positioned much more closely to the
tissue surface, but at the cost of a reduced FOV. In 2007, Tamura and colleagues reported on the
use of a modified commercial endoscope to visualize PpIX fluorescence in an intraventricular
malignant glioma and used this method to obtain an image-guided biopsy that was confirmed
malignant by gold-standard histopathology [62]. As noted by the authors, the main modifications
made to the endoscopic system, to enable PpIX visualization, were the use of a high power (300
mW) 405-nm laser source in addition to a high-sensitivity charge-coupled device (CCD) camera.
This study did not report the effect of photo-bleaching, but it should be noted that the illumination
power used was significantly higher than in other studies in which photo-bleaching was observed
[47, 63]. At around the same time, Potapov and colleagues performed a pilot study using a custom
endoscope (now commercially available through Karl Storz®) to visualize PpIX fluorescence in
17 patients (mostly grade IV gliomas) [64]. According to the surgeons involved in the study, the

endoscope allowed for more-thorough inspection of the surgical cavity without applying traction
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to the brain tissue (the practice of using surgical tools to reveal blind spots, which can potentially
be harmful to the patient). More recently, Belykh and colleagues showed that the use of a scanning
fiber endoscope (SFE) enabled the detection of PpIX fluorescence near the margin of an infiltrative
glioma in a preclinical mouse model for which the fluorescence level was below the detection limit
of a standard WF operating microscope [47]. The SFE technology utilizes an innovative scanning
mechanism to rapidly actuate a single-mode fiber tip, allowing for high-resolution imaging (spatial

resolution of ~20 um) at video rate with a compact probe head (@ ~2 mm).

1.3.3 Quantitative spectroscopy

As previously mentioned, the raw intensity detected by a fluorescence microscope can be
misleading because it is affected by tissue-dependent optical properties such as light absorption
and scattering, as well as optical detection parameters such as working distance and angle of
detection. Unlike fluorescence microscopy, which measures the total signal within a relatively
broad range of wavelengths (tens to hundreds of nanometers), spectroscopy measures the signal
within individual wavelength bins over a wide spectrum. Studies have shown that this spectrally
resolved fluorescence signal can be used to infer certain tissue optical properties with the aid of
numerical models, resulting in more accurate and more sensitive measurements of the relative, or
in some implementations, absolute concentration of fluorophores such as PpIX. A number of
different spectroscopic probes have been developed by research groups and companies for 5-ALA-
based FGS of gliomas [65-69], and have also been demonstrated in a collection of clinical studies
to improve the sensitivity of PpIX fluorescence detection in patients with LGGs [46, 65, 70]. In

addition to providing more accurate and linear measurements of PpIX concentration, these
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spectroscopic probes share the advantages of other probe-based imaging modalities such as
flexibility and improved sensitivity compared to free-standing imaging methods.

As mentioned in the previous paragraph, probe-based spectroscopy can provide accurate
quantification of PpIX concentration at localized points of interests, and it is technically
challenging to achieve PpIX quantification across an entire surgical cavity. In 2012, however,
Valdes and colleagues developed a WF imaging version of intraoperative spectroscopy to quantify
PpIX concentrations over a large and spatially resolved FOV (i.e. a PpIX heat map) at low
magnification [48, 71]. This system was based on a standard surgical microscope (ZEISS
Pentero®), in which the main modification was the placement of a liquid crystal tunable filter in
front of a monochrome digital camera to achieve spectrally resolved detection over time. A trade-
off is that the frame rate was limited to ~1 Hz to achieve sufficient spectral resolution and signal-
to-noise ratio (SNR) for a spectrally resolved image over a large area [48, 71]. More recently,
refined algorithms have been developed to process these hyperspectral images, in which improved
sensitivity and accuracy of PpIX quantification has been demonstrated in image phantoms and in

patients [72].

1.3.4 Deep-tissue imaging techniques

Deep-tissue imaging is desirable to detect tumor infiltrates and residual tumors below the
surgical margin, but visualizing PpIX fluorescence at depth is challenging due to the fact that PpIX
is optimally excited at 405 nm, a wavelength that is subject to strong scattering in tissue as well as
strong absorption by blood [73]. If high-resolution (cellular resolution or better) imaging is desired,
imaging depths are typically limited to ~100 microns in tissue. However, PpIX exhibits a broad

excitation spectrum with a few minor absorption peaks at longer wavelengths, which allows for
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larger penetration depths at the cost of reduced efficiency of fluorescence generation. A number
of fluorescence tomography systems have been designed to operate at near 630 nm and have been
shown to successfully detect subsurface PpIX fluorescence at depths of up to a few millimeters in
tissue [50, 54, 56], including intact mouse brains [51]. These tomographic systems typically have
a limited frame rate due to the long integration time (on the order of a minute) that is necessary to
achieve sufficient SNR, in addition to the time-consuming computational process of tomographic
reconstruction. A major difference amongst various systems has been the illumination/detection
method employed. For example, in 2009, Kepshire and colleagues developed a system that enabled
tomographic PpIX imaging through an intact mouse skull, in which the illumination beams were
launched at multiple angles using fan-beam scanners, and detection was performed with an array
of time-resolved photomultiplier tubes (PMT) [51], a setup that is similar to standard X-ray-based
computed tomography (CT). In 2012, Konecky and colleagues developed a fluorescence
tomography system based on spatial frequency domain imaging (SFDI) [50], a relatively new
technique that uses spatially modulated (i.e. patterned) illumination light to achieve quantitative
depth-resolved imaging [74]. This system also utilized multiple wavelengths to correct for changes
in tissue optical properties, and to therefore achieve more-accurate quantification of PplX
concentrations. Other model-based methods have also been explored to quantify fluorophores at
depth by exploiting the redshift of the emission spectrum due to depth-dependent attenuation of
light [53-55, 75]. Based on these models, wide-field imaging systems have been developed with
red-light excitation to provide depth-resolved and quantitative measurement of PpIX up to several
millimeters deep in turbid media with spatial resolution of about 1 mm [54, 55]. The clinical
feasibility of this technique has also been demonstrated recently by Roberts and colleagues in a

clinical study of 29 patients (including HGG, LGG, and other brain tumors), in which PplIX
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fluorescence was successfully detected at depths up to 5 mm, using red-light (620-640 nm)

illumination and detection through a 650-nm long-pass filter [56].

1.3.5 Probe-based confocal microscopy

Confocal microscopy is perhaps the most ubiquitous optical-sectioning microscopy
technique, in which spatial filters (such as pinholes and slits) are used to reject out-of-focus and
multiply scattered background light. Confocal microscopes can generate high image contrast and
sub-micron spatial resolution at imaging depths of up to ~100 microns within thick tissues. In
terms of in vivo imaging, in 2011, Sanai and colleagues reported on the use of a handheld confocal
microscope probe to visualize microscopic PpIX expression in LGGs within patients, in which
PpIX fluorescence was undetectable with low-magnification WF fluorescence surgical
microscopy [11]. It should be noted that the commercial intraoperative confocal microscope
(ZEISS Optiscan®) utilized in the pilot study was not optimized for visualizing PpIX fluorescence
since an excitation wavelength of 488 nm was utilized instead of a more-optimal wavelength of
405 nm. Furthermore, this device, which was based on a conventional point-scanned single-axis
confocal architecture, had a relatively slow frame rate of <1 Hz that was limited by the miniature
2D scanning mechanism used in the device, which made it susceptible to motion artifacts (blurring
and image distortion) during handheld use (Figure 1.4a). A number of other intraoperative confocal
probes have also been developed based on coherent fiber bundle technology [76, 77] (Figure 1.4b),
which eliminate the need to incorporate a complex scanning mechanism in the probe head and thus
provides advantages such as high flexibility, small form factors, and high frame rates, at the cost
of a reduced spatial resolution and sampling density due to the use of the fiber bundles. A

commercial fiber-bundle confocal endomicroscope (i.e. the Cellvizio® system by Mauna Kea

21



Technologies) has recently received FDA approval for neurosurgical use, with separate devices
designed to operate at 488 nm and 800 nm, which are the optimal wavelengths to visualize
fluorescein and indocyanine green (ICG), respectively. The major limitation of this technology for
visualizing PpIX fluorescence is that the ion-doped fiber bundles in these systems generate
significant auto-fluorescence in the 600-700 nm wavelength range when the fibers are used to
transmit 405-nm illumination light, which overwhelms the PpIX signal from biological tissues
[78]. In addition, the Cellvizio® system does not allow for adjustment of the imaging depth without
switching the fiber-bundle probes.

In order to overcome some of the limitations of previous confocal microscopy probes, an
alternative confocal architecture has been proposed [79, 80] and continues to be refined for high-
speed high-resolution technique for intraoperative visualization of PpIX fluorescence in gliomas.
This new confocal design utilizes a line-scan dual-axis confocal (LS-DAC) architecture (Fig. 1.4c)
with spatially separated illumination and collection beams to achieve high image contrast — due to
more efficient rejection of out-of-focus and multiply scattered light in comparison to conventional
single-axis confocal microscope — with the added advantage that chromatic differences between
the beams are less problematic since the illumination and collection beams can be independently
aligned. The device utilizes a line-by-line scanning mechanism that easily enables a high frame
rate of >15 Hz, which minimizes motion artifacts during handheld use and preserves the dynamic
information (e.g. blood flow). Technical details about DAC microscopy will be discussed in the

next chapter.
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Figure 1.4
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Figure 1.4  Comparison of major probe-based confocal systems. (a) The conventional point-
scanned single-axis confocal microscope (e.g. the Optiscan®/Convivo® systems) utilizes a high
numerical-aperture (NA) scanning objective lens to achieve high-resolution optical-sectioning, but
typically has limited frame rates (~1 Hz) due to the use of a miniature 2D scanning mechanism.
(b) Coherent fiber bundle based confocal microscopy (e.g. the Cellvizio® system) does not require
the incorporation of a complex high-speed 2D scanning mechanism in the probe head and thus
provides advantages such as high flexibility, small form factors, and high frame rates (>10 Hz),
but at the cost of reduced image quality. (c) Line-scanned dual-axis confocal (LS-DAC)
microscopy utilizes spatially separated low-NA line-focused beams and a simple low-speed 1D

scanner to achieve video-rate diffraction-limited confocal imaging.

1.3.6 Summary & discussion

Free-standing, non-quantitative WF microscopy remains the most widely used
visualization technology for FGS of gliomas, and has been shown to be a clinically safe and simple
method to enhance the intraoperative visualization of malignant gliomas compared to conventional

methods. However, this method still lacks the sensitivity to effectively guide the resection of tumor

23



in LGGs, or at the infiltrative margins of all gliomas, where tumor burden decreases. As
summarized in Figure 1.3, some of the key factors that limit the sensitivity of free-standing WF
microscopy are: 1) the “averaging effect” due to low spatial resolution, which reduces the contrast
for detecting disseminated and sparse cells; 2) the poor optical detection sensitivity due to the long
WD of a free-standing microscope; and 3) the higher background due to out-of-focus and scattered
light, in comparison to optical-sectioning techniques that suppress this tissue-induced optical
background. Furthermore, it is necessary to maintain a constant working distance and a
perpendicular angle between the WF microscope and the tissue to ensure image quality, whereas
tumor cavities are often out-of-range or not completely in focus for fluorescence microscopes with
fixed working distance. In addition, sidewalls are difficult to visualize because of their steep angle
with respect to the illumination source and optics. WF systems that are capable of quantitative and
subsurface fluorophore imaging have been developed but are not yet commercially available. A
number of WF fluorescence tomography systems have been developed to detect deep-seated
tumors below the surgical surface, but have typically improved the imaging depth at the cost of
further reducing optical detection sensitivity. Probe-based imaging methods have been developed
to mitigate many of the limitations of WF imaging systems, aiming to provide more sensitive and
quantitative detection of PpIX fluorescence in gliomas, at the cost of a smaller FOV and increased
design complexity. The key trade-offs and the status of clinical translation of these imaging

systems have been summarized in Table 1.
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Chapter 2: Dual-axis confocal (DAC) microscopy

The microscopic evaluation of slide-mounted surgical and biopsy specimens with tabletop
microscopes is currently regarded by the medical community as the “gold standard” for disease
diagnosis. However, this core technology for clinical pathology has certain limitations that can
lead to poor inter-observer concordance and limited diagnostic accuracy for prognostication and
prediction of treatment response. For example, the invasive physical resection of tissues is often
not desirable for a patient, especially in cases where the tissues are of functional importance (e.g.
brain), cosmetic value (e.g. skin), and in cases where there is a low probability of malignancy (e.g.
biopsies of suspicious lesions in the oral cavity). In addition, dynamic information (e.g. blood flow)
and physiological parameters (e.g. pH, oxygenation, electrolyte concentration, etc.) are often lost
or altered during ex vivo tissue processing, which reduces diagnostic accuracy. Once tissues are
excised, the standard procedure of sample preparation — involving fixation, dehydration, wax
embedding, sectioning, mounting of tissue sections on glass slides, and staining — is labor-intensive
and time-consuming, potentially resulting in treatment delays. Moreover, the multi-step procedure
is known to introduce artifacts (e.g. shrinkage and cracking due to dehydration and/or other
process-induced errors) as well as sampling errors since only a small fraction of most tissue
specimens are processed onto glass slides for imaging. Therefore, there has been a long-standing
interest in developing in vivo microscopes for real-time non-invasive microscopic examination of
vital tissues. Such in sifu evaluation circumvents the drawbacks of ex vivo tissue processing and
provides immediate (and potentially more accurate) feedback to the clinicians, thus accelerating
(and improving) the diagnostic and therapeutic processes.

