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Editorial on the Research Topic
Applications of Fluorescence in Surgery and Interventional Diagnostics

Augmentation of the surgeon’s and interventionalists vision by advanced optical imaging,
including fluorescence guidance [i.e., fluorescence-guided surgery (FGS)], is the basis for multiple
innovations that will transform the workflow of all subspecialties of surgery and interventional
diagnostics. Advanced optical imaging could solve multiple practical problems, making normal and
abnormal tissue and cellular structures that are otherwise indistinguishable to an unaided human
eye visible and making surgery and interventions for patients safer, more efficient, and successful.

In this Frontiers issue, “Applications of Fluorescence in Surgery and Interventional Diagnostics,”
we are privileged to present a collection of 34 open-access publications that describe the frontiers
in research and practice of fluorescence imaging in medicine. These articles were selected through
an open peer-review process that unites experts in the field, including 220 authors and 60 reviewers
and editors.

The first series of articles addresses the frontiers of wide-field fluorescence imaging in
neurosurgical oncology and includes works on the major fluorophores: 5-aminolevulinic acid (5-
ALA), fluorescein sodium, indocyanine green (ICG), and talaporfin sodium. 5-ALA-based imaging
has seen significant growth in recent years, reflected by the high number of articles submitted
for publication. Beginning with a historical review on how 5-ALA was introduced into practice
(Georges et al.), we include several clinical studies on its use in various brain tumors (Goryaynov,
Okhlopkov et al.), such as low-grade gliomas (Goryaynov, Widhalm et al.). The systematic analysis
of a growing body of literature suggests that 5-ALA-guided surgery may impact patients’ survival
(Gandbhi et al.).

Ways to improve fluorescence visualization through the quantification of signal intensity and
its spectral signature are reviewed (Valdes et al.). Novel multispectral imaging technology based on
these principles is presented for the first time in this collection (Charalampaki, Proskynitopoulos
et al.). The latest clinical evidence and experience with the use of ICG is reported (Cho et al.),
fluorescein sodium (Falco et al.), and talaporfin sodium (Akimoto et al.) for neurooncological
applications are also presented. This subtopic concludes with a group of articles that discuss
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photodynamic therapy (Cramer and Chen), simulation models
for fluorescence-guided brain surgery (Valli et al.), and the
clinical benefits of integrating FGS in multitechnology surgical
workflows (Schebesch et al.). In an invited opinion paper,
Duffau discusses the role of fluorescence guidance in the
surgery of malignant brain tumors in the context of the current
trend for “maximal function-based resections.” It could be that
the combination of both functional imaging or mapping and
fluorescence techniques would be advantageous for a balanced
and informed solution to maximize the goals of the surgery.
Specifically, this could be achieved by first localizing the brain
function through awake or asleep mapping to ensure the safety of
resection. Second, localizing tumor extension through advanced
optical imaging could ensure no unintentionally missed tumor
tissue residuals.

Fluorescence and advance optical guidance will remain
relevant and continue advancing within the surgical field
as long as surgery remains a part of the neurooncology
tumor management strategy. Future developments include more
specific optical labels, such as fluorescently labeled peptides and
nanoparticles to visualize abnormal and normal tissue better, for
example, for peripheral nerves (1), or drug-free optical molecular
imaging tools to visualize and discriminate normal (2) and
abnormal (3) tissue.

The second series of papers reports on the advances of small-
field handheld tools for open and stereotactic (Akshulakov et al.)
brain tumor optical imaging, including papers on the frontiers
in optical spectroscopy and RAMAN imaging (Lakomkin and
Hadjipanayis), small-field confocal microscopy systems with
fluorescein sodium (Belykh, Miller et al.), 5-ALA (Wei et al.),
and ICG (Charalampaki, Nakamura et al.) used for contrast
creation, as well as dyeless cross-polarization optical coherence
tomography (Yashin et al.). These papers describe technologies
for optical biopsies that are either FDA-approved or are at various
stages of development. An exciting development within this
realm is improving and optimizing the resection of malignant
or invasive tumors by bringing a portable visualizing probe
within the surgeon’s hand that is a comfortable size and displays
real-time in vivo fluorescence imaging to detect abnormal
histoarchitecture. At least for brain surgery, although such
technology could be used to extend the resection margins,
which has correlated with increased survival, it may also be
used to inform the surgeon of the tumor boundary and thus
where to stop resection. These and other technologies within
an operating room environment and incorporated into the
surgical and pathology workflows effectively link the pathological
consultation directly into the operating room. Theoretically, such
technology could replace frozen section biopsies with optical
biopsies, thereby increasing the yield of biopsies and the speed
of surgery. Such technologies will include computer-aided image
analysis (Izadyyazdanabadi et al.) and related image assessments
that will guide and improve intraoperative diagnostics.

The third set of papers addresses the nuances of
fluorescence imaging for vascular neurosurgery. Papers
describe the evidence, techniques, and practical pearls of
applying ICG contrast to augment visualization of cerebral

blood flow in aneurysms (Norat et al), cerebrovascular
bypass (Cavallo et al.), and arteriovenous malformation
(Foster et al.) surgeries. Advances in the design of wide-
field microscopes, endoscopes, and administration for
fluorescein-based angiography are described (Zhao et al.).
As surgical techniques become more refined, incorporating
such imaging techniques provides a view of the tissue’s
microvascularity with significant implications for tissue
function preservation.

The fourth set of papers relays information on novel
molecular fluorescent probes under development to improve
FGS. Established and novel ways of imaging probe delivery to
brain tumors across the blood-brain barrier are reviewed (Belykh,
Shaffer et al.). Investigations of several drug-based strategies
to augment already established 5-ALA-based diagnostics are
reported [(a) Reinert et al;; (b) Reinert et al.]. Two papers report a
new strategy of applying the drugs locally as fluorescent paint to
highlight malignant cells (Kitagawa et al.; Byvaltsev et al.). Apart
from oncology, a novel application of fluorescence diagnostics
for clinically relevant inflammatory cell imaging is presented,
which has had a significant impact on medical efficacy and
the economics of treating critically ill patients with pulmonary
disease (Birch et al.).

The fifth set of papers report on the frontiers of fluorescence-
based techniques in visceral surgery (Ferrari-Light et al;
Wu et al.), reconstructive microsurgery (Ludolph et al.), and
endoscopic diagnostics (Capuano et al.). These innovative
clinical technologies include wide-field and small-field
confocal imaging tools with fluorescein and ICG contrast.
These fluorescence applications for surgery were among
the first to be incorporated into disease diagnostics and
therapeutics, such as gastrointestinal disease. They prompted
the developments that launched surgical fluorescence handheld
endoscopic imaging technology into other surgical disciplines,
such as neurosurgery. These imaging techniques are a
routine part of disease diagnostics and monitoring in many
global locations, especially for precancerous and cancerous
lesion management.

This constellation of basic, translational, and clinical papers
will facilitate the interdisciplinary exchange of knowledge
and will aid in the further progress of advanced optical-
aided technologies. These authors and colleagues will lead
advanced imaging efforts and champion innovations in
optical navigation to improve patient outcomes and benefit
healthcare systems.
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The primary treatment for brain tumors often involves surgical resection for diagnosis,
relief of mass effect, and prolonged survival. In neurosurgery, it is of utmost importance
to achieve maximal safe resection while minimizing iatrogenic neurologic deficit. Thus,
neurosurgeons often rely on extra tools in the operating room, such as neuronavigation,
intraoperative magnetic resonance imaging, and/or intraoperative rapid pathology.
However, these tools can be expensive, not readily available, time-consuming, and/or
inaccurate. Recently, fluorescence-guided surgery has emerged as a cost-effective
method to accurately visualize neoplastic areas in real-time to guide resection. Currently,
5-aminolevulinic-acid (5-ALA) remains the only fluorophore that has been approved
specifically for fluorescence-guided tumor resection. Its use has demonstrated improved
resection rates and prolonged progression-free survival. However, protoporphyrin-IX,
the metabolic product of 5-ALA that accumulates in neoplastic cells, fluoresces in
the visible-light range, which suffers from limited tissue penetration and significant
auto-fluorescence. Near-infrared fluorescence, on the other hand, overcomes these
problems with ease. Since 2012, researchers at our institution have developed a novel
technique using indocyanine-green, which is a well-known near-infrared fluorophore
used traditionally for angiography. This Second-Window-ICG (SWIG) technique takes
advantage of the increased endothelial permeability in peritumoral tissue, which allows
indocyanine-green to accumulate in these areas for intraoperative visualization of the
tumor. SWIG has demonstrated utility in gliomas, meningiomas, metastases, pituitary
adenomas, chordomas, and craniopharyngiomas. The main benefits of SWIG stem
from its highly sensitive detection of neoplastic tissue in a wide variety of intracranial
pathologies in real-time, which can help neurosurgeons both during surgical resections
and in stereotactic biopsies. In this review of this novel technique, we summarize the
development and mechanism of action of SWIG, provide evidence for its benefits, and
discuss its limitations. Finally, for those interested in near-infrared fluorescence-guided
surgery, we provide suggestions for maximizing the benefits while minimizing the
limitations of SWIG based on our own experience thus far.