Over the past few decades, various research prototypes and commercialized portable in

vivo microscopy systems have been developed to address a host of clinical needs [39, 42, 80-105].
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Many of these devices have been based on the technology of confocal microscopy [106], which
provides cross-sectional images of intact samples (i.e. optical sectioning) with high resolution and
contrast (i.e. the signal-to-background ratio, SBR). In confocal microscopy, a spatial filter (e.g. a
pinhole or slit) is placed at a conjugate image plane so that only the signal originating from a
localized focal volume within the tissue is efficiently transmitted onto a detector, while out-of-
focus and multiply scattered photons (from tissue regions away from the focal volume of interest)
are largely blocked by the pinhole (or slit). In order for a conventional confocal microscope
(referred to as a single-axis confocal, SAC, microscope in this document) to achieve subcellular
resolution while retaining adequate FOV and working distance, a bulky high numerical aperture
(NA) objective lens and a complex scanning mechanism are typically needed. A portable SAC
microscope that images with high resolution and contrast is technically difficult to engineer but
has been realized by several academic or industrial groups [81-89, 91, 94-97]. As an alternative to
conventional SAC microscopy, DAC microscopy relaxes, to some degree, the requirements for
high-NA focusing in order to achieve efficient optical sectioning, and provides certain benefits (as
described later in this chapter) for the miniaturization of confocal microscopes down to the scale
of several millimeters. In addition, DAC microscopy has demonstrated superior enhancement of
contrast and depth (which is useful for tissue imaging) compared to SAC microscopy [79], further
improving its clinical value as a non-invasive and real-time alternative to conventional biopsy and

histopathology.

2.1  Theory

Dual-axis confocal (DAC) microscopy, which was inspired by the concept of “theta”

confocal microscopy [107-109], was developed in the early 2000s to overcome many of the
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limitations of conventional SAC microscopes for miniaturization and for achieving a long working
distance [110, 111]. DAC microscopy achieves optical sectioning using the same basic principle
of confocal detection as conventional SAC microscopy, in which a spatial filter is used to reject
out-of-focus light. The fundamental difference between SAC and DAC is how the focal volumes
are generated and defined. In the SAC configuration, the illumination and detection optics share
the same objective (Figure 2.1a), which alone defines the focal volume of the system. However,
in a DAC system (Figure 2.1b), the illumination and collection beam paths (blue and green lines,
respectively) do not overlap except at their foci. The effective focal volume of a DAC system is
therefore defined by the region where the two individual foci intersect (black oval).

The spatially separated illumination and collection path of the DAC architecture provides
many advantages. First, in a DAC configuration, the effective axial resolution (i.e. optical
sectioning thickness) of the system is proportional to 1/NA, rather than 1/NA? as in a SAC
configuration, allowing a DAC system to achieve more effective optical sectioning using low-NA
lenses (NA <0.5), which are often lower in cost and more easily miniaturized. Second, the use of
low-NA lenses creates a longer working distance such that it is possible to place a scanning mirror
between the focusing optics and the sample [112]. This post-objective scanning ensures that the
beam always travels on-axis through the focusing optics regardless of the angle of the scanning
mirror. Since off-axis aberrations are no longer of concern, simple inexpensive low-NA lenses
such as injection-molded aspheres may be used. The use of low-NA lenses is valuable for
miniaturization because they allow the objective lenses to be scaled down to a few millimeters
while maintaining a reasonable FOV and working distance. Third, the DAC architecture has been
shown to improve the imaging contrast (thus imaging depth) in highly scattering fresh tissues,

mainly because that the smaller acceptance cone of the low-NA collection lens, and the well-
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separated illumination and collection beam paths, are better at rejecting the multiply scattered
photons [113, 114], which are the main contributors to the background for confocal images of
thick tissue. Finally, the illumination and collection beam paths can be independently aligned to

compensate for any chromatic effects due to the Stokes shift of fluorophores.
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Figure 2.1  Comparison of the optical configurations for a conventional single-axis confocal
(SAC) microscope and a dual-axis confocal (DAC) microscope. (a) In SAC microscopy, out-of-
focus light (an example beam path is shown with the dashed red lines) is not completely rejected
by the pinhole. (b) In DAC microscopy, out-of-focus light is directed away from the pinhole and
1s more effectively rejected, thereby improving the signal-to-background ratio (i.e. image contrast).
(c) In order to achieve a tight focal volume (black oval), a SAC microscope requires a high-NA
objective lens. This results in a short working distance that makes miniaturization and beam

scanning more difficult. (d) A DAC microscope uses low-NA off-axis illumination and collection
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beams, in which the focal volume is defined by the overlapping foci of the two beams. The use of
low-NA beams allows for a longer working distance, which provides advantages for

miniaturization and beam scanning.

Figure 2.2
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Figure 2.2  The theory of DAC configuration. Two low-NA beams (illumination and collection)
with focusing angles of a; and a., respectively, intersect at a half-angle of §. The focal volume
(black oval) of the system is defined by the product of the intersecting point spread functions (PSFs)
of the illumination (blue) and collection (green) beams. The dimensions of the focal volume (4x,
Ay, and Az) correspond to the spatial (lateral and axial) resolutions of the system. (b) The
theoretical axial response of a SAC and DAC microscope is shown, in which a point object is
translated through the focus of the microscope in the z direction. In this case, the SAC and DAC
microscopes have equivalent axial resolutions. The signal rolls off more quickly in a DAC system
(red) than in a SAC system (blue), showing that the axial sectioning performance (rejection of out-

of-focus light) is superior for the DAC configuration.

The point spread function (PSF) derived from diffraction theory predicts the theoretical
response of an imaging system under ideal conditions (i.e. the diffraction-limited performance). In

a typical DAC system (Figure 2.2), two low-NA beams with focusing angles of «; and a.,
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respectively, intersect at a half-angle of 6. Using diffraction theory under the paraxial
approximation [110, 115], the PSF of each beam can be calculated and is depicted by the blue and
green cigar-shaped ovals in Figure 2.2. The overall PSF of the DAC microscope is defined by the
product (the black oval) of the intersecting PSFs of the illumination and collection beams. For
truncated circular Gaussian beams, the amplitude PSF, U, which describes the spatial distribution
of the electric-field amplitude of a beam, is proportional to the Huygens-Fresnel diffraction
integral [116]:

U o [ W(p)Jo(p)pdp (1)
where W is the weighting function that accounts for the beam truncation, Jy is the zero-order Bessel
function, and p is a normalized spatial variable that describes the distance from the optical axis of
the beam (i.e. the beam radius).

The response of the DAC system to a delta-function point object (power received at the
detector), Ipac, is proportional to the square of the product of the illumination and the collection
amplitude PSFs, U; and U.:

Ipac o< |U; - Uel? 2)

The full-width at half-maximum (FWHM) extent of Ip4c is often used to quantify the
dimensions of the DAC focal volume, and provides an approximation of the spatial resolution of
the imaging system. By assuming that the illumination and collection wavelengths are identical (4

= Je = A), and that the focusing NAs of the illumination and collection beams are also identical (a;

= a. = a), the FWHM spatial resolution along each dimension can be calculated as [12]:

_ 0.297) _ 0.297A _ 0.297\
Ar = na-cosd, Ay T na o, Az = no-sing 3)
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where 7 is the refractive index of the medium, and 0 < 8 < 77/2. Note that these formulae assume
the use of pure Gaussian beams that are not truncated by apertures. For the case of apodized
(truncated) beams, a more-detailed treatment may be found in a previous publication [115].

In comparison, the theoretical resolution derived from diffraction theory for a SAC

microscope system with uniform illumination are [111, 117-121]:

Az =Ay =154 Az =3 )

These results indicate that the spatial resolution of a DAC system in the x and z directions
(the plane of intersection of the DAC beams) are #-dependent, and that the axial response, 4z, of
a DAC system is inversely proportional to the NA of the lenses, rather than to the square of the
NA as with a SAC microscope. This suggests that a DAC system is able to provide effective optical
sectioning even when low-NA lenses are used, especially when NA < 0.5, as is the case for DAC
microscopy. In addition, as shown in Figure 2.2b, the axial response of a DAC microscope will be
steeper compared with a SAC microscope that has an identical FWHM axial resolution.

The PSF and axial response derived from diffraction theory do not account for the effects
of scattering, which prevents ballistic photons (i.e. unscattered photons that are “diffraction-
limited” in terms of their trajectory and focusing abilities) from penetrating deeply within tissues.
Therefore, Monte-Carlo ray tracing models were developed to simulate the performance of various
DAC microscope configurations in scattering media [113, 114], including the role of o and & on
sectioning performance (contrast) [114, 122, 123]. The simulation results show that both the
imaging contrast (i.e. SBR) and axial resolution consistently improve as @ is increased, suggesting
that the crossing angle of the two beams in a DAC system should be maximized when possible. In
general, the contrast is more sensitive to the crossing angle whereas the resolution is sensitive to

both a (approx. the NA of beams) and 6 [122]. Maximizing both parameters typically gives the
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best performance, but also implies larger device sizes and/or shorter working distances, and

potentially creates additional aberrations in the system.

2.2 DAC imaging systems
2.2.1 Basic components

2.2.1.a Geometric orientations

DAC microscope prototypes were initially developed as tabletop systems with primarily
off-the-shelf optical components. For example, in several early systems [79, 110, 112, 114, 115,
124, 125], two low-NA (typically around 0.2) objective lenses were oriented at a half crossing
angle of 30 deg. Note that the NA and the crossing angle has been varied in different DAC systems,
and has often been determined by pragmatic concerns such as working distance and device size,
as well as the position and size of the scanning mechanism (e.g. galvanometric or MEMS-based
scanning mirrors).
2.2.1.b Post-objective scanning

As discussed previously, the long working distance of low-NA lenses provides room for a
scanning mirror to be placed after the focusing optics, making the system less sensitive to the off-
axis aberrations that can occur with pre-objective scanning. This scanning scheme allows for large
FOVs to be achieved even when small and simple focusing optics are used. Note that the same
scanning mirror may be used to steer both the illumination and collection beams simultaneously
(scanning the illumination beam while de-scanning the collection beam), which helps to ensure

that the beams remain well-aligned and that they always intersect at their foci.
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2.2.1.c Hemispherical solid immersion lens

The use of a hemispherical fused-silica solid immersion lens (SIL) has been a

distinguishing feature of many previous DAC microscope prototypes. The SIL provides several

advantages:

1. Minimizing off-axis aberrations: the curved surface of the hemisphere provides a normal

11.

11l

1v.

interface to both the illumination and collection beams, so that off-axis aberrations (e.g.
coma and astigmatism) are minimized.

Minimizing spherical aberrations: the wave-front curvature of the focused beams is
matched to the curved surface of the hemisphere, minimizing spherical aberrations that
would result from focusing a beam through a flat interface of two media (e.g. from air
to glass). Note that small aberrations will still occur during scanning when the beams
deviate from their neutral positions.

Refractive index matching: since the refractive index of fused silica (n =1.45) is similar
to that of most biological tissues, aberrations are minimized as the beams travel across
the interface between the tissue sample and the flat surface (distal surface) of the
hemisphere.

Increasing the effective focusing NA: if a beam is being focused from air into a higher
index material, the NA is typically preserved due to Snell’s law (where NA = n sina).
However, the curved surface of the hemisphere, when well-aligned, preserves the ray
angles of the focused beams, thus increasing the NA by a factor n. On the other hand,
the curved surface of the hemisphere also acts to de-magnify the scanning range of the

beams, to first order, by 1/n. For example, in the case of fused silica (n = 1.45), a 250-
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um axial translation of the stage causes the focal volume to translate ~150 pm within

the sample. Similarly, lateral translations are also de-magnified by roughly 1/a.

2.2.2. Variations of dual-axis confocal microscopy

Early DAC microscopes utilized point-focused Gaussian illumination in conjunction with
point-by-point confocal detection with a raster-scanned [105] or Lissajous-scanned trajectory [42].
While these systems successfully demonstrated the advantages of the DAC architecture, their
frame rates were often limited due to the point-scanned method of imaging. In addition to speed,
the ability to image deeper was also desired for many in vivo imaging applications. To extend the
potential of DAC microscopy, a wide range of DAC-variants have been explored. These
approaches can be grouped into two main categories based on their aims: 1) improving the imaging
speed by modifying either the scanning mechanism (e.g. with complex scanning mirrors [105, 126])
or the illumination patterns (e.g. line scanning [79, 123]); 2) improving the imaging depth (i.e.
image contrast) by using different light sources (e.g. near infrared lasers [105, 112], Bessel beams
[127]) or through advanced detection methods (e.g. temporal gating, lock-in detection [112, 115,

128]). This section surveys the variants of DAC system that were developed in the recent years.

2.2.2.a Line-scanned dual-axis confocal (LS-DAC) microscopy

In vivo imaging with a handheld device is subject to motion artifacts induced by the
subjects and users. For example, early miniaturized point-scanned (PS) DAC systems had a limited
frame rate of <5 Hz, which lead to frequent motion artifacts (blurring and distortions) during in
vivo use. Although it is possible for a PS-DAC system to acquire images at video rate [105, 118],
the FOV is often limited or the scanning mechanisms are complicated, expensive, and difficult to

scale down in size. As a result, a simpler line-scanned (LS) DAC microscopy (Figure 2.3) approach
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has been utilized in recent years to improve the imaging speed, with a trade-off in image contrast
due to the loss of confocality along one dimension (along the focal line). In brief, LS-DAC
microscopes illuminate a focal line in the sample, instead of a localized point. The focal line is
then imaged by the collection optics onto a linear detector. Since an entire line of pixels is imaged
and acquired simultaneously, the focal line only needs to be scanned in one direction to generate
a 2D image. In addition to reducing the cost and complexity of the scanning mechanism, line-by-
line data collection also has the potential to improve the SNR of the images because of the longer
effective pixel dwell times.

The first LS-DAC microscope utilized a cylindrical lens in the illumination path to generate
a long line-focus along the y axis of the imaging plane [79]. On the detection side, instead of using
a single mode fiber as in PS-DAC, a digital slit (cropped area-of-interest) was defined within a
detector array to serve as a spatial filter for confocal detection. This configuration eliminated the
need for a fast 2D scanning mirror to create an image, and high-speed imaging was easily achieved
with a slow 1D galvanometric mirror [125, 129]. The frame rate was thus primarily limited by the
sensitivity of the detector, rather than the mechanical scanning mechanism. It has been shown that
LS-DAC and PS-DAC microscopy exhibit comparable imaging performance at shallow depths (<
150 pum), but that the image quality (especially the contrast) of LS-DAC microscopy deteriorates

at deeper depths because of the compromised confocality of a LS system.
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Figure 2.3
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Figure 2.3  (a) In a point-scanned (PS) DAC system, light is tightly focused to a point within
the sample, and a pinhole is used for confocal detection. To create an image, the point is scanned
in two dimensions (e.g. following a raster- or Lissajous-scanned trajectory) and the image is
generated point by point. (b) In the case of a line-scanned (LS) DAC system, the illumination
objective lens is replaced with a cylindrical lens (CL) so that light is focused to a thin line within
the sample, and a slit is used for confocal detection. The focal line only needs to be scanned in one
dimension to create a 2D image. (c-d) Zoomed-in views of the scanning trajectories described in
(a) and (b) are shown, respectively. (e) Monte-Carlo scattering simulations to compare the signal-
to-background ratio (i.e. image contrast) of various microscope configurations when imaging an
in-focus reflective object within highly scattering biological tissues, as a function of depth. The
results show that both PS and LS versions of DAC microscopy provide superior image contrast in
scattering media when compared with their SAC counterparts. The normalized depth refers to the
number of mean free paths that ballistic photons would travel in a round-trip perpendicular path
from the tissue surface to the focal volume, i.e. L = 2u,d, where u; is the scattering coefficient,

and d is the imaging depth in the direction normal to the tissue surface.
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2.2.2.b Sheet-scanned dual-axis confocal (SS-DAC) microscopy

As discussed in the previous section, one of the drawbacks of LS-DAC microscopy is the
deteriorated image contrast due to the loss of confocality along the focal line. Sheet-scanned (SS)
DAC microscopy was developed to mitigate the reduced performance in LS-DAC microscopy by
utilizing the additional spatial information provided by a 2D detector array [130]. The key principle
of this approach is to partially mitigate the loss of confocality by utilizing the useful information
contained in the slightly “out-of-focus” regions near the focal line that are typically rejected by a
physical slit in a LS confocal microscope. In particular, if the crossing angle of a DAC microscope
approaches 90 deg, then the collection arm essentially images a “light sheet” generated by the
illumination arm, from which additional information is provided that can be used to perform 3D
deconvolution.

The SS-DAC concept was first demonstrated with a scientific complementary metal—
oxide—semiconductor (sCMOS) detector array to image an oblique light sheet (effectively, an
angled light sheet). By scanning the angled light sheet, a thin 3D volume of data was acquired,
which could then be used for deconvolution of the main LS-DAC image given the PSF of the
system (either measured or simulated). This simple technique was shown to improve the spatial
resolution and contrast of the LS-DAC system [130]. Note that SS-DAC is slightly different from
the recently developed light-sheet microscopy (LSM), also known as selective plane illumination
microscopy (SPIM) [131, 132]. In a SS-DAC microscope, the illumination beam is focused with
a moderate NA to generate a fairly localized focal line, whereas LSM typically utilizes a lower
NA to generate a thicker light sheet with a long depth of focus (in order to image a larger 3D
volume by scanning the light sheet in only one direction). With LS-DAC and SS-DAC microscopy,

the goal is to generate a 2D image by scanning in one direction, rather than a 3D volume of data.
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However, with SS-DAC, some 3D information is captured (similar to LSM), but for the purposes
of 3D deconvolution to improve one 2D image, rather than to obtain volumetric information. LSM
generates more data (in 3D) but sacrifices contrast due to the use of a very low-NA illumination
beam (small &) whereas LS-DAC and SS-DAC generate 2D images, but with higher contrast [133].
In general, DAC microscopy is more ideal for imaging highly scattering fresh tissues (including
in vivo) whereas LSM is ideal for rapid 3D microscopy of relatively transparent model organisms

and optically cleared tissues ex vivo.

2.2.2.c Modulated-alignment dual-axis (MAD) confocal microscopy

Modulated-alignment dual-axis (MAD) confocal microscopy is a technology that
combines the inherent strengths of focal-modulation microscopy [134] and PS-DAC microscopy,
with the aim of improving image contrast and depth. In a PS-DAC microscope, illumination and
collection beams are spatially separated except at one single point (at the focus of the microscope).
Optical sectioning with DAC microscopy relies on the precise alignment of the illumination-
beam’s focus and detection-beam’s focus at the sub-micron level. For example, it has been shown
that the confocal signal is reduced by an order of magnitude when the two beams are spatially
offset by only one micron (a distance that is equivalent to 1.4 times the beam radius). This feature
provides the opportunity to implement a “spatial overlap modulation” technique that was originally
used in the context of nonlinear microscopy [135]. The first MAD confocal microscope utilized
an acousto-optical deflector (AOD) in the illumination beam path to sinusoidally scan the
illumination beam over a small range (+/- a few microns from the well-aligned condition) in the
direction perpendicular to the plane defined by the dual-axis beams. This spatial modulation was
performed at a frequency f, resulting in a modulated signal at a frequency of 2f, which could be

detected and distinguished from the static (non-modulated) background signal using 2f lock-in
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detection. This strategy was shown to improve the image contrast (SBR) by ~6 dB in scattering
media in comparison to standard PS-DAC microscopy. There are a few limitations to the MAD
confocal microscopy approach. First, the first order diffracted light used as a spatially modulated
illumination source in this system can vary in intensity over time due to the fact that the AOD
diffraction efficiency typically varies with scanning angle, which can lead to a modulated
background signal that competes with the MAD signal. Second, the acoustic wave within an AOD
crystal has a limited propagation speed (~3.63 mm/us in the early prototypes), which limits the
modulation rate and thus the maximum frame rate for MAD imaging. Finally, the MAD technique
may be limited in tissues with refractive heterogeneities, which can introduce aberrations and

misalignments of the beams that will reduce the modulation depth of the MAD signals.

2.2.2.d Bessel illumination DAC microscopy

Bessel beams have been investigated as a means of improving deep-tissue microscopy in
highly scattering and heterogeneous media [136-139]. As discussed in the previous sections, DAC
microscopy requires the precise intersection of two beams at their respective foci (micron scale).
Therefore, the pointing accuracy of the beams and the quality of their foci are critical for optimal
performance. A few recent studies have explored the adaptation of Bessel illumination for DAC
microscopy and have shown that Bessel beams exhibit improved pointing accuracy and beam
quality in samples with refractive heterogeneities, in comparison to conventional Gaussian beam
[127, 139]. Consequently, spatial resolution is maintained more effectively with Bessel-DAC
microscopy compared with standard Gaussian-DAC microscopy. One major drawback of Bessel
illumination is that the diffraction side lobes contain a significant amount of the beam energy, and
contribute to an out-of-focus background that reduces image contrast [127]. Various approaches

have been proposed to mitigate this effect for other imaging modalities, such as through the use of
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two-photon excitation and structured illumination, efc. [140-143] Similar strategies are still under
investigation for DAC microscopy systems.
2.2.2.e Divided-pupil systems

As an alternative to using two separated objectives as discussed in the previous sections,
off-axis illumination and collection has also been achieved using a single high-NA lens with a
“divided pupil”, i.e. using one half of the lens for illumination and the other half for collection
[144-148]. It should also be noted that a few variants of newly developed light-sheet microscopes
— for example, oblique plane microscopy [149] and swept confocally aligned planar excitation
(SCAPE) microscopy [150] — have also utilized a similar configuration (off-axis illumination and

collection sharing one large objective lens) to achieve high-speed volumetric imaging.

2.3 Existing miniature DAC systems

The greatest constraint for the design of in vivo microscopes is size. Although the DAC
architecture has many unique properties that significantly simplify its miniaturization, smaller
form factors are typically associated with reduced performance, as well as increased design
complexity and cost. Each clinical device is designed for a specific biomedical application and
careful deliberation is necessary to arrive at the most optimal design trade-offs. This section
surveys some of the miniature DAC systems that have been built to address clinical applications
such as gastrointestinal (GI) endoscopy, dermatopathology, neurosurgery, and the detection of

head and neck cancers.
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2.3.1 Endoscopic microscopy of hollow organs

There is a clinical need for improved early detection and image-guided biopsy/therapy of
diseases in hollow organs such as the GI tract. The most critical requirement for such applications
is that the device should be small enough to fit within the instrument channel of a standard GI
endoscope, which has a diameter of several millimeters. An endoscope compatible DAC
microscope with a diameter of 5.5-mm was developed at Stanford University, and was first tested
on human skin in vivo at a frame rate of 5 Hz [91]. The device was also deployed through the
instrument channel of an endoscope, and was used to image the colonic mucosa of patients after
topical application of the FDA-approved fluorophore, indocyanine green (ICG). [151]. Facilitated
by the advancement of microelectromechanical systems (MEMS) technology, a number of variants
of this DAC endo-microscope have been developed with improved performance for a broad range
of clinical applications [83, 96, 126, 152]. For example, a recent publication described a state-of-
the art 3D MEMS scanner that can alternate between a “tilting mode” (with actuation along the x-
and y- axes)” and a “piston mode” (with actuation along the y- and z- axes) to image either in the

en face plane or the vertical plane in real time [152].

2.3.2 Label-free in vivo reflectance microscopy of skin and the oral cavity

Imaging the nuclear morphology and tissue architecture down to the dermal-epidermal
junction (~100 pm below the skin surface) is valuable for the diagnosis and treatment of basal cell
carcinoma, one of the most common cancers of the skin and oral cavity. As an alternative to
invasive biopsy and laborious histopathology, label-free reflectance confocal microscopy can

provide a powerful method to allow suspicious lesions to be non-invasively and rapidly examined
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in real time. These clinical applications require the imaging device to be able to achieve (1) a
resolution of 5 pm or less to distinguish nuclear morphology, (2) an imaging depth of at least 100
um to reach the deeper layers of interest (dermal-epidermal junction), (3) a small imaging head
that can fit within the oral cavity, and (4) a high frame rate to reduce motion artifacts during
handheld use. The portable divided-pupil line-scanned confocal microscope developed at
Memorial Sloan Kettering Cancer Center is an example of label-free in vivo confocal microscope
of human skin [153]. In this divided-pupil system, the pupil of a high-NA (0.9, water-immersion)
objective is divided into two halves, one for the illumination beam and the other for the collection
beam. An endoscopic relay lens was incorporated at the distal end so that the oral cavity could be
accessed. With such reflectance-based devices, sub-cellular resolution optical sectioning has been
achieved at a depth of ~100 pm in human skin, while achieving a frame rate of 8 Hz over a FOV
that is comparable to that of a standard 20x objective lens. Note that reflectance confocal
microscopy has also been used as a complementary imaging modality to another common
reflectance-mode optical imaging technique, optical coherent tomography (OCT), in which
reflectance confocal microscopy provides high resolution images at a limited imaging depth while

OCT provides lower resolution images at a greater imaging depth [154].