Keywords: indocyanine-green, near-infrared, tumor resection, enhanced-permeability and retention effect,
fluorescence-guided surgery
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INTRODUCTION

Surgical resection of brain tumors remains an important part of
cancer care for pathologic diagnosis, relief of mass effect, and
survival benefit (1-9). However, radical resections, such as those
practiced in other surgical fields, in the brain could result in
neurologic morbidity that may outweigh the benefits of surgery
(10). Neurosurgeons must thus balance the goals of maximal
resection with minimizing neurologic deficits, which is a difficult
task. Indeed, gross-total-resection (GTR) rates for intracranial
tumors range from <30% for glioblastoma-multiforme (GBM)
and other high-grade gliomas (HGG) to ~70% for benign
meningiomas or pituitary adenomas, and tumors recur even after
perceived GTR (11-16). Therefore, it is of paramount importance
that neurosurgeons intraoperatively distinguish neoplasm from
benign brain parenchyma and surrounding tissue. In addition
to enhanced illumination, magnification, and experienced
interpretation of tissue color and texture, neurosurgeons
often rely on extra tools in the operating room, such as
neuronavigation, intraoperative magnetic resonance imaging
(MRI), intraoperative rapid pathology, and/or intraoperative
ultrasound (17, 18). However, these modalities can have
significant drawbacks, such as brain-shifts for neuronavigation
and low availability, high cost, and high false-positive rate
for intraoperative MRI (17-21). Recently, fluorescence-guided
surgery (FGS) has emerged as a rapid and cost-effective
alternative to these techniques.

In June 2017, the US Food and Drug Administration
(FDA) approved 5-aminolevulinic-acid (5-ALA) as an agent for
fluorescence-guided neurosurgery. First tried in neurosurgery in
1998, 5-ALA is a prodrug that leads to selective accumulation of a
fluorophore, protoporphyrin IX (PpIX), in malignant cells, which
can then be visualized intraoperatively using blue-light excitation
(22-28). In a pivotal randomized-control study, Stummer et al.
demonstrated that 5-ALA fluorescence-guided surgery led to a
65% GTR rate, compared to 36% in the control group in patients
with high-grade gliomas (29). Other studies have replicated the
benefits of 5-ALA in high-grade gliomas, as well as potential
benefit in other intracranial tumors, such as meningiomas
and pituitary adenomas (30-32). Despite the rigorous evidence
that 5-ALA use is advantageous, it has visible-light emission
that is significantly absorbed by endogenous fluorophores (i.e.,
heme), limiting its tissue penetration. Furthermore, the brain
has numerous endogenous fluorophores, such as lipofuscin
or flavin, with excitation/emission spectra that can overlap
significantly with PpIX, reducing contrast between the tumor and
the background brain (Figure 1A).

Fluorescein is another FDA-approved fluorophore that has
traditionally been used for angiography in ophthalmology
but with recent applications in tumor surgery. Studies have
demonstrated that a bolus injection of fluorescein during the
operation leads to fluorescein accumulating in areas of blood-
brain-barrier breakdown in the peritumoral tissue. Fluorescein
has demonstrated a range of sensitivity and specificity for
intracranial tumors in prior studies, with generally high
sensitivity but lower specificity compared to 5-ALA (33-39).
Like 5-ALA, fluorescein is a visible-light fluorophore and sufters

from limited visualization through tissue and weak contrast from
surrounding normal brain (Figure 1B). Some have attempted
dual-injections of 5-ALA and fluorescein to enhance detection
of neoplastic tissue by increasing the contrast between the
neoplastic tissue that uptake 5-ALA and the peritumoral area that
uptake fluorescein (40).

More recently, indocyanine-green (ICG), a near-infrared
(NIR) fluorophore (peak excitation = 805nm, peak emission
= 835nm), has demonstrated utility in labeling tumor tissue.
Unlike the conventional use of ICG as an angiographic agent,
a novel technique using ICG, termed the Second Window ICG
(SWIG), has been demonstrated in recent years. Due to the
limitations of 5-ALA and fluorescein mentioned earlier, we
have focused on NIR fluorophores. Thus, we investigated SWIG
in various intracranial tumors, including high-grade gliomas,
meningiomas, brain metastases, and pituitary adenomas. In this
article, we review the brief history and hypothesized mechanism
of action behind SWIG, examine the evidences supporting its use
neurosurgery, detail specific operative techniques to minimize
errors, and describe our group’s practical experience with this
novel technique.

HISTORY AND MECHANISM OF ACTION
OF SWIG IN INTRACRANIAL TUMORS

Neurosurgeons are familiar with ICG and its role as an
angiographic agent since the 1960s. ICG is a small, amphiphilic
molecule (<800 daltons) that, when injected intravenously,
normally remains within the blood vessel mostly bound to
albumin and other plasma proteins. It is removed by biliary
excretion and has a very short half-life of <180's. Due to this short
half-life, ICG is usually given as a bolus dose of <0.5 mg/kg and
NIR imaging is performed immediately afterwards to delineate
the vasculature.

In 1993, Hansen et al. described a technique using ICG
boluses to create contrast between neoplastic tissue and
brain parenchyma in rat models, rather than just visualizing
vasculature (41); this was soon followed by another study by
Haglund et al. in rats (42) and in human patients (43). In this last
study, patients received a bolus of ICG at 1 mg/kg and then were
imaged for up to 10 min after the bolus dosing, allowing ICG to
accumulate in the tumor while washing out of the surrounding
parenchyma. In patients with HGG, significant contrast between
tumor and background was detected, while in patients with
low-grade gliomas (LGG), this contrast decreased significantly
between 4 and 10 min after ICG injection.

Finally, in a 2012 study, Madajewski et al. proposed that a
high-dose infusion of ICG (7.5 mg/kg) given 24 h prior to surgery
allows ICG to accumulate in areas of neoplasm, facilitating
detection of residual neoplasm after standard resection in murine
flank tumor models (44). This effect was confirmed in a follow-up
dose-confirmation study in a murine flank tumor model (45) and
was further demonstrated in a murine intracranial tumor model
by our lab (46). It has been hypothesized that the accumulation
of ICG occurs through the well-described enhanced permeability
and retention (EPR) effect, which stipulates that solid tumors
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snhormal tissue”
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FIGURE 1 | Examples of visible light fluorophores used in brain tumor resection. (A) 5-ALA is an oral prodrug that is converted to proptoporphyrin-1X, a visible light
fluorophore with red emission, in high-grade neoplastic cells. Under blue-light excitation (400-410 nm), pink areas correspond to areas of neoplasm against the
dark-blue background (28). (B) Fluorescein is a visible-light fluorophore with yellow emission that highlights areas of blood-brain-barrier damage. When injected
intravenously 1-3h prior to tumor exposure, areas of tumor can be visualized in yellow using yellow-green (460-500 nm) excitation (38).

1. Identification of areas of interest under WL
a. Non-necrotic solid tumor
b. Marignal tumor
c. ,normal“adjacent tissue

2. Assessment of macroscopic fluorescence

3. Spectrometry and biopsy*

*in adjacent brain only if intended for resection

possess enhanced vascular permeability due to defective vascular
structures, impaired lymphatic drainage systems, and increased
permeability mediators (47). ICG then accumulates in these areas
of enhanced vascular permeability and can be visualized 24-h
later (Figure 2) (48).

EVIDENCE AND POTENTIAL BENEFITS OF
SWIG

SWIG has been investigated in various intracranial applications
(Table 1). We summarize the results below and discuss
potential implications.

Intra-Axial Brain Tumors: Gliomas and

Metastases

In 2016, we published the results of the first SWIG study in 15
patients with gliomas (49). An important discovery was that the
strongest predictor of positive intraoperative NIR fluorescence
was contrast-enhancement on preoperative MRI (p-value = 0.03)
(Figure 3A). NIR fluorescence could be detected from tumors
>1cm deep and in 8 patients, the tumor could be detected
prior to durotomy. In contrast-enhancing gliomas (12/15 in this

study), SWIG demonstrated 98% sensitivity, 45% specificity, 82%
positive-predictive-value (PPV) and 90% negative-predictive-
value (NPV) for detecting areas of neoplasm in biopsy specimens,
with an area under the receiver operating characteristic curve
(AUROC) of 0.715. In comparison, white-light alone was 84%
sensitive and 80% specific for neoplasm, with a PPV of 92%, NPV
of 67%, and AUROC of 0.822. Updated data from our group that
is yet unpublished shows that SWIG has a PPV of 88% and NPV
of 63% for margin specimens in contrast-enhancing gliomas,
compared to white-light alone with a PPV of 100% and NPV of
38%. Furthermore, data currently under review for publication
suggests that NIR imaging of the surgical bed after resection can
increase the surgeon’s confidence that GTR has been achieved if
there are no residual areas of NIR fluorescence (Figures 3B-E).

The utility of SWIG was also investigated in 13 patients
with various intracranial metastases in a 2017 study (50). SWIG
demonstrated higher sensitivity (96 vs. 82%) and NPV (75 vs.
67%) but lower specificity (27 vs. 91%) and PPV (77 vs. 96%).
AUROC with SWIG was 0.619, whereas AUROC with white-
light alone was 0.865. NIR signal was visualized through the
dura in 11 patients and in patients with sub-surface tumors, NIR
signal could be visualized at least to a depth of 6.8 mm below the
cortex (Figure 4).
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Blood Flow

* = Indocyanine Green

White-Light H&E Staining Near-Infrared

FIGURE 2 | Mechanism of action for Second Window Indocyanine Green (SWIG) (A) ICG is hypothesized to accumulate in neoplastic areas via the enhanced
permeability and retention effect. In areas of normal brain, with intact endothelium, the ICG remains intravascular and washes away quickly. In areas of tumor, which
often have permeable/damaged endothelium, the ICG permeates into the peritumoral tissue and remains in the tissue for a prolonged time (54). (B-D) SWIG in murine
model of GBM (U87 cells). Under white-light alone (B), it is difficult to visualize the full extent of the tumor, which is demonstrated by hematoxylin and eosin (H&E)
staining (C). With SWIG (D), however, both the core of the tumor and the margin are delineated under near-infrared fluorescence.