2.3.3 DAC microscopy for fluorescence-guided neurosurgery

As discussion in Chapter 1, surgical resection (i.e. debulking) is the first step in the
treatment of many brain tumors including gliomas, in which a greater extent of resection (EOR)
has been associated with improved life expectancy and life quality for the patients. However,
achieving the optimal EOR of gliomas is challenging because the tumor margins are often

indistinguishable from the surrounding normal brain, and there is no quantitative metric (e.g.
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tumor-cell density) by which to optimize the EOR for these diffuse tumors that infiltrate far beyond
the radiologically defined margins. For many decades, there have been only a small set of
untargeted fluorescence contrast agents (e.g. fluorescein, ICG, efc.) are approved for clinical use,
until the recent FDA-approval of 5-ALA, a metabolic byproduct of the orally ingested agent is
used to specifically highlight the bulk tumor regions. However, image contrast is often still
ambiguous and weak near the diffuse margins of the tumor. It has been suggested that
intraoperative microscopy, which can provide images that approach the gold-standard of
histopathology, may have value for neurosurgical oncologists to maximize the EOR while
minimizing neurological damage. In particular, portable optical-sectioning microscopes provide
sufficient resolution to detect and potentially quantify the sparse and disseminated tumor-cell
populations at the margins of diffuse gliomas. Such sparse cell populations are often not visualized
by other imaging technologies (e.g. low-power WF microscopes, MRI, CT) since they lack the
spatial resolution to detect disseminated cells, even if such isolated cells are effectively labeled by
a contrast agent.

A pen-sized handheld DAC microscope with a distal diameter of 1.8 mm was described in
2010, in which images were obtained from the brains of living mice that were genetically
engineered to develop medulloblastoma [42]. The device has a cellular resolution (4-pum laterally
and 8-pum axially, which are not ideal for histology examination) and an imaging depth of up to
250 um with the use of low-NA (~0.075) beams focused with a parabolic mirror. A biaxial MEMS
scanning mirror was used for post-objective scanning of the focal volume over a FOV of
approximately 400 by 400 um. The MEMS mirror was axially translated with a piezoelectric
actuator to adjust the imaging depth by up to 250 um. In addition, a customized gradient-index

(GRIN) “needle lens” located at the distal tip was used, with a diameter of only 1.8 mm. A major
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limitation of this prototype was its slow frame rate (~4 Hz) due to the point-by-point Lissajous
scanning pattern that was used, which made the device vulnerable to motion artifacts.

In 2016, a proof-of-concept miniature LS-DAC design was reported with significantly
improved frame rates and spatial resolutions [80]. As discussed in the previous section, the LS-
DAC architecture significantly simplifies the requirements of the scanning mechanism for high-
speed imaging. A robust commercial MEMS mirror was used to scan the focal line in one
dimension to create en face images at video rate (>16 Hz). The improved resolution was achieved
by using a custom developed 1:3 de-magnifying relay objective at the distal end of the device. The
relay lens effectively increased the NA of the beams as well as the crossing angles, at the cost of
reducing the FOV. The system was able to achieve a lateral resolution of 1.1 pm with 2.0-um axial
resolution (optical sectioning thickness) at a FOV of around 350 um by 350 um. A trade-off for
using line scanning in miniature devices is that confocal detection must be achieved with a digital
line detector that is directly integrated mounted within the device, instead of using a fiber-coupled
point detector (in the case of a miniature PS-DAC microscope). The preliminary design in 2016
was not portable nor capable of real-time image visualization, in additional to a number of
technical limitations (such as significant field curvatures, lack of lens cap for imaging depth control,
etc.) that were not ideal for tissue imaging. In Chapter 4, a fully packaged handheld LS-DAC

system that is feasible for clinical applications will be described in details.

2.4  Summary

This chapter surveys the technology of DAC microscopy, an optical imaging modality that
utilizes low-NA lenses to achieve effective optical sectioning and superior image contrast in

biological tissues. In contrast to the conventional confocal microscope invented by Minsky in 1957
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[106], a DAC microscope utilizes spatially separated off-axis illumination and collection beam
paths that only intersect at their foci — an optical architecture inspired by the initial works of Stelzer
et al. [107, 109], and Webb et al. [111] in the 1990s — to improve image depth and to reduce the
complexity of miniaturization. Several portable DAC systems have been developed for a wide
range of clinical applications such as intraoperative guidance and pre-cancerous region screening,
and a successful prototype of the miniature LS-DAC microscope that provides high-speed high-
quality imaging, is continue to be refined as a handheld clinical device for the emerging field of

fluorescence-guided neurosurgery.
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Chapter 3: Quantitative PpIX imaging with LS-DAC microscopy: a
feasibility study

3.1 Background

Wide-field fluorescence microscopy of macroscopic PpIX fluorescence has become the
standard-of-care for guiding the resection of HGGs in Europe, and has also been approved by the
FDA in 2017 for clinical use in the USA. While this visualization method (i.e. standard surgical
microscope) is simple and is effective in detecting strong fluorescence from HGG, it is less
effective for detecting PpIX fluorescence in LGG and for identifying the infiltrative margins of all
gliomas. Although it has been shown that high-resolution microscopy can visualize PplX
fluorescence in regions where standard WF microscopy failed, the biological insights of the
microscopic PpIX expression remains poorly understood [36]. There is a growing interest in
correlating the patterns of PpIX expression to known tumor biomarkers such as IDHIm
(overexpressed in >80% of LGGs), Ki-67 (proliferative marker), and pHH3 (mitotic index), etc. If
a biological correlation can be established, it will facilitate the clinical acceptance of this method.
This chapter describes a pilot study that aims to address three major objectives: 1) assessing the
feasibility of using LS-DAC microscopy, a high-speed high-resolution optical-sectioning imaging
technique, for microscopic PpIX quantification in human biopsy; 2) performing a clinical study
over a course of 15-months to show that LS-DAC results agree with conventional slide-based
histology results; 3) providing a set of tools (e.g. image phantoms, potential quantification metrics,
etc.) for accurate and reproducible PpIX quantification at the microscopic level, which is currently

a void in this nascent field.
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3.2 Methods

3.2.1 Tabletop LS-DAC microscope

The microscope system used in this study is a modified version of the tabletop LS-DAC
microscope system described previously [79, 129]. In brief, as shown in Figure 3.1, a single-mode

fiber-coupled 405-nm diode laser (OBIS-405, Coherent Inc., Santa Clara, CA) is collimated and

focused into the sample with unity magnification (NA ~ 0.12). A plano-convex cylindrical lens (f

=50 mm, Optosigma, Santa Ana, CA) is inserted in the collimated region of the illumination path
to intentionally create a large degree of astigmatism, resulting in a focal line that is 500-pm long
and 1.4-um wide (FWHM). A single-axis galvanometric scanning mirror (6210H, Cambridge
Technology, Bedford, MA) scans the focal line laterally (along the x-axis), to create an image that
is parallel to the tissue surface (en face). The sample rests on a custom hemispherical solid
immersion lens (SIL, n = 1.45) that is mounted on a linear translation stage. As described in
Chapter 2, the hemispherical SIL performs index matching of the illumination and collection
beams as they obliquely propagate from air into the sample. The SIL also acts as a lens that
increases the effective NA of the illumination beam from 0.12 to 0.17 (a factor of ). Fluorescence
photons generated at the focal line of the illumination beam are imaged by the collection optics,
which are oriented off-axis at a half-crossing angle of 30 degrees with respect to the illumination
axis. The collection optics images the focal line onto a scientific complementary metal-oxide-
semiconductor (sSCMOS) detector (Hamamatsu ORCA Flash 4.0 v2) with 5x magnification via a
pair of lenses (fz; = 20 mm; fz2 = 100 mm). A 600-nm long-pass fluorescence filter (Semrock
BLP01-594R-25) is placed in the beam path to filter out the excitation photons (405 nm). Raw
images were collected via a camera link frame grabber (Firebird 1xCLD, Active Silicon, UK) at

1000 raw exposures per second (1 ms per exposure). A custom LabVIEW (National Instruments,
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Austin, TX) program was used to crop out and bin the central three lines of each camera frame
(corresponding to the image of the focal line) to create a digital confocal slit (19.5 pm in width,
corresponding to approximately 2.7 um in tissue). These lines were stitched serially in the x
direction into en face images in real time at a 2D imaging rate of 2 Hz. It should be noted that the
LS-DAC microscope is capable of acquiring images at video rates, but for the purposes of this
study, which aimed to develop a standardizable phantom and quantitative imaging methods, a
lower frame rate was utilized to maximize SNR and to demonstrate the feasibility of our methods.
Volumetric data was collected by translating the sample holder along the z axis with a motorized

linear actuator (TRA12CC, Newport Cooperation, Irvine, CA).

Figure 3.1
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Figure 3.1  Schematic of the LS-DAC microscope. A cylindrical lens “C” is inserted in the
collimated region of the illumination path to transform a point focus into a line focus. The focal
line is scanned by the scan mirror in the x direction to create a 2D en face image of the sample (in
the x-y plane). The hemispherical solid immersion lens (SIL) acts as a sample holder that is
translated along the axial (z) direction by a motorized stage (not shown) to enable volumetric
imaging. The inset (red dashed box) shows a zoomed-in view of the LS-DAC microscope near the

sample.
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Figure 3.2
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Figure 3.2  Workflow of the study with example images. (a)(b) Glioma patients were orally
administered with 5-ALA prior to the surgery. (c) A brain biopsy was then imaged with a tabletop
LS-DAC microscope to obtain images of PpIX expression with sub-cellular resolution. (d)
Corresponding images from histology slides (both H&E staining and PpIX fluorescence) were
obtained to validate the optical-sectioning results. (e)(f) Example of WF intraoperative images
from a HGG and a LGG case, respectively, showing that the tumor resembles the surrounding
normal tissues under white light imaging in both cases. (g) Photograph of a biopsy specimen placed
on the sample holder of a tabletop LS-DAC microscope. (h) Image of a H&E-stained histology
section at 40x, as a confirmation of the presence of glioma cells in the biopsy specimen. (1)(j)
Intraoperative WF images of macroscopic PpIX fluorescence (pink color) from the regions shown
in panels (e) and (f), showing that WF surgical fluorescence microscopy was capable of detecting
PpIX fluorescence from the HGG but not from the LGG. (k) Example LS-DAC image of the
biopsy, showing subcellular PpIX expression. (1) PpIX fluorescence histology image of the same
biopsy imaged in (k), showing a similar pattern of microscopic PpIX expression. All scale bars

represent 50 um.
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Figure 3.3
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Figure 3.3  (a) A maximum-intensity depth projection (along the z axis) of a volumetric image
of the alignment phantom is shown for a misaligned LS-DAC microscope. (b) A maximum
intensity projection of a volumetric image of the phantom is shown from a well-aligned system, in
which the intensity of the fluorescent beads is uniform across the FOV with <15% deviation (center
to edge), and all beads are well-resolved across the entire FOV of 350 um (x) by 520 um (y) by
150 um (z). (c) Example cross-sectional views of one bead. The FWHM dimensions of the
microsphere allow for the assessment of the spatial resolution of the system. (d)(e) Alpha-blending
volume renderings of (a) and (b), respectively, illustrate the uniformity of the detected fluorescence
signal from the beads as well as the uniformity of the spatial resolution across the entire FOV. The

scale bar represents 50 pm.
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3.2.2 System standardization with an agarose-based fluorescent bead phantom

3.2.2.a Phantom preparation

The standardization phantom consisted of fluorescent microspheres (Fluoresbrite®
polychromatic red #19111-2, Polysciences Inc. Warrington, PA) embedded in an agarose gel. The
polystyrene-based fluorescent microspheres are “NIST-traceable” size standards, and are designed
to be optimally excited at a wavelength of near 525 nm, with an emission peak at 565 nm. In this
study, the beads are purposely excited with low efficiency at 405 nm and only the tail of the
fluorescence spectrum is collected with a 600-nm long-pass filter. While this causes the detected
fluorescence signal to be relatively weak (compared with the fluorescence signal from the beads
at their optimal excitation/emission wavelengths), this weaker signal approximates the strength of
the PpIX fluorescence seen in glioma tissues from patients who have been administered 5-ALA,
and allows the alignment and performance of the microscope to be assessed under realistic
conditions (in situ fluorescence signal levels). The stock concentration of microspheres (2.5%
aqueous suspension) was diluted 40 times in a 0.8% agarose solution (Sigma Aldrich® A9539) at
70 °C, and the mixture was allowed to solidify while cooling to room temperature.
3.2.2.b Phantom-assisted alignment

Because PpIX has an unusually large Stoke’s shift (Aex =405 nm; A = 625 nm), the proper
alignment of the illumination and collection beam paths of the DAC microscope (or any alternative
microscope technology) must account for the chromatic differences between these disparate
wavelengths. The fluorescent bead phantom developed in this study is used to provide a high-
resolution target (the beads are 6-um in diameter with <1% variation) that may be used to optimize

the alignment of the microscope at an illumination and collection wavelength of 405 nm and >600
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nm, respectively. Volumetric imaging data of the phantom is collected to verify that both the
sensitivity (i.e. the SNR) and the 3D spatial resolutions (FWHM dimensions of the beads) are
uniform across the FOV, confirming satisfactory alignment of the dual-axis beams with respect to
each other (for high resolution) and with respect to the hemispherical SIL (for uniform resolution
across the FOV). For clinical use, a method to verify that the performance of an optical-sectioning
microscope is reproducible is to measure the SNR and spatial resolution of the microscope in a
volumetric phantom. Here, the SNR 1is calculated as:
S-B

SNR = 2=, (D

op
where S is the mean of the peak pixel intensity of all beads in an image; B is the mean pixel
intensity of the background, and o3 is the standard deviation of the background signal. Note that
the standard deviation of the peak signal from each bead cannot be reliably measured due to the
small size of the beads and their spherical geometry, with only a single pixel corresponding to the

peak of each bead.