TABLE 1 | Summary of studies investigating near-infrared fluorescence guided the neurosurgeon can examine biopsied specimens ex-vivo for

neurosurgery with second-window ICG. NIR fluorescence in the operating room. If the tissue is non-

References  Tumor type ()  Sensitivity Specificity PPV NPV ﬂuorescc?nt, chances are very high that the specimen 1s.1?ot

(WL, NIR) (WL, NIR) (WL, (WL, neoplastic or otherwise abnormal due to the highly sensitive

NIR) NIR) nature of SWIG for neoplasm, and thus, another biopsy should

be taken; conversely, with fluorescent tissue, the surgeon can be

Leeetal. (49)  Gliomas (15) 84% 80% 92% 67% confident that abnormal tissue was biopsied (data under review)
98% 45% 82% 90%

(Figure 5). Thus, SWIG offers an affordable, rapid, and accurate

Leeetal. (50) Metastases (13) 82% 91% 96% 67% & ic bi . . h s
96% 27% 77% 75% adjunct to stereotactic biopsies to increase the neurosurgeons
Leeetal (51) Meningiomas (18)  82% 100%  100%  78% confidence and reduce operating length.
96% 39% 71% 88%
Choetal. (52) Varied (6) NA NA NA NA Extra-Axial Brain Tumors: Meningiomas,
Jeon et al. (53) (S1l;L)JII-base Tumors NA NA NA NA Pituitary Adenomas, and Others
Choetal (54 Piut a5 90% 96 a0 SWIG has demonstrated sensitive detection of neoplasm in
o etal (54 Ag:'ﬂi%as 16) 100;) 2902 82"2; 100;} extra-axial tumors as well. In a 2017 study of SWIG in 18

meningioma patients (15 grade I, 3 grade II), NIR imaging
NA, Not applicable; NIR, Near-infrared; NPV, Negative-predictive value; PPV, Positive- detected strong fluorescence in 14 tumors (51)_ It was noted that
predictive value; WL, White-ight. 4 tumors demonstrated “inverse” NIR fluorescence, in which the
background signal was higher than the signal within the tumor,

The latest application for SWIG under investigation is  and linear regression suggested that time from ICG injection

in stereotactic biopsies of intracranial tumors. Currently,  wasnegatively correlated with NIR fluorescence contrast (p-value
stereotactic brain biopsies may have prolonged operative time = 0.022, R* = 0.2876); we have hypothesized that this inverse
due to the need for confirmation of abnormal tissue from frozen  fluorescence may be due to either quenching of ICG that can
pathology. If the result is inconclusive, this may require further ~ occur at concentrations >125 ug/L (52) or the slow permeation
biopsy specimens in the operating room. However, using SWIG,  of ICG out of the neoplastic tissue into the surrounding area
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A Near Infrared Signal SBR versus MRI T1 Signal

15 20
L

NIR Tumor SBR
10
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Ratio of gadolinium-enhanced T1 tumor signal to normal brain

95% ClI
. Subject ID number

Fitted values

FIGURE 3 | Utility of SWIG in patients with GBM. (A) The amount of near-infrared fluorescence detected in tumors after SWIG administration positively correlates with
contrast-enhancement on preoperative MRI (p-value 0.03), suggesting that SWIG can label contrast-enhancing tissue in real-time (49). (B,C) A contrast-enhancing
GBM demonstrates strong NIR fluorescence in the operating room after durotomy. This technique does not suffer from brain-shifts, unlike neuronavigation. (D,E) After
standard resection, NIR imaging of the surgical bed demonstrates no residual areas of strong NIR fluorescence. Postoperative day-1 MRI demonstrates postoperative
changes with gross-total resection. Arrows indicate the orientation of the surgical bed. In patients whom post-resection NIR imaging does not demonstrate residual
NIR fluorescence, the neurosurgeon can be more confident that gross-total resection has been achieved.

after 24 h, although neither has been definitively demonstrated. =~ 4 chordomas demonstrated that all the tumors demonstrated
Overall, SWIG demonstrated 96% sensitivity, 39% specificity, = NIR fluorescence (Figure 6) (53). Again, contrast-enhancement
71% PPV, and 88% NPV for detecting neoplasm in these  on preoperative MRI was the best predictor of NIR fluorescence
meningioma patients with an AUROC of 0.677, compared to  contrast to normal background (p-value = 0.0003). In pituitary
white-light alone, which showed 82% sensitivity, 100% specificity, =~ adenomas, SWIG demonstrated 100% sensitivity, 20% specificity,
100% PPV, and 78% NPV with an AUROC of 0.911. 71% PPV, and 100% NPV for neoplasm in biopsy specimens,

Finally, SWIG is applicable to skull base tumors, such as  compared to white-light alone with 90% sensitivity, 100%
pituitary adenomas, chordomas, and craniopharyngiomas, which  specificity, 100% PPV, and 83% NPV (n = 15). A more recent
were accessed via the transnasal/transsphenoidal approach. A study shows that SWIG had 100% sensitivity, 29% specificity,
2018 study of 8 pituitary adenomas, 3 craniopharyngiomas, and ~ 82% PPV, and 100% NPV (n = 30), whereas white-light
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Dura View

Cortex View

Tumor View

FIGURE 4 | Further clinical applications of SWIG in neurosurgery —trans-dural visualization. In this patient with a subcortical brain metastasis, NIR imaging localized
the tumor through intact dura as well as intact cortex. Unlike visible-light fluorescence, NIR fluorescence can travel through tissue up to >1cm in the brain. Since NIR
imaging provides real-time localization of tumor, this can help neurosurgeons better plan the access through the dura and minimize cortical disruption (50).

Near-Infrared B&W

had 88% sensitivity, 90% specificity, 96% PPV, and 73%
NPV (n = 78) (54).

Benefits of SWIG in Neurosurgery

Overall, these studies suggest that the main benefit of
intraoperative NIR imaging with SWIG is the higher sensitivity
and NPV for detecting neoplastic tissue, which may allow
surgeons to detect more residual neoplasm at the margins after
resection than with white-light alone, increasing the chances of
achieving GTR. SWIG studies thus far are all limited by the
fact that the scope of surgery was not changed depending on
NIR imaging, as SWIG was a technique under investigation at
the time. In other words, even if the senior surgeon observed
residual areas of fluorescent tissue after standard resection,
further resection was not performed. Therefore, it is currently
difficult to quantify the effects NIR imaging with SWIG on
surgical outcomes. However, given that 5-ALA, with lower
sensitivity (~70-90%), similar PPV (>95%), and much lower
NPV (19-24%) has demonstrated benefit in increasing GTR
rates and progression-free survival (29), it is not unreasonable to
expect that fluorescence-guided surgery with SWIG would lead
to equally improved, if not better, surgical outcomes compared
to surgery with 5-ALA. Furthermore, the results demonstrating

correlation between absence of fluorescence and GTR in HGG
is encouraging as well. A study to investigate changing the
extent of surgery according to NIR fluorescence with SWIG
is currently under way and will better elucidate the effects of
fluorescence-guided surgery with SWIG on resection rates and
surgical outcomes.

In contrast to PpIX or fluorescein, SWIG imaging utilizes
NIR fluorescence, leading to great tissue penetration. The longer
NIR wavelength allows the photons to travel further in the body,
especially in less dense tissue, because there is less absorption by
hemoglobin and other proteins (55, 56). Thus, as demonstrated
in the above studies, NIR fluorescence from subcortical tumors
can be imaged through intact dura and cortex, which is not
possible with white-light visualization or with 5-ALA, except
under very limited circumstances with specialized equipment
(57). Furthermore, since NIR imaging is performed in real-time,
SWIG does not suffer from brain shifts and other inaccuracies in
directing the surgeon toward the tumor bulk as can be seen in
neuronavigation. Both the deeper tissue signal and the real-time
feedback can benefit the surgeon in accurately planning access
through the dura and minimizing cortical disruption.

Finally, a defining feature of SWIG is its widespread
applicability. Unlike receptor-targeted dyes or metabolic dyes,
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FIGURE 5 | Application of SWIG for stereotactic biopsies. Stereotactic biopsies with SWIG offer rapid confirmation that abnormal tissue was biopsied. When a
sample was biopsied outside the contrast-enhancing legion using neuronavigation (top row), it did not demonstrate NIR fluorescence and was normal tissue on the
frozen pathology. On the contrary, when a sample was biopsied within the contrast-enhancement (bottom row), it demonstrated NIR fluorescence and pathology
diagnosis was GBM. Thus, SWIG offers an affordable, rapid, and accurate adjunct to stereotactic biopsies to reduce operating length.

MRI White-Light Near-Infrared

Chordoma

Craniopharyngioma

Pituitary
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FIGURE 6 | SWIG in extra-axial brain tumors. Patients with chordomas (top row), craniopharyngiomas (middle row), and pituitary adenomas (bottom row) all
demonstrate NIR fluorescence with SWIG. Visualization was performed with a NIR-sensitive endoscope system (53).
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such as 5-ALA, SWIG has demonstrated nearly equivalent utility
in a wide variety of intracranial tumors. This, combined with the
high availability of ICG, makes SWIG an easily accessible adjunct
to the armamentarium of neurosurgeons world-wide.

TECHNICAL CONSIDERATIONS

SWIG is fundamentally different from traditional angiography
with ICG or the minimally delayed imaging performed by
Haglund et al. In order to take full advantage of the EPR effect,
ICG must be administered between 16 and 30h prior to the
surgery (46). Generally, patients receive an outpatient infusion
the day prior to surgery. ICG is administered intravenously over
1h, at a dose of 5mg per kg of body weight. The patient is
closely monitored throughout the duration of the infusion and
for 30 min afterwards for any adverse events. Thus, far, no major
complications from ICG administration has been reported. The
patient then returns the next day for the surgery. Of note, in a few
recent cases, including a spinal cord meningioma and peripheral
nerve schwannoma, ICG was administered 6-8 h prior to tumor
exposure. While NIR imaging detected pathologic tissue in these
cases, there is still insufficient evidence to validate this shorter
time window in humans.

Intraoperatively, the surgery setup and procedure proceeds
as per standard of care, with the one exception of having
a dedicated NIR imaging device present in the operating
room. While conventional surgical microscopes have add-
on modules that allow NIR imaging of ICG, these were
designed for ICG angiography with a much higher concentration
of ICG. These modules are not sensitive enough to low
concentrations of ICG and do not have a wide dynamic range.
Our group uses a dedicated NIR exoscope/endoscope system
(VisionSense IridiumTM), which uses a dedicated excitation laser
and an integrated post-acquisition image processing. This allows
simultaneous visualization of visual light, NIR signal alone,
and an overlaid augmented-reality type display of both signals
simultaneously. This system was identified as having superior
sensitivity and dynamic range compared to other commercial
NIR imaging platforms in a comparison study by DSouza et al.
(58). Our group further compared the dedicated NIR exoscope
system to a commercial neurosurgical microscope module and
demonstrated that for SWIG fluorescence-guided surgery, the
dedicated NIR system is more suitable, as it can more reliably
detect NIR fluorescence through the dura and detect NIR signal
from neoplastic tissue with a higher tumor-to-brain contrast over
a larger dynamic range of NIR fluorescent signal (Figure 7) (52).
Other dedicated NIR imaging platforms with strong excitation
and high-quality image-processing may also be viable options.
More sophisticated add-on modules for surgical microscopes are
emerging as well.

In order to minimize background and maximize signal
detection, ambient light should be minimized. During the
SWIG visualization of the procedure, both room and overhead
operating lights are turned off as even these lights can lead
to some degree of NIR signal detection. Furthermore, careful
consideration should be made if simultaneous neuronavigation
is utilized. It has been noted that neuronavigation systems

utilizing NIR technology for fiducial detection interfere with
NIR signal detection. In some systems, a pulsing NIR
light is generated from the neuronavigation “camera’ and is
visualized by the NIR imaging system as a pulsing, high
background signal. Therefore, the neuronavigation camera
should be directed away from the field while using any SWIG
detection system.

After craniotomy but before durotomy, the NIR imaging
modules is introduced into the field to assess whether the tumor
can be visualized through the dura. In many cases of superficial
tumors, the tumor boundary can be easily delineated through the
dura. Durotomy is then performed and repeat NIR imaging is
performed to confirm tumor location. In cases of deep tumors,
neuronavigation is used to locate and expose the tumor. Once
the tumor is exposed, NIR fluorescence of the gross tumor
specimen is measured. Then, resection of the tumor proceeds
in the standard of care manner, without NIR imaging. After
the senior neurosurgeon is satisfied with the resection, NIR
imaging is again performed to assess for residual fluorescence.
Depending on the protocol, any areas of residual fluorescence can
be simply recorded, biopsied, or completely removed. Closure is
then performed in a standard manner and the patient undergoes
postoperative MRI to assess the extent of resection.

PRACTICAL EXPERIENCE

During our experience with SWIG over the past 4 years, we
have come to better understand the various factors that can help
or hinder surgeons utilizing SWIG fluorescence-guided surgery,
which we detail below.

One of the limitations of SWIG is the higher false-positive
detection of neoplasm compared to surgeon judgment with
white-light alone. False-positive NIR signal can come from either
abnormal or normal tissue. Abnormal tissue, such as neoplasm,
inflammation, and necrosis are all associated with endothelial
damage and thus, ICG can accumulate in these tissues via
the EPR effect, which is not specific to neoplasm, but rather
targets areas of blood-brain-barrier breakdown. Since these areas
enhance with gadolinium, SWIG will also highlight these areas.
The difficulty in distinguishing neoplasm from inflammation
and necrosis was noted in murine models as well as canine and
human patients with thoracic cancers (59). We have noted a
similar phenomenon in neurosurgery, in which SWIG could not
distinguish between these abnormal tissues (unpublished data).
This is the main limitation of SWIG, as it is not a tumor-targeting
dye, and it will likely be difficult to overcome without developing
targeting moieties.

False-positive NIR signal can occur in normal tissues as well,
especially in the skin, mucosa, and dura. It is believed that due
to the negative charges on ICG, it can bind nonspecifically to
these tissue with a low affinity, although this has not yet been
definitively demonstrated as the cause. Thus, in many cases,
we have observed NIR signal from skin, mucosa, and/or dura
that are certainly not neoplastic. There are two steps that the
surgeon can take in the operating room to minimize these false-
positive signals.
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Many NIR imaging systems have variable gains, which reflect
the sensitivity of the camera sensor to the emission photons,
that can be adjusted and fixed by the operator. The higher the
gain, the more sensitive the camera, and the weaker the signals
that can be detected. Thus, a gain that is set too high can
result in detection of NIR fluorescence that isn’t true neoplasm
(Figures 8A-D) (51). One way to avoid this problem is to note
the gain setting when the tumor is first exposed and then to
fix the gain at that level throughout the rest of the surgery.
The surgeon can then be confident that any NIR fluorescence
that is detected is at the same level of fluorescence as the
tumor, increasing the likelihood that the area of fluorescence
is neoplastic.

Another factor that can contribute to false-positive NIR
signals is the distance between the sensor and the tissue.
This is more of a factor with endoscopic surgeries, as the
scope is often brought to very close proximity to the tissue
of interest for optimal visualization. Since optical signal
decays as a factor of distance-squared, simply halving the
distance between the endoscope and the tissue of interest
can elevate the detected NIR signal 16-fold (4-fold increase
in excitation strength, 4-fold increase in emission detection).
Thus, similar to the gain above, having the endoscope too
proximal to the tissue can cause falsely elevated NIR signal
to be detected. In order to avoid this, the surgeon should

attempt to visualize areas of suspected NIR fluorescence from
a set distance. With the VisionSense Iridium endoscope in
transsphenoidal surgeries for pituitary adenomas using a related
NIR dye, we demonstrated that having the endoscope at a
distance that maintains the distance between the two medial
opticocarotid recesses to be <50% of the field of view is ideal
for minimizing false-positive NIR signals (Figures 8E-H) (60,
61). Endoscopes that offer more precise distance measurements
could further help the neurosurgeon to acquire more accurate
NIR signals.

Furthermore, there are two factors that can hinder the
surgeon’s ability to detect true-positive NIR fluorescence: strong
signal in the surrounding normal tissue and pooled blood.
If the gain is properly set as described above, the surgeon
should be able to detect residual areas of NIR fluorescence
that is at the same level of fluorescence as the tumor, and
thus, likely to be residual neoplasm. However, if there is a
significant amount of fluorescence in the skin, mucosa, or dura
surrounding the surgical bed, the NIR camera may not properly
detect smaller areas of fluorescence. If the surrounding area
is covered with surgical towels or gauze to isolate the surgical
bed, small areas of residual fluorescence can be detected more
easily (Figures 9A-D). Pooled blood can also often obscure areas
of NIR fluorescence by physically blocking the excitation and
emission lights (Figures 9E,F). Thus, when imaging for NIR
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FIGURE 8 | False-positive NIR signal using SWIG. There are two main sources
of false-positive signals that may arise during NIR imaging: high gain settings
and small distance between the NIR sensor and the tissue. (A-D) Some NIR
imaging systems have adjustable gain (NIR sensitivity) that need to be fixed in
order to avoid detecting false-positive signals. When the tumor was first
exposed in this patient with a meningioma (A), the gain was at 15% and
strong NIR fluorescence was detected from the tumor (B). After resection (C),
NIR fluorescence was again detected, but the gain was at 71% (D). Once the
gain was adjusted down to 15%, those areas of NIR fluorescence
disappeared, suggesting that the NIR signal had been false-positives (51).
(E-H) In endoscopic fluorescence-guided surgery, the distance between the
scope and the tissue of interest is important as well. Since optical signal
decays as a factor of distance-squared, bringing the scope in close proximity
to any tissue can result in fluorescence detection. This patient with a pituitary
adenoma received a folate-receptor targeted near-infrared dye, but
postoperative immunohistochemistry demonstrated no folate-receptor
expression; thus, the tumor should not have demonstrated fluorescence.
When the tumor was visualized from a distance (E,F), there was minimal NIR
signal; however, when the scope was brought closer to the tissue (G,H), the
tumor seemed to fluoresce. Thus, maintaining the proper distance between
the endoscope and the tissue is of paramount importance in avoiding
false-positive NIR signals (61).

fluorescence, it is important to achieve hemostasis to clear the
field of blood and place the tissue of interest in direct line of the
excitation light.

Overall, fluorescence-guided surgery using SWIG has
technical intricacies that may require a learning curve. We have

Near-Infrared

FIGURE 9 | False-negative NIR signal using SWIG. There are two main
sources of false-negative signals that may arise during NIR imaging:
surrounding, nonspecific NIR signal and blood/fluid. (A-D) Upon durotomy in
this patient with a GBM, strong but nonspecific NIR signal was observed in the
skin and dura, which masked any NIR signal coming from the actual tumor.
Once the nonspecific signals were obscured by the surgeon, the NIR
fluorescence from the tumor could be detected properly. (E,F) Blood and other
fluids can obscure NIR fluorescence. In this patient, after standard resection,
no NIR fluorescence was detected in the surgical bed initially. However, after
removing blood and fluid, the underlying NIR fluorescence was detected.

detailed the steps that neurosurgeons can take in the operating
room to both minimize false-positive signals and to elucidate
true-positive signals.