3.2.3 Ex vivo imaging of PpIX-expressing human brain tissues

3.2.3.a Tissue preparation

Glioma tissue samples (n = 14) were collected from consenting patients at the Barrow
Neurological Institute (BNI, Phoenix, AZ) in accordance with an approved protocol (IRB
#10BN159). Patients were orally administered with 5-ALA at a concentration of 20 mg/kg three
hours prior to surgery, and brain biopsies obtained during surgery were fixed in 3%
paraformaldehyde for 24 hours, and then stored in 1x phosphate-buffered saline (PBS) at 4 °C
before being imaged with a tabletop LS-DAC microscope. All tissue specimens were obtained

from MRI-enhancing regions corresponding to the bulk tumor. After the LS-DAC images were
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taken, the imaged tissue surfaces were physically sectioned (10-um in thickness) in the en face
direction (as close and parallel to the tissue surface as possible), and mounted on standard
microscope slides. Histology slides were imaged with a conventional epifluorescence microscope
(Leica DM-IRB® inverted system) to visualize intracellular PpIX expression. In addition, adjacent
sections were stained with hematoxylin and eosin (H&E), and imaged with a standard bright-field

pathology microscope.

Figure 3.4
Raw image Histogram Binary image
500 T -
a b i c . . -
- - : - T Q.
I .
° 1 99.5th percentile of s T L., .
e 3 : the exponential fit : .ol . " .
x - v L -
‘ _’ 2 ,  tothebackground _} . R . ~ i
° — 1 - L]
© i . :
* 1 s . c ol
1 . ‘e <
I . PRl B :
1 -
. 0 " "
— 0 200 400 600 800 L ea

Pixel intensity

Figure 3.4  The same quantification algorithm was used for both LS-DAC images and
histology images. (a) Example image of PpIX-expressing glioma tissue obtained with the LS-DAC
microscope. The scale bar represents 50 um. (b) Histogram of the raw image, in which the intensity
distribution of the background is approximated as an exponential decay. The dotted line denotes
the threshold for segmentation, in which pixels with intensities above this threshold are considered
“positive” for PpIX expression. (¢) A binary image of (a) obtained after segmentation, utilizing a

99.5th percentile threshold to the exponential fit.

3.2.3.b Image acquisition and quantification

For LS-DAC microscopy, volumetric imaging data was collected at three random region-
of-interests (ROIs) of each tissue specimen. The FOV of the image datasets was 350 um (x) by

520 um (y) by 150 pm (z, depth), and the sampling pitch in these three dimensions was 0.79 pm,
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0.88 um, and 0.69 um, respectively. From each volumetric dataset, 10-um-thick average-intensity
projections (i.e. “optical sections”) were visualized to simulate images of 10-pm-thick slide-
mounted histology sections. For the quantitative comparison study of LS-DAC microscopy vs.
fluorescence histology, three ROIs (350 um by 520 pum each) were randomly selected for
correlative analysis. Identical microscope settings were used for the imaging of all histology slides.
In this study, we attempted to quantify the density of the expression of punctate and localized spots
of PpIX that appear in glioma tissues [155, 156]. The density of PpIX expression was quantified
using an identical algorithm for both the LS-DAC microscopy and fluorescence histology images.
This algorithm identifies and quantifies the density of localized spots of PpIX that are brighter than
the tissue background (mostly autofluorescence), in which the background is assumed (and
observed) to be relatively uniform. The quantification algorithm was implemented via a custom
MATLAB script:

1. Based on the intensity histogram of each image, an exponential curve fit was performed
on the low-intensity background distribution, and a threshold was defined that
corresponded to the 99.5th percentile of the background distribution (area under the
curve).

i1. Once the threshold was identified, a binary image was created by setting all pixels above
the threshold as positive (black in Figure 3.4c) and everything else as negative (white
in Figure 3.4c).

1. A “PpIX-positive spot” was defined as a group of adjacent positive pixels that exhibit
a “8-connected” pattern according to a widely used connected-component labeling
algorithm [157] (i.e. any two positive pixels that share an edge or a vertex will be

classified into the same “PpIX-positive” feature). The PpIX density is then defined as
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the total number of “PpIX-positive spots” per mm? (note that each image has a FOV of

350 um x 520 pm).

3.3 Results

A total of 14 high- and low-grade glioma samples were imaged during a 15-month period.
To ensure the identical performance of the imaging system on different days, the SNR of detection
was quantified from images of the fluorescent phantom. In addition, the spatial resolution of the
system (in all three dimensions), and the uniformity of performance across the FOV were also
assessed to confirm the proper alignment of the LS-DAC system. With the system settings fixed,
the following parameters could be attained in multiple experiments over the entire course of the
study (15 months): the SNR of detection was 30.05 dB + 3%; the average measured dimensions
(FWHM) of the fluorescent beads (0@ = 6 pm) were 7.5 um £ 0.2 pm in the lateral directions, and
9.6 um £ 0.5 um in the axial direction (enlarged due to diffraction and minor aberrations). No
noticeable fluorescence degradation was observed in the microspheres within a shelf life of 12
months. Using the aforementioned quantification, PpIX density from LS-DAC images shows a
strong linear correlation with that from standard fluorescent histology images, with a determination

coefficient (R? value) of 0.958 (Figure 3.5).
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Figure 3.5
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Figure 3.5  Quantitative comparison of LS-DAC microscopy images vs. corresponding
fluorescence histology images in terms of PpIX density. Each point on the scatter plot represents
the average PpIX density from three random ROIs within each biopsy sample, with the error bars
indicating the standard deviation from the measurements. Example binary images of lowest PpIX
density (blue dot) and highest PpIX density (red dot) are shown on the right. Note that a volumetric
dataset was collected at each tissue location but only a 10-um optical section at the surface was

quantified to simulate a 10-um slide-mounted histology section. The scale bars represent 50 pm.

3.4 Conclusion and discussion

This study developed a set of tools to enhance the clinical translation of optical-sectioning
microscopes for real-time pathology and quantitative surgical guidance of glioma resections. First,
a standardization method based on a fluorescent bead phantom was developed. This custom
phantom is highly reproducible, stable, simple to prepare, and provides uniform microscopic
structures that mimic the sparse and weak fluorescence from 5-ALA-induced PpIX generated by

subcellular organelles within glioma tissues. As shown in Figure 3.3, this phantom is a valuable
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tool to ensure the proper alignment of an optical-sectioning microscope, enabling quantitative
characterization of the sensitivity, resolution, and uniformity of the imaging system. As a result, it
1s possible to obtain reproducible quantitative images of PpIX-expressing brain tissues, which will
be necessary to standardize the performance of clinical devices in single-site clinical studies over
time, and/or in multi-site clinical studies. This standardization method is applicable to a variety of
optical-sectioning microscopy technologies for intraoperative guidance of glioma resections based
on PpIX fluorescence. Second, we showed that quantitative PpIX images obtained with LS-DAC
microscopy correlate positively with fluorescence histology, suggesting that LS-DAC microscopy
can potentially serve as a minimally invasive and real-time alternative to conventional biopsy and
histopathology.

In this study, the density of localized spots of sub-cellular PpIX expression was chosen as
a quantitative metric of interest because it is a potential surrogate measure of tumor burden. We
show that PpIX density is an objective quantity that can be extracted from both DAC microscopy
and histology images, with excellent correlation between these two techniques. Importantly, we
note that PpIX density alone may not be an accurate indicator of tumor burden. For example, as
shown in Figure 3.6, although PpIX density is high, the intensity of the PpIX fluorescence may be
low, and/or the size of the PpIX-expressing spots may be smaller than in other specimens with
lower PpIX density. This observation suggests that the intensity and sizes of the signal should also
be taken into account when developing a surrogate measure of tumor burden or proliferative index.
The observations are consistent with our biological understanding of PpIX generation, as the
volumetric production of PpIX granular inclusion bodies in brain tumor cells can vary from cell to
cell. Ultimately, the clinical significance of these different metrics, for the purposes of achieving

GTR for glioma patients, must be validated through outcomes-based clinical studies. Towards this
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aim, a handheld version of the LS-DAC microscope is currently under development. This pilot
clinical study is of value for the clinical translation of handheld intraoperative fluorescence

microscopes to guide the resection of gliomas and to improve outcomes for glioma patients.

Figure 3.6
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Figure 3.6  An example showing that PpIX density alone may not be an accurate indicator of
tumor burden. (a-c) A sample with high PpIX density shows a lower fluorescent intensity as well
as smaller fluorescent spot size, when compared with another sample with low PpIX density that
1s imaged with identical system settings. The biological insight of the microscopic expression of
PpIX fluorescence is still poorly understood, but this observation suggests that the intensity and
sizes of the signal should also be taken into account when developing a surrogate measure of tumor

burden or proliferative index.
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Chapter 4: Handheld LS-DAC microscope for fluorescence-guided
neurosurgery

4.1 Background

The microscopic evaluation of slide-mounted tissue specimens on tabletop microscopes
remains the “gold standard” for the diagnosis of diseases in clinical practice. However, this method
of histopathology is invasive, time-consuming, and introduces imaging artifacts. There is a
growing interest in developing portable systems for real-time non-invasive microscopic
examination of tissues in vivo [42, 80, 83-85, 89-92, 94, 98, 99, 101, 103, 104, 158]. Many of these
devices have been based on scanning confocal microscopy, an optical imaging technique that
provides high-resolution cross-sectional images of intact specimens. Conventional confocal
microscope systems utilize point-focused illumination and a pinhole at the detector to reject out-
of-focus and multiply scattered background light. With point detection, a 2D scanning mechanism
is required to create a 2D image. However, high speed (kHz range) 2D scanning mechanisms are
typically complex and technically challenging to miniaturize, and many portable point-scanned
(PS) confocal systems have limited frame rates, which leads to motion artifacts during handheld
use. Although confocal endoscopes based on coherent fiber bundle technologies can achieve
relatively higher frame rates (by scanning the laser focus at the proximal end of the fiber bundle),
their spatial resolution is typically inferior to that of non-fiber-bundle-based devices.

Dual-axis confocal (DAC) microscopy is an alternative confocal architecture that utilizes
spatially separated low-numerical-aperture (NA) beams to achieve effective optical sectioning and
superior image contrast in biological tissues [110, 115]. Recently, line-scanned versions of DAC
microscopy (LS-DAC) have been shown to enable video-rate imaging with simple low-speed

scanners (20-30 Hz), while maintaining comparable image quality to their PS counterparts at
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depths of up to ~150 um in tissue [79, 123, 129]. A proof-of-concept miniature LS-DAC design
that incorporated a commercial MEMS-based scanning mirror to achieve video-rate confocal
imaging was previously reported in 2016 [80]. However, the previous system utilized a bulky and
expensive tabletop sCMOS (scientific complementary metal oxide semiconductor) camera that
was mounted on a precision alignment stage rather than being fully integrated into a portable
package. Second, the preliminary image acquisition hardware and software were not capable of
providing image visualization in real time. In addition, the scanned imaging field of the proof-of-
concept system was curved (rather than a flat 2D plane, as in an ideal scenario) due to the geometry
of the scanning mechanism, which can result in misleading images especially of thin layered
structures and is thus not ideal for tissue imaging.

This chapter describes the most recent development of a fully packaged handheld LS-DAC
system that has properly addressed the limitations in the previous system and is feasible for clinical
use. The new system utilizes a compact and inexpensive line detector to provide high-speed
fluorescence imaging at 16 Hz with sub-nuclear resolution in tissue. Compared to our previous
prototype, resolution and contrast have been improved, as described in the following paragraph.
In addition, to enable flat-field imaging, the device also incorporates a novel scanning mechanism
in which the MEMS mirror is simultaneously tilted (to scan a 2D image) and pistoned (to
compensate for field curvature). Examples of en face imaging of layered structures (with and
without field curvature), as well as image mosaicking, which is enabled by the flat-field correction,
are also provided. Finally, the entire system (including the PC and monitor) has been designed to
fit into a standard surgical cart, and is controlled through a user-friendly software interface for

real-time imaging by clinicians.
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4.2 Packaging of handheld LS-DAC system

Figure 4.1
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Optical circuit of the handheld LS-DAC microscope. A custom line-focusing fiber

module shapes the illumination beam into a focal line at the back focal plane (BFP) of a custom

relay objective. A MEMS mirror scans the focal line in one dimension to create an en face 2D

image. The objective provides 3x magnification, which boosts the focusing NAs (~«) and the half-

crossing angles (6) of the beams from the BFP to the front focal plane (FFP). L1, L2, and L3 are

simple low-NA spherical doublets. C is a low-NA cylindrical doublet. M1 and M2 are alignment

mirrors. F is a fluorescence filter.

The optical design (Figure 4.1) of the LS-DAC device is an optimized version of the

aforementioned prototype. In the current system, the illumination beam from a 488-nm diode laser
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(LuxX 488-100, Omicron-Laserage GmbH, Rodgau, Germany) is coupled into a custom
illumination fiber module (@ = 3.2 mm, assembled by Grintech GmbH, Jena, Germany) via a
single-mode fiber. The illumination module consists of two low-NA doublets (L1, spherical lens,
f=9.0 mm; C, cylindrical lens, f= 12.0 mm), which shape the illumination beam into a line focus
with a FWHM length of 1.2-mm and a focusing NA of approximately 0.09. This illumination
module exhibits improved diffraction-limited focusing with less diffraction side lobes (apodization)
compared with our previous system due to the use of a simpler optical layout (two lenses instead
of three) and improved fabrication methods (elimination of interior retaining rings that resulted in
beam clipping in the previous illumination module). On the collection side, a pair of low-NA
spherical doublets (L2, f=12.0 mm, and L3, /= 60.0 mm) are used to image the focal line with 5x
magnification from the back focal plane (BFP) onto the detector array. A 495-nm long-pass filter
(AT495lp, Chroma Technology Corp, Bellows Falls, VT) can be inserted along the collection
beam path via a quick-release adaptor (QRCO5A, Thorlabs Inc., Newton, NJ) to reject back-
scattered illumination light. A pair of angled mirrors (fabricated by Tower Optical Inc, Boynton
Beach, FL) with rotational and translational (axial) adjustability are used to ensure the precise
alignment of the illumination and collection foci, at a half-crossing angle of 11.0 deg at the BFP
of the device. A commercial MEMS scanning mirror (Mirrorcle Technologies Inc., Richmond,
CA), with three degrees of freedom (tip, tilt, and piston) is used to scan the focal line for en face
imaging at 16 Hz, as well as to correct the aforementioned scanning-induced field curvature
(described in the next section). All spherical lenses (L1, L2, and L3) were purchased from
Edmunds Optics (Barrington, NJ, catalog # 45090, 63692, and 45345, respectively), and were then
reduced in diameter by BMV Optical Technologies, Inc (Ottawa, Canada). The cylindrical lens,

C, was fabricated by BMV based on the design of a spherical doublet from Edmund Optics (catalog
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#45262). Finally, a 3x relay objective with a diameter of 14 mm (custom designed by Photon Gear
Inc, Ontario, NY) is used to relay the front focal plane (within the sample) to the BFP with 3x
magnification. Since the focusing NAs of both the illumination and collection beams as well as
their crossing angles are enhanced by a factor of ~3x, the spatial resolutions of the DAC system

are significantly improved at the trade-off of a reduced FOV of approximately 350 um by 350 um.

Figure 4.2
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Figure 4.2  Components of the handheld LS-DAC system. (a) A detachable detector is threaded
onto the main body via a custom adaptor that provides four degrees of freedom for precise
alignment of the detector. All electronics and optics are connected through quick-release
connectorized cables. The modular design allows convenient disassembly for shipping and setup
in a clinical setting. (b) A zoomed-in view of the LS-DAC scan head, showing the use of a MEMS
mirror to scan a focal line in one direction to achieve high-speed 2D imaging. (c) Photograph

showing the setup of the entire system, which can fit into a standard surgical cart.

A commercial high-speed complementary-metal-oxide—semiconductor (CMOS) line

detector (spL.2048-70km, Basler AG, Ahrensburg, Germany) with a pixel spacing of 10 um is used
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to sample the focal line at slightly below the Nyquist criterion. Note that the lateral resolution of
the system is ~1 pum in the sample, or ~15 um at the detector plane after magnification by the
objective (3x) and collection-path optics (5x). The detector is threaded onto the main body of the
device via a custom adaptor that provides a universal SM05-thread interface and four degrees of
freedom (x, y, z, and ) to ensure the precise alignment of the detector (Figure 4.2). The Basler line
detector contains two rows of pixels, which are binned to act as a confocal slit with a width of 20
um. The line images are then streamed into a high-speed frame grabber (PCle-1473R, National
Instruments, Austin, TX) at a line rate of 125.0 pus via a single camera-link cable. The individual
line images are stitched into 2D images (500 lines per image) by the on-board processor of the
frame grabber before being transferred to the host PC at 16 frames per second (fps). A custom
LabVIEW-based user interface was developed to display the images in real time and to allow the
user to perform basic operations such as zoom, white- and black-level adjustments, video recording,

etc.

4.3  Lens cap design and optimization

4.3.1 Ist generation lens cap

One limitation of our device is that the objective lens has a fixed working distance, and the
imaging depth will be determined by the length the lens cap, i.e., a shorter lens cap allows the
tissue to get closer to the probe tip and thus provides a deeper imaging depth. As a proof-of-concept
prototype, the first generation lens caps were made of biocompatible Delrin® using an in-house
table-top computer numerical control (CNC) milling machine (Othermill®, now commercialized

through Bantam Tools, Inc.) with fast turnaround time (<30 minutes per iteration) and low cost (<
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$0.1 per unit). Two designs were originally proposed, in which the main difference is the material
of the imaging window:

1. the first design incorporates a flexible imaging window made of transparent plastic film,
which allows the user to change the imaging depths through changing pressure, providing a
convenient and intuitive method to quickly screen for the layer of interests in the tissue.

i1. once a rough imaging depth is determined, a lens cap with a rigid glass cover slip can
be used to image a constant depth as the device is being translated. The glass cover slip provides
two major advantages: first, better refractive index matching and thus better imaging quality;
second, a constant imaging depth that enables the image mosaicking algorithm to extend lateral
field-of-view of the device over time. These designs were used at the initial stage of the clinical

study and have enabled us to acquire the preliminary results.

Figure 4.3
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Figure 4.3  The 2nd generation lens cap that is optimized for image-mosaicking. (a) 3D
rendering of the imaging head of the microscope with the lens cap on. (b) Exploded view of (a)
showing the components of the imaging head. (c) Zoom-in view of the interface between the lens

cap and the objective lens.
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Figure 4.4
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Figure 4.4

Optimization of lens cap designs for image mosaicking. (a) The 1st gen proof-of-concept lens cap
that provides imaging depth control of tissue imaging during handheld use and can be iterated
rapidly and at low cost. (b) The 2nd gen lens cap is designed to provide maximal mechanical
strength and surface flatness to enable high-quality image mosaicking. (c¢) FEA simulation of the
Ist gen design shows a maximal displacement of 318 um at the front surface in response to a
normal force of 5 N. (d) In the 2nd gen design, the displacement is reduced to 1.8 um with the

identical simulation settings.

4.3.2 2nd generation lens cap
During the clinical testing, we found that although the original lens cap design enabled us

to acquire the preliminary images with satisfactory performance, it was non-ideal for image
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mosaicking. As mentioned in the previous chapters, ensuring good feature registration between
consecutive image frames is critical for most image-mosaicking algorithms, but with the first
generation lens cap design, it was challenging to achieve this task mainly due to two reasons. First,
the thin front surface of the lens cap is flexible so that the imaging depth is sensitive to the pressure
applied against the tissue. Second, the stepped outer surface results in significant frictions during
the translation the device at the tissue surface so that it is challenging to maintain smooth motion.
Based on what we have learned from the first-gen lens cap design and from our experience working
with clinicians, we designed a new lens cap (Figure 4.3) that is optimized for image mosaicking
by providing minimal flexibility to axial pressure changes as well as minimal friction to lateral
translations by making the following modifications. First, Delrin was replaced with aluminum, a
biocompatible and sterilizable metal with higher mechanical strength and high machinability.
Second, the thickness of the glass coverslip was reduced from 180 um (standard #1.5) to 100 um
(standard #0) in order to maximize metal thickness (Layer 2 in Figure 4.3c). Through ray-tracing
simulations in ZEMAX and through imaging experiments, we confirmed that this change in glass
thickness does not result in any noticeable change in the image quality, but only a slight focal shift
of approximately 20 um, i.e. the thickness of the metal is effectively increased by 60 um instead
of 80 um. To mitigate the brittleness and vulnerability of the thinner coverslip, we also reduced
the diameter of the window from 10 pum to 5 um. Third, we re-designed the interior of the lens cap
to match to the contour of the objective lens (except for along the optical path) thus maximizing
the material (metal) content and supporting structure to withstand pressure. In a finite element
analysis (FEA) that simulates the flexibility of the front surface in response to a normal force of 5
N (the estimated maximal force that an user would typical apply), we show that the maximal

resultant displacement has been reduced to 1.8 pm from 320 pm as in the original design (Figure
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4.4). Furthermore, enabled by high-precision machining, the coverslip is mounted from the outer
surface through a groove in a way that the front surface is completely flat (within 10-um error), in
contrast to the previous design in which the coverslip is mounted inward and results in a stepped

surface. The metal surface is also polished and the edges are filleted to further minimize friction.

4.4 MEMS-based flat-field scanning & ex vivo imaging

To correct for scanning-induced curvature, the MEMS mirror is pistoned with a nonlinear
waveform to actuate the surface of the mirror in the vertical direction as the mirror tilts to create
an en face image (Figure 4.5a). Specifically, based on our preliminary modeling of the
mechanically induced field curvature, we determined that an optimal field-flattening waveform
would be a rectified sine function V, = |Asin(wt + ¢)|, where V, is the driving voltage of the
MEMS mirror along the z-axis, 4 is the amplitude of the pistoning motion, w is the frequency of
the actuation, which is identical to the frame rate of the system, and ¢ is used to synchronize the
field-flattening waveform to the scanning waveform. Importantly, maximal pistoning is performed
at the center of the scan (zero tilt) rather than at the edges of the FOV in order to maintain the full
tilting range of the MEMS mirror (+/- 5.5 deg), and thus maintaining the FOV of the microscope.
Unlike other methods for field flattening [22, 23], our method does not require custom optics or
mechanical parts that are difficult to miniaturize, and can be conveniently applied to a high-speed
handheld scanning microscope. The field curvature both before and after flat-field correction was
characterized by acquiring an image stack in which a flat mirror was scanned in the axial (depth)

direction using a linear actuator, and the contour plots are shown in Figure 4.6b.
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Figure 4.5
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Figure 4.5  Concept and characterization of MEMS pistoning for flat-field correction. (a) A
simplified diagram of the scan head, showing that axial pistoning of the MEMS scanner can
counteract the curvature induced by the tilting motion. (b) A contour plot of the focal surface
showing that the uncorrected field curvature along the y-axis (scan direction) of the FOV is > 7
um in the axial extent, but is reduced to < 2 um after flat-field correction (which is comparable to
the axial resolution of the system). (c) Images of a flat resolution target showing that more of the

target is in focus after the flat-field method is applied.

One advantage of a flattened FOV is that it allows more-accurate visualization of thin
layered structures. For example, a fresh mouse spleen was stained with 1-mM acridine orange
(A6014, Sigma-Aldrich Inc., St. Louis, MO) solution for 30 seconds and then rinsed with 1x
phosphate buffered saline (PBS, pH 7.4). As shown in Figure 4.6, the uncorrected system displays
a misleading image of the thin mesothelium layer (a cell monolayer) because the image “curves”
into the deeper capsule layers (Figure 4.76 c-d). With flat-field correction, a more-realistic en face

image of a continuous mesothelium is generated (Figure 4.6 f-g).
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Figure 4.6
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Figure 4.6 A flattened en face imaging field improves the ability to image thin layered
structures as well as to perform image mosaicking. (a) A 3D model showing the structure at the
surface of a mouse spleen. (¢, d) The uncorrected system does not display a continuous image of
the mesothelium monolayer, but rather shows an image that “curves” into the deeper capsule layers.
(f, g) With flat-field correction, a more-accurate image of a continuous mesothelium layer is
visualized. (b, e, h) The image mosaicking algorithm fails to stitch together two overlapping image
frames acquired with the uncorrected system due to poor registration of features, but succeeds after

the field-flattening algorithm is applied.
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Figure 4.7  Video mosaicking of fluorescently label fresh mouse tissues imaged at 16 fps. (a-
c¢) Sub-tubular structures in the cortex of a fresh mouse kidney are clearly visualized, and (d) agree
with corresponding H&E histology. (e-g) Another example in a mouse colon shows that sub-

nuclear structures are distinguishable, with good agreement with (h) corresponding H&E histology.