Finally, a consideration for neurosurgeons interested in the
technique is the cost of SWIG. As mentioned previously,
SWIG requires sensitive NIR imaging capabilities, which is
best achieved with a dedicated imaging system, such as the
VisionSense Iridium; this system currently costs approximately
$100-150K depending on whether the endoscope function is
available. The cost of ICG may vary by institution; a typical
patient may need 350-400 mg of ICG (5 mg/kg bodyweight).

FUTURE RESEARCH

There are two main directions in which future research
can improve NIR fluorescence-guided neurosurgery. One is
improving the specificity of NIR imaging. Despite its potential
benefits in the operating room, SWIG is limited mainly by its low
specificity as it works through the EPR effect, which is not tumor-
specific. One way to overcome this limitation may be to conjugate
novel NIR dyes that target specific receptors on neoplastic
cell surfaces. In fact, multiple such conjugates are currently
being investigated in preclinical and clinical trials for different
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intracranial tumors. For instance, folate-receptor overexpression
on nonfunctional pituitary adenomas and meningiomas may
provide targets for sensitive and specific detection of these
tumors in real-time (54, 60-62). An alternative is to use imaging
apparatus with higher resolution for fluorescence, which may
better distinguish true areas of fluorescence from areas of false-
positive fluorescence. This has been demonstrated in murine
models with fluorescein and ICG using confocal microscopy and
may become applicable clinically (63, 64).

Another limitation of NIR imaging in the operating
room is the low sensitivity of the imaging equipment. It
is well-acknowledged, and our group has demonstrated,
that conventional surgical microscopes with add-on NIR
modules are significantly less sensitive for NIR fluorescence,
especially at lower concentrations, than dedicated NIR
imaging modules. Integrating the high NIR sensitivity into
conventional microscopes will hugely increase the applicability
of NIR fluorescence-guided neurosurgery, further increasing
the potential benefits of this novel technique to improve
patient outcomes.

CONCLUSION

Fluorescence-guided surgery with SWIG is a widely applicable
technique that allows neurosurgeons to visualize tumors and
residual neoplasm at the margins with greater sensitivity than
with white-light and microscopy alone. In this review, we have
explained the mechanism of SWIG and its potential benefits,
as well as steps that neurosurgeons can take to maximize the
utility of this novel technique. Results with SWIG thus far are
encouraging and suggest potential benefit in improving patient
outcomes in neurosurgery.
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Objective: The aim of this study was to demonstrate the clinical feasibility of
intraoperative photodiagnosis (PD) of malignant brain tumor using talaporfin sodium
(TPS), which is an agent used in photodynamic therapy (PDT) for cancers.

Methods: Forty-seven patients diagnosed with malignant gliomas by preoperative
imaging (42 patients with gliomas and 5 patients with other brain tumors) received
an intravenous injection of TPS at 40 mg/m? 24 h before resection. During surgery,
these patients were irradiated with diode laser light at 664 nm, and tumor fluorescence
was observed. The fluorescence intensity was visually rated on a 3-point rating scale
[strong fluorescence, weak fluorescence and no fluorescence]. TPS concentrations
in 124 samples from 47 cases were measured by HPLC (High performance
liquid chromatography).

Results: The fluorescence intensity was confirmed to be weak in all patients with Grade
Il gliomas and strong in almost all patients with Grade Ill or IV gliomas, reflecting the
histological grade of malignancy. In patients with non-glioma brain tumors except for 1
patient with a metastatic brain tumor, the fluorescence intensity was strong. The mean
TPS concentration in tissues was 1.62 ug/g for strong fluorescence areas, 0.67 ng/g for
weak fluorescence areas and 0.19 ng/g for no fluorescence areas.

Conclusions: Establishment of an appropriate fluorescence observation system
enabled fluorescence-guided resection of malignant brain tumors using TPS, and the
fluorescence intensity of tumors correlated with the TPS concentrations in tissues. These
results suggest that TPS is a useful photosensitizer for both intraoperative fluorescence
diagnosis and photodynamic therapy.

Keywords: malignant talaporfin sodium, resection,

tissue concentration

glioma, photodiagnosis, fluorescence guided

INTRODUCTION

The use of photosensitizers (PSs) for malignant gliomas has been aimed mainly at tumor control by
photodynamic therapy (PDT). In 1980, a clinical report related to PDT, in which patients with
gliomas underwent helium-neon laser irradiation after the administration of Photofrin II, was
submitted by Perria et al. (1) Since this report, clinical studies of PDT with dye laser irradiation
mainly using hematoporphyrin derivatives (HpDs) have been reported (2-5). The main mechanism
of PDT is based on the generation of cytotoxic singlet oxygen in tissues under aerobic conditions,
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as a result of a photochemical reaction induced by the
administration of a non-toxic PS in combination with the
irradiation of an excitation laser specific to the PS. The cytotoxic
effects of this singlet oxygen cause damage to tumor cells and
newly formed blood vessels (6, 7).

After administered to a patient, PS is transformed from
the ground state to the excited state by laser irradiation,
and immediately returns to the ground state with emitting
fluorescence. In 2000, Stummer et al. established a methodology
called fluorescence-guided resection (FGR) where tumors
are resected using an intraoperative photodiagnosis (PD) of
malignant gliomas with the fluorescence as a guide (8, 9). The
FGR was acclaimed as a breakthrough methodology where PS
is used for purposes other than the original intended use in
PDT. A phase III study conducted thereafter proved that the
improved extent of resection achieved by FGR would prolong
progression free survival (PFS), and FGR has gained recognition
as a methodology with a high level of evidence (10-12). The
PS they used was 5-aminolevulinic acid (5-ALA), which was
thereafter approved as an agent for intraoperative localization of
malignant gliomas by the European Medicines Agency in 2007, in
Korea in 2011 and also in Japan in 2013. Theoretically, 5-ALA can
also be applied to PDT, and basic research and clinical research of
PDT using 5-ALA in malignant gliomas have been reported. To
date, however, no evidence for the usefulness of 5-ALA in PDT
comparable to that in PD has been reported (13, 14).

The authors reported the safety and efficacy of PDT
using an HpD, talaporfin sodium (TPS), which is a second-
generation photosensitizer, by conducting an in vitro study in
human glioma cells (15), an in vivo study in an experimental
model of transplanted C6 glioblastoma in rats (16, 17), and
furthermore clinical research including investigator-initiated
studies in patients with malignant gliomas (18, 19). Partially
because TPS had already been approved as an agent for PDT in
patients with early stage lung cancer (20), TPS and an excitation
diode laser device specific to TPS were approved for health
insurance reimbursement in Japan in 2013 as an agent for PDT
in patients with primary malignant brain tumors.

In our previous clinical research on PDT, all patients
preoperatively predicted to have malignant gliomas received TPS
and underwent FGR (18). Then, PDT was performed only for
patients suggested to have residual tumor based on PD. In other
words, we found TPS to be useful for both PD and PDT and
consider TPS an ideal PS to date in the treatment of malignant
brain tumors. In this article, we report the usefulness of PD
in the treatment of primary malignant brain tumors with TPS
administration and excitation laser irradiation, by presenting
actual cases. We also report the correlation between PD, which
involves gross assessment, and actual TPS concentrations in
brain tumor tissues.

MATERIALS AND METHODS

Talaporfin Sodium and Diode Laser

Talaporfin sodium (TPS: Laserphyrin®, Meiji Seika Pharma Co.,
Ltd., Tokyo, Japan) is a photosensitizer, a hydrophilic compound
manufactured by coupling aspartic acid and chlorine, utilized in

PDT, which was approved for use in Japan in 2003 as treatment
for early-stage lung cancer, in combination with a diode laser
(PD Laser®, Panasonic HealthCare Co., Ltd., Ehime, Japan)
at a wavelength of 664nm (Figures 1A,B). TPS is a second-
generation photosensitizer that is more quickly excreted from
the body than the first-generation porfimer sodium (Photofrin®,
Pfizer Japan Inc., Tokyo, Japan). It is characterized by rapid
resolution of a skin photosensitivity reaction, which is important
with the use of photosensitizers. This has enabled the period of
necessary light shielding in a room with measurement of < 500
lux to be reduced to 2 weeks for TPS, whereas porfimer sodium
requires patients to stay in a semi-dark (< 300 lux) room for 1
month after administration. A diode laser instrument, a compact
system weighing 14 kg, has low power consumption, and can
easily be maintained without the need for dye exchange.

Operating Microscope Equipped With

Diode Laser (Figure 1)

The PD Laser® (Panasonic HealthCare Co., Ltd.), installed in the
MM30 microscope (Mitaka Kohki Co., Ltd., Tokyo, Japan), is
combined into a system that provides laser irradiation (664 nm)
from the operating microscope from a plane nearly coaxial to the
surgical view. The laser light is introduced into the microscope
by a quartz fiber, and provides a laser transmission path close
to an observation light path using a conventional halogen light.
This allows surgeons to accurately identify an irradiation target
area during surgery. The wavelength of fluorescence from tumor
tissues is 672nm. To detect this fluorescence, a system was
established using a very narrow notch filter (Nitto Optical Co.,
Ltd., Tokyo, Japan) that can capture an 8-nm difference. The
system gathers emitted fluorescence through a cooled charge-
coupled device (CCD) and visualizes images on the monitor.
The system is designed for enhancing the contrast between the
brain surface and the tumor, by mounting 6 white light-emitting
diodes (LEDs) as light sources (NSPW500BS and NSPW510BS,
Nichia Corporation, Tokushima, Japan) around the objective
lens to achieve a clear fluorescence observation by brain
surface illumination with LEDs allowing 6-level light intensity
control (Figures 1C-F).