Another critical advantage of flat-field correction is that it improves image mosaicking of
overlapping images in order to create a large-FOV image over time (Figure 4.7 e, h). As shown in
Figure 4.8, a mosaicked image of a lateral FOV of > 2 mm was obtained from a video sequence of
fluorescently labelled mouse tissues obtained at 16 fps. Image mosaicking was achieved through
post-processing with MosaicJ [159], an open-source image mosaicking plug-in of Imagel
(National Institutes of Health, Bethesda, MD). For tissue imaging, the sample was placed against

a glass coverslip that was mounted on a custom disposable lens cap, and the laser power was
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measured as 1 mW at the tip of the microscope. The gap between the objective lens and the

coverslip was filled with ultrasound gel for refractive index matching.

4.5  Invivo imaging in animals

In additional to reducing motion artifact during handheld use, the high frame rate of LS-
DAC microscopy, when compared with slower devices, is able to preserve the dynamic
information (e.g. the blood flow) in living subjects, providing an invaluable visual dimension in
vivo imaging. We show that our device is able to monitor the blood flow trafficking in the ear
vasculature of a living mouse after injected retro-orbitally with FITC-conjugated high molecular
weight dextran (#52471, Sigma-Aldrich Inc., St. Louis, MO). Example still image of the video is

shown in Figure 4.8.

Figure 4.8

Figure 4.8

In vivo imaging of the vasculature of a mouse ear. (a) The mouse was injected with FITC-
conjugated high-MW dextran immediately before imaging. (b) Maximum-intensity projection of
a depth range of 50 to 100 um. The high frame rate (16 Hz) is able to preserve the dynamic

information of the red blood cell trafficking. (¢) Volumetric rendering of vascular architecture.

73



4.6 Summary

In summary, we have developed a handheld LS-DAC microscope to provide physicians
and other healthcare professionals (e.g. dentists, therapists, etc.) with a real-time and non-invasive
alternative to conventional histopathology for the assessment of superficial tissues. Our device is
able to achieve a high frame rate of 16 Hz, which preserves dynamic information for in vivo
imaging and minimizes motion artifacts during handheld use, while maintaining excellent image
contrast and resolution that can serve as a real-time surrogate for conventional slide-mounted
histology. This device is the first fully packaged handheld LS-DAC microscope, in which a
portable line detector has been integrated into the device, along with improved illumination optics
(better resolution and contrast than a preliminary prototype). We also developed a novel scanning
method that utilizes piston-based actuation of a MEMS scanner to correct for the field curvature
induced by the tilting motion of the scanner. This flat-field correction enables more accurate en
face imaging as well as more effective image mosaicking to sample a large lateral field. In the
future, the ability to perform real-time image mosaicking should be of practical value for guiding
clinical end users as they strive to sample a large area of tissue. For example, the mosaicks will
guide users towards regions that are missed, and will also minimize redundant imaging of other
regions. The current system is optimized for imaging fluorescein, a FDA-approved fluorophore
that excites at 488 nm. An clinical imaging study of fresh human brain tumors collaborating with
the Barrow Neurological Institute (Phoenix, AZ) will be shown in the next chapter. It should be
noted that the unique DAC architecture and the modular design of our handheld device will enable
the conversion of the current system for other applications, including imaging fluorophores at

different wavelengths (e.g. 5-ALA-based), or reflectance imaging, with minimal modifications.
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Chapter 5: Clinical evaluation: a pilot study in human gliomas

5.1  Background

In the previous chapter, we described the successful development of a novel handheld line-
scanned dual-axis confocal (LS-DAC) microscope system, with preliminary imaging results (both
ex vivo and in vivo) of animal models to demonstrate the satisfactory performance of our imaging
system. The promising results have motivated us to move on to collaborate with neurosurgeons
and perform a pilot clinical study of seven glioma patients. Through our first experience working
with clinicians to image fresh human tumor tissue, we assessed the feasibility of adopting this new
technology in the clinical workflow of neurosurgery, and will continue to refine the device to
further improve its clinical viability. Furthermore, we have established the first LS-DAC image
atlas of human gliomas, and compared our results to similar clinical studies in the literature
utilizing commercial handheld confocal microscopes. We show that the unique features of LS-
DAC microscope — high-speed, high-resolution, image-mosaicking capability — have properly
addressed the aforementioned limitations of commercial systems and have enabled better

visualization of histological features in heterogeneous glioma tissue.

5.2  Methods

5.2.1 Ethical approval and patient selection criteria

This study was conducted at the Barrow Neurological Institute (BNI, Phoenix, AZ) and St.
Joseph’s Hospital and Medical Center, with approval from the St. Joseph Institutional Review
Board (IRB No. PHXB-17-0378-30-12). Patients with gliomas undergoing craniotomy for tumor
resection were considered to be candidates for the study. Patients under 18 years of age were

excluded. Preoperative informed consent was obtained for all patients.
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5.2.2 Imaging system

The imaging system (Figure 5.1) used in this study is based on the handheld LS-DAC
microscope system described in the previous chapter. In brief, the handheld imaging probe has an
outer diameter of 14 mm and a small contact window of 5 mm. The device is capable of providing
a field-of-view (FOV) of approximately 350 um by 350 um with a lateral resolution ~1 um and
an axial resolution of <2 um in brain tissue up to 100-um deep. In this study, we utilize a 488-nm
blue diode laser (Omicron LuxX 488) with a maximum power of 1 mW (in tissue) to simulate the
laser intensity that would be used for future in vivo imaging. All images in this work are acquired
at 16 frames per second (fps) and displayed dynamically on the screen in real time. It should be
noted that the frame rate can be further increased if necessary at the trade-off of a reduced signal-
to-noise ratio (SNR), but in this study, we found that 16 Hz is an optimal frame rate to effectively
reduce motion artifacts during handheld use while retaining sufficient SNR. As discussed in the
Section 4.3.2, a custom lens cap has been optimized to provide a constant imaging depth at
approximately 50-um beneath the tissue surface. It should be noted that, however, a set of lens
caps have also been made to enable multiple imaging depths ranging from 0 to 100 pm, and these
lens caps can be swapped conveniently during operation. Importantly, enabled by the high frame
rate and the new lens cap design, the device provides smooth and continuous images and is
therefore capable of video mosaicking — stitching overlapping video frames to create an extended
FOV over time using image processing algorithms — to sample a tissue region comparable in size
to a physical biopsy specimen (a few millimeters in scale). The raw video clips from the LS-DAC
microscope 1s processed into large mosaics using Image Composite Editor (Microsoft Inc.,

Redmond, WA) with the default settings. The probe could be operated as either a handheld unit or
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mounted onto a mechanical system (such as a translation stage or a Greenberg retractor) for

localization of the probe tip.

Figure 5.1

Figure 5.1  The handheld LS-DAC system set up in a standard surgical cart at the BNI. The

system can safely transport between the operation room for imaging and a safe location for storage.

5.2.3 Workflow of clinical study

As shown in Figure 5.2, consenting patients at the BNI follow the standard-of-care for
glioma management, in which they receive a cytoreductive surgery as the first step to debulk the
tumor. During the course of the surgery, biopsies were taken for routine histopathological analysis,
and per the IRB protocol, part of the biopsy was collected for our study. The tumor specimen was
immediately wrapped with saline-soaked gauze, stored on ice in a sealed container, and then

shipped to the University of Washington with overnight freight services.
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Upon receipt, the tumor specimen was topically stained with 1-mM acridine orange (A6014,
Sigma-Aldrich Inc., St. Louis, MO) for one minute, followed by thorough rinsing with 1x
phosphate-buffered saline (PBS) to remove non-specific staining. The exposed surface was imaged
with the handheld LS-DAC microscope at 16 fps. Subsequently, the tissue was physically
sectioned in the en face direction (as close and parallel to the tissue surface as possible) and
mounted on glass slides following standard histopathology procedures. The slides were then
stained with hematoxylin & eosin (H&E), and reviewed by a board-certified neuropathologist at
the University of Washington Medical Center to identify hallmarks of glioma tissues, as a

reference for the LS-DAC images.

Figure 5.2
Barrow Neurological Institute, Phoenix University of Washington, Seattle
Surgery Biopsy Nuclear stain LS-DAC imaging Histology
@ . Acridine
S| overnight orange

D) -

C :D) o Surgical cavity

Figure 5.2  Workflow of the clinical study. Glioma patients at the BNI undergo a standard
surgery to remove the bulk of the tumor, and a biopsy is taken for routine histopathology. A portion
of the biopsy is saved for the pilot clinical study. At UW, the specimen is topically stained with
acridine orange and imaged with the LS-DAC microscope to identify histological features of
gliomas. The same specimen is then submitted for gold-standard hematoxylin & eosin (H&E)
staining and the histology slides are reviewed by a board-certified neuropathologist to confirm the

results.
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5.3 Results

One of the limitations of high-resolution microscopy for neurosurgical guidance is the
difficulty of ensuring that a sufficiently large area of the brain is sampled at each imaging location.
While comprehensive imaging of the entire tumor cavity is not needed, there is enough tissue
heterogeneity such that the 350 by 350 um FOV of a handheld confocal microscope may not
represent the average properties of the tissue within a particular region of the brain. Therefore,
real-time video mosaicking would be of value to provide a larger effective FOV as the device is
manipulated over the tissue surface over time. Such mosaicking would not only free the user from
mentally integrating the tissue properties (histological features), but would also guide the user to
image regions that have been missed, and/or to avoid regions that have already been imaged (i.e.
covering the surface as efficiently as possible). Indeed, from the clinical testing, we find that the
unique image-mosaicking capability of our LS-DAC system is highly valuable for neurosurgical
guidance as it provides a more accurate representation of the overall cytoarchitecture of
heterogeneous tissue (Figure 5.3), as well as large histopathological hallmarks of gliomas such as

necrosis (Figure 5.4) and vasculature (Figure 5.5).

5.4 Image atlas: LS-DAC images of human gliomas

This section showcases the first image atlas of human glioma histology using LS-DAC
microscopy to provide the community with a reference for future large-scale clinical studies. The
LS-DAC images are categorized based on the four main criteria used for glioblastoma diagnosis
(i.e. cellularity, mitosis, vasculature, and necrosis) and the corresponding gold-standard H&E
histology is also provided. This atlas is available at full resolution on an online repository

maintained by our group, and will be updated as more images become available.

79



Figure 5.3  (a) Mosaicked LS-DAC image of a human brain biopsy with hypercellularity,
confirmed with (b) the corresponding H&E image. (¢) Mosaicked LS-DAC image of human brain
biopsy with an overall normal cytoarchitecture, confirmed with (d) the corresponding H&E image.
While the mosaics provide a non-ambiguous assessment of the distinct characteristics of the two
regions, (e, f) the individual image frames of (a) can present similar characteristics to those of (g,

h), the individual image frames of (c). Scale bars represent 100 um.
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Figure 5.4

Figure 5.4  Examples of LS-DAC images showing the necrotic regions in human gliomas

(topically stained with acridine orange), with the corresponding H&E-stained histopathology.
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Figure 5.5
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Figure 5.5  Examples of LS-DAC images showing the vasculature in human gliomas (topically

stained with acridine orange), with the corresponding H&E-stained histopathology.
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Figure 5.6

Figure 5.6

Examples of LS-DAC images showing a variety of cellularity in human gliomas (topically

stained with acridine orange), with the corresponding H&E-stained histopathology.
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Figure 5.7
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Figure 5.7  Examples of LS-DAC images showing a variety of sub-cellular features including
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mitosis in human gliomas (topically stained with acridine orange), with the corresponding H&E-

stained histopathology. Scale bars represent 10 pm.

5.5 Summary and conclusion

This chapter presents our findings from the first clinical study (ex vivo) of a newly
developed handheld LS-DAC microscope for fluorescence-guided neurosurgery. This study
evaluates and optimizes the image quality, safety, and ergonomic factors of the device. We are
able to identify important hallmarks of gliomas (e.g. hypercellularity, necrosis, microvascular
proliferation, and mitosis) with image quality that approaches that of the gold-standard H&E
histology. We also show that image-mosaicking is highly valuable as it provides more accurate
representations of heterogeneous tissue as well as better visualizations of large histological
features. From our experience working with seven glioma patients, we believe that it is feasible to
incorporate this device in upcoming in vivo first-in-human studies and the eventual clinical
adoption of the device in the surgical theater as a routine imaging tool. However, it will be

important to address the remaining challenges that will be discussed in the next chapter.
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Chapter 6: Summary and perspectives

6.1  Summary of work

This manuscript documents the development of a novel handheld confocal microscope for
neurosurgical guidance, including results from device prototyping through clinical testing. This
handheld microscope is based on the line-scanned dual-axis confocal (LS-DAC) architecture, a
relatively new variation of confocal microscopy that utilizes (1) low-NA beams to achieve
effective optical sectioning and superior image contrast in biological tissues and (2) simple low
speed (20-30 Hz) miniature scanners to achieve video-rate imaging. In Chapter 1, the current
clinical problems and standard-of-care of gliomas, an extremely deadly disease is discussed. The
emerging field of fluorescence-guided neurosurgery as a promising solution to the clinical problem,
and the state-of-the-art technologies for fluorescence visualization, are surveyed and compared.
This analysis reveals the need of a probe-based high-resolution high-sensitivity microscopy as a
powerful complement to most commonly used wide-area low-resolution surgical microscopes.
This chapter is based on a recent review article in Journal of Neuro-oncology [27]. In Chapter 2,
the principle and the variations of dual-axis confocal (DAC) microscopy are reviewed, with a focus
on the most recent development of the line-scanned version DAC (LS-DAC), which has been
shown as a promising optical sectioning design for high-speed high-resolution handheld probes.
This chapter has been based on a recent review article in the IEEE Journal of Selected Topics in
Quantum Electronics [160]. In Chapter 3, a tabletop LS-DAC microscope was optimized in a pilot
clinical study to validate the feasibility of using LS-DAC microscopy to visualize and quantify the
microscopic expression of PpIX fluorescence in human glioma biopsy, which is potentially
impactful in the field of fluorescence-guided neurosurgery. In this work, a set of tools have also

been developed to ensure reliable and reproducible PpIX quantification using optical-sectioning
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microscopy. This work has been summarized in an article in Journal of Biomedical Optics [125].
In Chapter 4, a handheld version of the LS-DAC microscope was developed and its performance
was evaluated using animal models. The device shows both excellent frame rate and image quality
when compared with similar devices in the market. A novel MEMS-based flat-field scanning
mechanism has also been developed to further enhance the potential of the handheld LS-DAC
system as a powerful intraoperative imaging tools. This work was summarized in a recent
publication in Optics Letters. In Chapter 5, we report our first experience collaborating with
neurosurgeons in utilizing this new technology to image fresh human brain tissue, showing the
feasibility and advantages of using a handheld high-resolution, image-mosaicking LS-DAC
microscope for improving glioma resections. Through the clinical testing, we also made a number
of technical advancements and optimizations on both the hardware and software to further improve
the clinical viability of the device. This work has been summarized in a manuscript under

development.

6.2  Perspectives

The ultimate goal of this project is to improve the completeness of glioma resections by
providing a high-resolution imaging tool for the neurosurgeons to delineate tumor margins
intraoperatively. As mentioned earlier in Chapter 1, a new contrast agent for fluorescence-guided
surgery (FGS), 5-ALA, has emerged as a standard-of-care for guiding HGG resections [65, 70,
161-176], has recently received FDA approval for routine neurosurgical guidance. In spite of its
clear benefits, 5-ALA-based FGS still suffers from a number of shortcomings that have been
detailed in Section 1.3. In brief, the current technique lacks the sensitivity to detect individual

tumor cells even if they are properly labeled, and also, the visible fluorescence generated is usually
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interpreted subjectively [177] and is difficult to quantify because the visualized fluorescence is
greatly affected by light-tissue interactions such as absorption and scattering, as well as detection
parameters such as the angle and working distance of the microscope [27, 48]. While spectroscopy-
based methods have been developed to mitigate these shortcomings, they are typically limited to
sampling localized points of tissue at low spatial resolution rather than generating a more-intuitive
image of the tissue with structure information. Our work in developing a high-speed handheld
confocal microscopy with video-mosaicking capabilities has shown that this new technology has
properly addressed these limitations. We believe that this device can be powerful tool to achieve
optimal EOR for the ultimate benefit of patients suffering from both LGGs and HGGs. As we
continue to refine the handheld LS-DAC microscope for 5-ALA-based neurology, we hereby
provide a perspective on the future clinical workflow in which quantitative high-resolution
microscopy is implemented, and outline the key challenges to overcome and potential strategies

to facilitate the clinical acceptance of this new technology [178].

6.2.1 Proposed clinical workflow

In the current clinical workflow for 5-ALA-based FGS, glioma margins are defined by pre-
operative or intraoperative magnetic resonance imaging (MRI), as well as wide-field (low-power)
surgical microscopy. However, since all gliomas are diffuse and ill-defined, the contrast-enhancing
regions revealed by these wide-field imaging methods (e.g. Gd-enhancement for HGGs, T2-
hyperintensity for LGGs, and macroscopic PpIX fluorescence for most HGGs) are not indicative
of the actual extent of tumor infiltration. While frozen-section histopathology can confirm tissue
status during the course of glioma resection, this strategy is invasive (requiring a physical biopsy)

and time consuming. Our hypothesis, to be investigated in future prospective studies, is that when
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operating on gliomas adjacent to eloquent cortical and subcortical pathways, quantitative high-
resolution microscopy can be used at the final stages of resection to interrogate tumor burden and
other quantitative biomarkers at multiple suspicious sites in order to optimize the EOR (including
beyond the radiographic margins) without jeopardizing functional pathways. As shown in Figure
6.2, a specific workflow for future clinical use is provided below:

(1) At the initial stages of the surgery, standard neurosurgical methods will be used for
debulking the central portions of the tumor. As the neurosurgeon approaches the radiographic or
functional boundaries of the tumor (indicated by anatomical / visual cues, MRI-based
neuronavigation, intraoperative stimulation mapping, and 5-ALA-based FGS using wide-field
surgical microscopy), regions adjacent to non-eloquent brain can be resected more aggressively to

minimize residual tumor burden.

(2) At the final stages of surgery, ambiguous regions at critical locations (e.g. near eloquent
brain) will be probed with high-resolution video-mosaicked microscopy of the exposed tissue
surfaces, enabling a quantitative measure of microscopic PpIX expression that should ideally
correlate with clinicopathologic metrics such as tumor burden and proliferative/mitotic index in
order to guide operative decision-making. This provides a non-invasive and real-time alternative
to intraoperative consultation with frozen-section histology. It should be noted that similar sterile
probe-based microscopy/spectroscopy strategies have been implemented during neurosurgeries,

as described in several reports [34, 36, 44, 179, 180].

(3) Conventional surgical tools (e.g. ultrasonic aspirator, suction catheters, etc.) will be
used in an iterative process with intraoperative microscopy until optimal resection has been

achieved. Ideally, neuronavigation would be used to track the spatial coordinates of all surgical
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devices (microscope, suction catheters, etc.) to ensure good co-registration between iterative

rounds of imaging and resection.

Figure 6.1
A Current standard-of-care Proposed additional step
Visualization MR } Wide-field } Handheld optical-
technology surgical microscopy sectioning microscopy
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Whole brain Surgical cavity Size of biopsy

Figure 6.1

Comparison of routine and emerging imaging techniques for neurosurgical guidance. (A) In the
current standard-of-care, pre-operative MRI is used to assess the location and size of the bulk
tumor, and wide-field surgical microscopy is used intraoperatively to guide debulking. Neither
method provides sufficient spatial resolution or sensitivity to effectively visualize diffuse tumors
at the surgical margins. Handheld optical-sectioning microscopy is an intraoperative imaging
technique that provides superior resolution and sensitivity to detect infiltrating tumor cells at the
margins, and can be potentially used to quantify tumor parameters at localized regions at the final
stages of resection. (B) The colored boxes indicate the relative field-of-view (FOV) of the imaging
modalities described. Larger FOVs are advantageous to mitigate sampling errors when imaging
heterogeneous tissues, but typically require trade-offs in terms of resolution and sensitivity. Green:

MRI. Blue: wide-field microscopy. Orange: optical-sectioning microscopy with mosaicking.
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Figure 6.2
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Figure 6.2

Proposed clinical workflow of 5-ALA-based fluorescence-guided neurosurgery. (A) Conventional
low-power fluorescence surgical microscopy provides a wide FOV that often covers the entire
surgical cavity. (B) Macroscopic PpIX fluorescence is visible at the central portions of most HGGs,
but not at the infiltrative margins. (C) Example low-power fluorescence microscopy image of PpIX
expression from a bulk HGG region. The margins of the tumor are subjectively delineated and
ambiguous. (D) Debulking guided by macroscopic PpIX fluorescence, resulting in residual tumor
burden. (E) High-sensitivity probe-based optical-sectioning microscopy is used to examine
localized regions near the surgical margins, providing a non-invasive alternative to intraoperative
frozen section histopathology. (F) Visualization of subcellular PpIX fluorescence can potentially

enable quantification of tumor parameters in order to guide surgical decisions at the final stages of
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resection. (G) Example image of microscopic PpIX fluorescence in a HGG biopsy using high-
resolution optical-sectioning microscopy. (H) Optimal extent of resection is achieved after

iterative tumor resection guided by video-mosaicked handheld optical-sectioning microscopy.

6.2.2 Challenges & future work

A number of translational milestones should ideally be achieved in order to bolster
confidence in a high-resolution intraoperative imaging technique for adoption by surgeons. First,
and perhaps the most critical step, is to establish a biological context and understanding of the
pattern of sub-cellular PpIX expression that is visualized with an optical-sectioning microscope.
Note that numerous studies have already shown that PpIX expression provides specific delineation
of a variety of neoplasms under wide-field (low-resolution) imaging and spectroscopy [181-183],
including a general correlation between PpIX concentrations and proliferative score as well as
World Health Organization (WHO) histologic score [181]. Preliminary studies (e.g. using high-
resolution in vivo microscopy [11], or using fluorescent-activated cell sorting of dissociated human
cells [unpublished data]) have also shown that PpIX expression at the cellular level is highly
tumor-specific. However, larger-scale correlation studies are needed to improve our ability to
interpret high-resolution images of PpIX in gliomas. For example, studies should ideally
demonstrate a clear correlation between subcellular patterns of PpIX fluorescence and well-
established clinicopathologic metrics such as tumor burden and proliferative/mitotic index (e.g.
Ki-67 and pHH3 expression). Facilitated by the recent advancements in both imaging hardware
(e.g. open-top light-sheet microscopy [132]) and artificial intelligence (e.g. deep-learning
algorithms for classification and regression tasks), it should be possible to perform large
correlative studies within a reasonable timeline. A second milestone, as mentioned previously, is

to mitigate sampling bias due to tissue heterogeneity and to more-closely match the spatial
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precision of current surgical tools (typically several millimeters in scale). While it is technically
challenging to engineer high-resolution microscopes with such large FOVs, robust computer
vision algorithms have been developed and continue to be refined to stitch overlapping image
frames together to create an extended FOV in real time while an imaging device is translated along
the tissue surface [184-189].

It bears repeating that the goal of optical-sectioning microscopy is NOT to image deeply,
but rather to perform quantitative imaging near the exposed tissue surface, which requires the high
contrast of an optical-sectioning device. However, in practice, the ability to image over a shallow
range of depths (<150 microns) may be of practical value to identify an optimal depth where image
quality and tissue integrity are maximized. Complementary imaging modalities for detecting PpIX
fluorescence from deep subsurface tumors [50, 54, 56] are beyond the scope of this work. In terms
of resolution, since current resection tools lack the spatial precision of a high-resolution
microscope, the value of high-resolution imaging is not to enable cellular-scale resection, but to
enable accurate quantification of PpIX, which in turn should correlate with relevant metrics of
tumor burden/proliferation to guide surgical decisions. As with all innovative technologies, clinical
validation is needed through well-powered and controlled studies. For example, “malignancy
scores” based on quantitative PpIX microscopy should agree with traditional assessment methods
such as histopathology and post-operative MRI, and should also be predictive of patient outcomes
(e.g. recurrence). Note that for most glioma patients, adjuvant radiotherapy is a logical next-step
following tumor resection. The development of technology that enables microscopic quantification
of tumor burden and proliferation, and therefore identification of resection cavity regions with
high-risk of tumor recurrence, could also inform postoperative radiotherapy planning and improve

the efficacy of radiation-based strategies to control tumor progression. In terms of hardware
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development, there is also considerable work remains in the pursuit of the clinical translation of
this device. For example, a real-time video mosaicking algorithm would guide the user to image
regions that have been missed, as well as to avoid regions that have already been imaged, and thus
allowing the user to examine the tissue surface as efficiently as possible. Also, the user-friendliness
of the device can be further improved by using more compact high-speed high-sensitivity line
detectors, and equipping with either a zoomable objective lens or a motorized lens cap that
provides interactive and precise depth adjustability (instead of through swapping the lens caps).
Finally, it is also worth exploring the feasibility of fusing with external sensory data (e.g. from
inertial measurement units, neuronavigation systems, motion-tracking cameras, etc.) to improve
the accuracy and robustness of the current video-mosaicking algorithm, which is currently image-
based.

In summary, the recent FDA approval of 5-ALA-based FGS and the advancement of
handheld LS-DAC microscopy have provided a unique opportunity to improve glioma surgeries.
We believe that the device described in the manuscript will have an important role to play in
improving the EOR for glioma surgeries through quantitative and reproducible delineation of the
infiltrative margins of diffuse gliomas, for which current techniques fail to provide adequate
guidance at the final most-critical stages of resection procedures. The successful translation of this
technology will require collaborative efforts amongst multidisciplinary teams that include optical
engineers, neurosurgeons, pathologists/biologists, computer scientists, industry partners, and
regulatory/reimbursement stakeholders. Together with wide-field imaging techniques such as MRI
and low-power surgical microscopy, we believe that the use of intraoperative high-resolution
microscopy within the surgical armamentarium should yield significant improvements in glioma

patient outcomes.
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