Phantom Experiment

We conducted an experiment to examine whether this
microscopic  system  allows appropriate intraoperative
fluorescence observation during brain tumor surgery. TPS
at 3 concentrations of 1, 10, and 100 pug/mL each was mixed
with 10% bovine serum albumin (BSA; Wako Pure Chemical
Industries Ltd., Osaka, Japan). Then, a cotton ball was moistened
with each mixture. These cotton balls were irradiated with
a diode laser at 664nm under the irradiation conditions
described later, and then observed the emitted fluorescence at
672 nm using the microscopic system to determine whether the
dose-dependent fluorescence intensity is grossly detectable.

Subjects

The study subjects were 47 consecutive patients who received
the protocol-specified surgery after being diagnosed with glioma
by preoperative diagnostic imaging by a single surgeon (JA)
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FIGURE 1 | (A) Chemical structure of talaporfin sodium (mono-L-aspartyl chlorine €6, NPe6). (B) Absorption spectrum of talaporfin sodium and change in absorption
wavelength following conjugation with albumin (solid line: talaporfin sodium and phosphate buffer solution, dotted line: talaporfin sodium conjugated with aloumin).
Talaporfin sodium has absorption peaks in the Soret band (398 nm) and Q bands (502, 530, 620, and 654 nm) in pH 7.4 phosphate buffer solution (PBS). When it
conjugates with albumin, its absorption band wavelength becomes ~10 nm longer (bathochromic shift). (C) MM80® surgical microscope (Mitaka Kohki Co., Ltd.)
equipped with a compact diode laser (PD Laser®, Panasonic Health Care Ltd., arrow). (D) A very narrow notch filter (Nitto Optical Co. Ltd.) that can cut out light
excited at 664 nm and can capture fluorescence emitted at 672 nm is mounted in a surgical microscope. (E) Six white LEDs (Nichia Corporation) are mounted as light
sources in the applicator at the objective lens side of the microscope, in order to illuminate the brain surface during laser irradiation. (F) From the surgical microscope,
the diode laser irradiates the surgical field.

from April 2005 to December 2008 at the Department of intracranial tumor resection protocol, and all patients gave their
Neurosurgery, Tokyo Medical University. The final pathological  informed consent before participating.

diagnosis was glioma in 42 patients, newly diagnosed tumor in

24 patients, and recurrent tumor in 18 patients. The histological PDT and Intraoperative PD Procedures
malignancy grade was Grade I in 1 patient, Grade Il in 5 patients, =~ TPS was administered as a bolus intravenously at a dose of
Grade III in 8 patients and Grade IV in 28 patients. There were 40 mg/m? in light-shielded conditions 24h prior to surgery.
5 patients whose final pathological diagnosis was not glioma  Craniotomy was performed under illumination at <500 lux.
after undergoing the protocol-specified surgery based on the  First, the brain surface was observed under halogen light
diagnosis of glioma made by preoperative diagnostic imaging.  illumination. Then, the halogen light was turned off, and the
The final pathological diagnosis in these patients was metastatic ~ brain surface was irradiated with a diode laser at 664nm at a
brain tumor in 2 patients (from lung cancer and mammary  power density of 10 mW/cm?, with a beam diameter of 40 mm
gland cancer), primary central nervous system lymphoma in I and an irradiation area of 12.6 cm?, to observe the presence
patient and meningioma in 2 patients. The institutional review  or absence of tumor fluorescence. The illuminance of the white
board approved the participation of humans in research at LEDs was adjusted as appropriate to check the difference in
Tokyo Medical University approved our fluorescence-guided  color tone from the brain surface. Every time tumor tissue was

Frontiers in Surgery | www.frontiersin.org 25 March 2019 | Volume 6 | Article 12


https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

Akimoto et al.

Photodiagnosis for Glioma

resected, the resected tissue was irradiated with a laser in order to
check the intensity of the tumor fluorescence. The fluorescence
intensity displayed on the monitor was grossly assessed in three
grades: strong fluorescence (S), weak fluorescence (W), and no
fluorescence (N). The tumor resection was performed using
an optical navigation system (Brainlab K.K., Tokyo, Japan),
as awake craniotomy and fluorescence-guided resection, under
physiological monitoring. When reaching the limit for resection,
the resection cavity was irradiated with a diode laser. When weak
or strong fluorescence was grossly detected in the cavity, PDT
was performed as reported previously (at a power density of 150
mW/cm? and an irradiation energy of 27 J/cm?, with a beam
diameter of 15mm and an irradiation area of 1.8 cm?), and
the operation was ended. After the operation, the patient was
managed in a shielded condition under illumination at <500 lux,
until the result of the skin photosensitivity test turned to negative.

Measurement of Talaporfin Sodium

Concentrations in Brain Tumor Tissue

TPS concentrations were measured according to the method
reported by Yoshida et al. (21), using 5-mm cubic tissue blocks
of 124 samples from 47 cases excised from each area assessed
as strong, weak or no during the surgery. To the resected brain
tumor tissue per 100 mg, 5mL of a mixture of HEPES buffer
solution and CH3OH (1:9) was added, then the tissue was
homogenized while cooling in ice for 1 min, and the supernatant
was used as a measurement sample. The TPS and the internal
standard, fluoranthene (Wako Pure Chemical Industries Ltd.,
Osaka, Japan), in each measurement sample were separated
based on the principle of reverse phase liquid chromatography
(Inertsil® ODS-2, GL Science Inc., Tokyo, Japan), and detected
by a fluorescence detector. Based on each peak area obtained,
the peak area ratio relative to fluoranthene was calculated
and used the values as TPS concentrations. For patients in
whom the concentration was measured at multiple sites in each
area assessed as strong, weak or no fluorescence, the mean
concentration was used for the evaluation.

Calculation of the Extent Of Resection

Based on MRI images obtained before surgical resection and
within 3 days of the resection, the extent of resection was
determined. For gadolinium-enhanced tumors, gadolinium-
enhanced T1-weighted axial imaging was used. The sum of
the products of perpendicular diameters (SPD) of the contrast-
enhanced lesions was calculated. Then, the SPD of residual
lesions on immediate postoperative imaging was determined,
and the extent of resection was calculated. For non-gadolinium-
enhanced tumors, the SPD of the areas of prolonged T2
on T2-weighted imaging was assessed to calculate the extent
of resection.

Statistical Analysis

A significance test for TPS concentrations in each tissue was
performed by Student’s t-test, using SPSS analysis software
(Advanced Statistics Version 17 by SPSS, Chicago, USA).

RESULTS

Phantom Experiment

From the cotton balls impregnated with mixtures of the TPS
solutions at 3 concentrations and 10% BSA, red fluorescence with
intensities dependent on the concentration of TPS was observed
by laser irradiation. A clear fluorescence was observed in light
shielded conditions. However, in the case of laser irradiation
under halogen light illumination, red fluorescence was visible
only from the tissue containing TPS at the concentration of
100 pg/mL, but fluorescence was hardly perceived at other
concentrations. In the case of laser irradiation under white
LED illumination, both the dose-dependent red fluorescence at
all concentrations of TPS and the background are considered
observable (Figures 2A-C).

Representative Cases

Case 10: A 56-year-old man had glioblastoma in the right
parietal lobe, manifested by involuntary twitching at the
left corner of the mouth. The tumor was resected en
bloc using an optical navigation system under continuous
somatosensory evoked potential monitoring. Being irradiated
with a laser, resected tissues emitted strong red fluorescence,
with weak red fluorescence in the surrounding area. The
TPS concentration in tissue was 2.9538 |Lg/g in the area of
strong fluorescence and 1.5765pg/g in the area of weak
fluorescence. The area of strong fluorescence was within the
tumor bulk, and the area of weak fluorescence was within the
surrounding brain tissues infiltrated with tumor cells. When
the resection cavity was observed under laser irradiation, an
area of weak fluorescence was detected and therefore was
additionally resected. Pathologically, this area was assessed as
a tumor infiltration area containing MIB-1 positive cells. A
postoperative contrast-enhanced MRI revealed that the tumor
was totally resected, and the additionally resected area was clearly
identifiable (Figures 3A-F).

Case 18: A 4l-year-old woman had glioblastoma in the
left frontal lobe, manifested by mild motor aphasia and right
hemiplegia. She underwent awake surgery, and laser irradiation
was performed on the brain surface during the operation. By the
laser irradiation, strong red fluorescence suggestive of a localized
tumor was observed on the brain surface along with fluorescence
from the blood vessels on the brain surface. When a laser was
irradiated under white LEDs, a clear contrast was observed
between the fluorescence and the surrounding brain surface. The
tumor was resected en bloc and examined on the longitudinal
cross-section. Strong ring-like red fluorescence was observed,
which was similar to the ring-like enhancement surrounding
the central necrosis on MRI images. Observation under LED
illumination revealed a more detailed relationship with the
surrounding brain tissue. The TPS concentration in tissue was
2.1861 jg/g in the strong fluorescence area, 0.9349 pg/g in the
weak fluorescence area, and 0.4044 pug/g in the no fluorescence
area in the periphery. A postoperative MRI confirmed that the
contrast-enhanced lesion was totally resected (Figures 4A-F).

Case 2: A 30-year-old man had oligoastrocytoma in the left
frontal lobe, manifested by a first episode of generalized tonic-
clonic seizures. No obvious contrast enhancement was observed
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FIGURE 2 | Phantom experiment. (A) Talaporfin sodium (TPS) dissolved in 1 mL of physiological saline at 3 concentrations of 1, 10 and 100 pg/mL was mixed with
1mL of 10% bovine serum albumin (BSA). Then, each mixture was dripped onto a cotton ball. First, when each cotton ball was irradiated with a laser under halogen
light illumination of the surgical microscope, clear fluorescence was observed from the cotton ball impregnated with TPS at 100 wg/mL. (B) The halogen light
illumination of the surgical microscope was turned off, and laser irradiation was performed. Differences in fluorescence intensity dependent on the TPS concentration
were clearly identified. (C) When laser irradiation was performed while the halogen light was off and the 4 LED light sources were on, color tones of the non-woven
fabric on the background were perceived, and differences in concentration among the cotton balls became more distinct.

on the preoperative contrast-enhanced MRI. When the resected
tumor tissue was irradiated with a laser, weak red fluorescence
was observed at the site where the tumor had been located.
The TPS concentration in tissue in this area was 0.6914 pg/g. A
postoperative MRI confirmed that the lesion of prolonged T2 was
totally resected (Figures 5A-D).

Case 1: An 18-year-old man had pilocytic astrocytoma in the
vermis cerebelli, manifested by sudden headache and nausea. A
preoperative contrast-enhanced MRI showed an enhanced mural
nodule. During the surgery, the cyst was opened and irradiated
with a laser. As a result, nodular fluorescence, tending to be
strong, appeared with weak fluorescence from the surrounding
cystic wall. The TPS concentration in tissue was high, being
3.163 ug/g in the strong fluorescence area and 1.614 pg/g in
the weak fluorescence area. A postoperative MRI confirmed
that the lesion including the cystic wall was totally resected
(Figures 6A-D).

Results of Intraoperative Observation of

Fluorescence From Tumors

Fluorescence Positive Rate (Figure 7, Table 1 and
Supplementary Table 1)

In glioma cases, 1 case of Grade I pilocytic astrocytoma showed
strong fluorescence. In five Grade II cases, none showed strong
fluorescence, but all showed weak fluorescence. In eight Grade
III cases, all showed at least weak fluorescence, including 5 cases
(62.5%) showing strong fluorescence. In 28 Grade IV cases, 22
cases (78.6%) showed strong fluorescence and 26 cases (92.9%)
showed weak fluorescence; thus all showed fluorescence, as seen
in Grade III cases. In the Grade IV cases, strong fluorescence was
shown in 14 (93.3%) of 15 newly diagnosed cases and 8 (61.5%) of
13 recurrent cases. In the recurrent cases, some showed only weak

fluorescence. In the other 5 cases, except for 1 case of metastatic
brain tumor, 4 cases showed strong fluorescence.

Correlation Between Fluorescence Intensity and
Tissue Concentration (Figure 8, Table 1 and
Supplementary Table 1)

The TPS concentrations in tissue in the strong, weak and no
fluorescence areas that were assessed grossly were 1.6184 =+
0.9661, 0.6708 £ 0.3765 and 0.1885 £ 0.1253 pg/g, respectively.
There were significant differences in concentration between the
strong and weak fluorescence areas and between the weak and
no fluorescence areas (P < 0.001). In the glioma cases, 1 Grade I
case showed strong fluorescence with a tissue concentration of
3.1628 ng/g, but all Grade II cases showed weak fluorescence.
The tissue concentrations in strong fluorescence areas in Grade
III and IV cases were 1.3751 = 0.7480 and 1.4948 £ 0.7783 ng/g,
respectively, showing no significant difference between the Grade
III and IV cases (P = 0.718). In Grade IV cases, the mean tissue
concentrations in strong, weak and no fluorescence areas were
1.4948, 0.6752, and 0.1655 ug/g, respectively, showing significant
differences (P < 0.001) among the tissue concentrations in these
areas. The tissue concentration in the strong fluorescence area
in Grade IV cases was 1.5797 % 0.9082 j.g/g in newly diagnosed
cases and 1.3589 £ 0.5239 pug/g in recurrent cases, showing no
significant difference between the newly diagnosed and recurrent
cases (P = 0.493). Also in the weak and no fluorescence areas,
no significant differences were observed between the newly
diagnosed and recurrent cases (P = 0.821 for weak fluorescence
area and P = 0.853 for no fluorescence area). In non-glioma
cases, the tissue concentration in the strong fluorescence area
was 2.100 £ 1.528 pug/g, showing no significant difference from
the result obtained for the strong fluorescence area in Grade IV
cases (P = 0.153).
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FIGURE 3 | Representative case 10. (A) A gadolinium-enhanced T1-weighted sagittal image. The image revealed an irregularly enhanced glioblastoma lesion in the
right parietal lobe. (B) Brain tissues containing a tumor tissue were resected to the widest extent possible, using an optical navigation system while
somatosensory-evoked monitoring was performed. Well-demarcated tumor tissue was observed in the subcortical white matter. (C) When laser irradiation was
performed under LED illumination, strong fluorescence from the tumor bulk and weak fluorescence from the surrounding white matter were observed. (D) A
postoperative histopathological image revealed the presence of tumor cells infiltrating from the strong fluorescence area into the weak fluorescence area (hematoxylin
and eosin staining). (E) When a laser was irradiated to the white matter in the tumor resection cavity under LED illumination, weak fluorescence areas were found in
the normal white matter. Therefore, the tissue resection was continued until the fluorescence disappeared. (F) The postoperative gadolinium-enhanced MRI confirmed
the additionally resected areas (arrow) as well as the total resection of the enhanced lesion.

Extent of Resection infiltrates in the functional regions of the brain, it is difficult

(Supplementary Table 1) to resect the tumor even though fluorescence is detected, and
By the FGR using TPS, total resection confirmed on imaging was ~ PDT should be performed additionally. PDT was performed
achieved in 22 (52.3%) of 42 patients with gliomas. In most of in 5 newly diagnosed cases and 11 recurrent cases. In most
the 24 newly diagnosed cases, a clear difference in fluorescence of these recurrent cases, PDT was added due to concern that
intensity was obtained, allowing the resection of not only strong there may be residual tumors because it was difficult to confirm
fluorescence areas but also weak to no fluorescence areas. As a  the disappearance of fluorescence. In non-glioma cases, 1 case

result, total resection was achieved in 16 cases (66.7%). Even in with atypical meningioma with repeated recurrences underwent
cases with residual lesions, the resection of 94 = 4.3% (89-99%)  PDT for the residual tumor because total resection had to be

of the tumor was achieved, according to an SPD analysis. On abandoned due to intracerebral infiltration of the tumor in the
the other hand, in 18 recurrent cases, it was difficult to obtain a ~ motor cortex, although fluorescence was identified. In this case,

clear difference in fluorescence intensity. In the majority of these however, total resection of other tumor lesions was achieved.

cases, weak fluorescence was blurrily spread, making it difficult

to grossly determine the disappearance of the fluorescence. DISCUSSION

Consequently, total resection was achieved only in 6 cases

(33.3%), which is an extremely low extent of resection. In cases  In the surgery of glioma, which is characterized by invasive
showing residual lesions, the extent of resection was limited  growth, the concept of “maximal safe resection” is important.
to 81.4 + 8.9% (63—95%). Of course, when a tumor clearly — Evidence for the fact that enhancement of the extent of surgical

Frontiers in Surgery | www.frontiersin.org 28 March 2019 | Volume 6 | Article 12


https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

Akimoto et al. Photodiagnosis for Glioma

FIGURE 4 | Representative case 18. (A) A gadolinium-enhanced T1-weighted sagittal image revealed a ring-like enhanced glioblastoma in the left middle frontal
gyrus. (B) An image of the brain surface under halogen light illumination showed marked swelling in the left middle frontal gyrus, but tumor tissue was not exposed
(arrowed red circle: primary motor cortex). (C) In the fluorescence diagnosis under white LED illumination, strong fluorescence from the tumor was observed, and
fluorescence from residual TPS in the surrounding blood vessels was identified simultaneously, facilitating the fluorescence-guided resection. (D) The tumor together
with some surrounding brain tissue attached to the tumor was resected en bloc. The median section observed under halogen light illumination revealed the presence
of a light brownish tumor tissue in a doughnut shape. (E) Laser irradiation revealed strong fluorescence almost surrounding the central necrotic lesion, clearly
identifying the contrast-enhanced lesion on preoperative MRI. (F) In the fluorescence diagnosis under white LED illumination, the difference in fluorescence intensity
between the strong fluorescence areas and the necrotic lesion or the surrounding brain tissue became more distinct.

resection leads to improved prognosis of malignant gliomas has A scheme proposed by Wilson for the extent of tumor cell
been accumulating, and there have been a series of discussions infiltration shows that curative resection cannot be achieved by
regarding how to achieve total resection of gadolinium-enhanced  glioma surgery, as well as that resection of not only contrast-
lesions on MRI images and, at the same time, how to  enhanced lesions on imaging but also the surrounding tissue
protect neurological functions (22-24). FGR using dyes, such infiltrated by tumor cells can contribute to reducing the residual
as fluorescein and 5-ALA, has been widely accepted as an  tumor cells (28). In recent years, a supra-total resection, i.e.,
intraoperative real-time navigation method that visualizes tumor  an extended resection of high signal-intensity areas on FLAIR
bulk, and many studies on the efficacy of FGR have been reported ~ images in tissue surrounding the tumor to the extent that the
(25-27). A representative study among these is a randomized  neurological function is not deteriorated, has been reported to
controlled trial (RCT) of FGR with 5-ALA, led by Stummer  prolong OS (29, 30). Therefore, in malignant glioma surgery, in
et al. in which FGR has been demonstrated to improve the addition to total resection of gadolinium-enhanced lesions using
extent of resection, resulting in significant prolongation of PES ~ FGR under proper monitoring of neurological functions, the
in patients who underwent FGR. Therefore, this methodology  surrounding tissue infiltrated by tumor cells should be resected to
has been accepted in many countries (9, 11, 12). However, the extent possible up to the boundary of the functional regions
FGR with 5-ALA alone failed to prolong overall survival (OS).  of the brain (29, 30). For cases where tumor cells have infiltrated
In other words, the results indicate that the total resection of  in the functional region of the brain, we consider it significant to
gadolinium-enhanced lesions by FGR only does not prolong  perform PDT, which is capable of specifically destroying tumor
OS (10). cells (18, 19). In that sense, the TPS we used this time is a PS
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FIGURE 5 | Representative case 2. (A) A gadolinium-enhanced T1-weighted axial image showed a slightly enhanced tumor in the left frontal lobe. (B) The tumor bulk
was resected en bloc. The median section observed under halogen light illumination revealed the presence of a yellowish-gray gelatinous tumor in the cortex. (C) By
laser irradiation, weak fluorescence from the cortex was detected, and the white matter tended to emit further weaker fluorescence. (D) Observed under white LED
illumination, the fluorescence from the cortex was enhanced, making the gradation of fluorescence intensity between the cortex and the white matter more distinct.

that can be used in two ways, not only for PD but also for PDT.
Thus, TPS is a tool allowing us to carry out the best approach for
malignant glioma. In fact, clinical studies of PDT using TPS have
reported PFS of 12 months and OS of 24.8 months in patients
with newly diagnosed glioblastoma, showing a clear therapeutic
add-on effect to the standard treatment, and this method has
been rapidly spreading in Japan (19).

In this article, we report that intraoperative PD using TPS
and an excitation diode laser can identify gadolinium-enhanced
lesions and non-gadolinium-enhanced lesions infiltrated by
tumor cells, based on differences in fluorescence intensity, in
glioma cases. In particular, a positive correlation was observed
between the histological malignancy grade and the fluorescence
positive rate or the fluorescence intensity. In particular, in Grade
IV cases, strong fluorescence was observed in 93.3% of newly
diagnosed cases and 61.5% of recurrent cases, and there were no
cases without fluorescence. In recurrent cases, the fluorescence
intensity tended to be weaker than that observed in newly
diagnosed cases. The reason for this might be associated with
the use of radiotherapy in these cases. Even in cases of lower
grade gliomas, in which the detection of fluorescence with the use
of 5-ALA is difficult, weak fluorescence was observed, although
the number of cases was limited. These results suggest the
usefulness of FGR using TPS in all glioma surgeries. Very strong
fluorescence was observed in 1 case of pilocytic astrocytoma.

In addition, strong fluorescence was observed also in cases of
malignant lymphoma, metastases and malignant meningioma.
These results suggest that FGR using TPS can be performed
for tumors enhanced by gadolinium on MRI, regardless of
histological type.

Tsurubuchi et al. (31) examined the intracerebral distribution
of 5-ALA and TPS, using a glioma rat model, and reported
that the lesion-to-normal brain ratio (L/N ratio) in the tumor
bulk was 7.78 £ 4.61 at 2h after administration of 5-ALA
and 23.1 £ 11.9 at 12h after administration of TPS, with the
fluorescence intensity being approximately 10-fold stronger with
TPS than with 5-ALA (31). On the other hand, both drugs elicited
fluorescence even in vasogenic edema in a cold injury model
for brain edema. With 5-ALA, the time to peak fluorescence
after administration in edema was delayed compared with that
in tumor. On the other hand, with TPS, the time to peak
fluorescence was 2 h after administration in peritumoral edema
and 12h after administration in tumor tissue. This time course
of the fluorescence intensity perfectly reflects the mechanism of
TPS uptake by tumor cells, which is considered as follows: TPS,
a water-soluble drug, is conjugated with albumin immediately
after intravenous injection, and the conjugate circulates in the
bloodstream. After leaking from tumor blood vessels due to the
disruption of the blood brain barrier (BBB), the conjugate is
taken up by tumor cells, mediated by SLC46A1, a heme carrier
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FIGURE 6 | Representative case 1. (A) A gadolinium-enhanced T1-weighted axial image showed a cystic tumor with a mural nodule in the vermis cerebelli, in which
the nodule was slightly enhanced. (B) The resected nodule was rich in blood vessels, exhibiting red color also under halogen light illumination. (C) By laser irradiation,
strong fluorescence from the nodule was observed. (D) Under white LED illumination, strong fluorescence emitted from the entire nodule was clearly observed.
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protein 1, and other factors, and accumulates into the tumor
cells due to the enhanced permeability and retention (EPR) effect
(31, 32). Comparing the distribution of fluorescence intensity in
resected tissues with the images in the clinical cases presented this
time, it was confirmed that the gadolinium-enhanced lesions on

MRI exhibited strong fluorescence, with high TPS concentrations
in these tissues, suggesting that these findings reflect the TPS
uptake by tumor cells. In addition, the findings highly suggest
that the weak fluorescence in non-enhanced areas is derived
from not only the TPS taken up by infiltrating tumor cells but
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also the TPS diffused extracellularly. Also in the areas grossly
assessed as showing no fluorescence, TPS, which is not present
in normal brain tissue, was detected although its concentration
was low. The TPS detected may have been trace amounts of
TPS diffused outside the tumor cells or the TPS circulating in
normal cerebral blood vessels. In addition, since peritumoral
brain edema is found also in low-grade gliomas, in which the
BBB is generally preserved, it is considered that, as the first step,
TPS diffused into the edema fluid emits fluorescence after being
taken up by the tumor cells. Particularly in oligodendrogliomas,
which is associated with a large volume of the tumor vascular
bed, the fluorescence observed may be derived from the TPS
present in the tumor blood vessels. This inference is reasonable,
because strong fluorescence with a high tissue concentration
was observed in pilocytic astrocytoma, although only 1 case
was examined.

The finding that the fluorescence intensity was dependent
on the histological malignancy grade of glioma cells suggests
that the fluorescence intensity of TPS reflects the tumor cell
density, proliferative capacity or vascular bed volume, as seen
in the studies of 5-ALA (33). Therefore, it is essential to
examine the relationship of the fluorescene intensity of TPS with
histopathological images in terms of these factors (34).

According to the drug information of TPS, the t;/5, and
tijop of TPS are 14.6 & 2.96 and 138 £ 21.4h, respectively
(35). Experiments in rats revealed that the TPS concentration

in cerebral tissue 24h after administration of TPS at 40
mg/m? was one forty-fifth of the plasma concentration (4.56 +
0.65Lg/g in plasma and 0.09 =+ 0.01 g/g in cerebral tissue).
In humans receiving an intravenous injection of TPS at 40
mg/m?, the plasma TPS concentration 24 h after administration
was 11 pg/g. The TPS concentration in normal cerebral tissue
24h after administration of TPS at 40 mg/m? is calculated to be
0.24 pg/g. On the other hand, the mean TPS concentration in
no fluorescence areas measured by the methodology presented
in this article was 0.21 jug/g. Since this measured value is very
close to the calculated value, this method for measuring TPS
concentrations is judged as appropriate.

By the FGR using TPS, total resection on imaging
was achieved in 52.3% of glioma cases. Particularly in
newly diagnosed cases, a clear difference in fluorescence
among tumor areas was easily identified also under a
microscope. As a result, total resection was achieved in
66.7% of the cases, and PDT was properly performed
for tumors infiltrating in the functional regions in the
brain. On the other hand, in the majority of recurrent
cases, weak fluorescence appeared blurrily, and even
though the resection was continued, the fluorescence
persisted. The resection was extended to the boundary
of the functional regions in the brain and then PDT was
implemented in many cases. The reasons for this may
include tumor vascular changes due to radiotherapy and
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TABLE 1 | Pathological diagnosis and fluorescence positive rate, tissue TPS concentrations, extent of resection and number of patients who underwent PDT.

N Fluorescence Concentration (iLg/g) Resection PDT
Strong Weak None Strong Weak None N of GTR EOR N

Newly diagnosed 24

tumor
Grade | 1 1 1 0 3.163 1.614 1 100% 0
Grade Il 2 1 0.489 + 0.145 0.123 1 95% (95-100) 0
Grade Il 3 1.573 £ 0.901 0.608 + 0.304 0.2 3 98% (90-100) 1
Grade IV 15 14 15 6 1.580 + 0.908 0.675 + 0.413 0.193 + 11 98% (89-100) 4

0.156

Recurrent tumor 18
Grade |
Grade I 0 3 1 0.878 + 0.276 0.46 1 92% (80-100) 1
Grade Il 2 0 1.112 £ 0.529 0.776 + 0.375 88% (80-95) 1
Grade IV 13 ihl 6 1.347 £ 0.524 0.656 + 0.381 0.132 + 5 88% (63-100) 9

0.156

Others
Meta 2 1 2 1 0.851 0.520 + 0.097 2 100% 0
PCNSL 1 1 1 4.166 + 0.294 0.647 1 100% 0
MGM 1 1 1 1 1.657 £0.735 0.8382 + 0.807 0.279 1 100% 0
Atypical MGM 1 1 1 1 1.103 £ 0.957 0.720 £ 0.390 0.424 0 75% 1

N, number; Meta, metastatic brain tumor; PCNSL, primary central nervous system lymphoma; MGM, meningioma; GTR, gross total removal; EOR, extent of resection; PDT,

photodynamic therapy.

decreased proliferative capacity of recurrent tumors. In
fact, TPS concentrations in tumors tended to be lower in
recurrent cases than in newly diagnosed cases, although there
was no significant difference. This issue also needs to be
studied in future.

Yoshida et al. reported 0.36- to 5.69-fold higher TPS
concentrations in cancer tissue than in normal tissue, measured
4h after the administration of TPS at 40 mg/m? in 16 patients
with early head and neck cancer (21). In addition, they stated,
from their experience with PDT performed in these cases, that
the TPS concentration in the irradiation target tissue needed to
be at least 1g/g in order to demonstrate the efficacy of PDT
(21). In the present study, the mean TPS concentration in tumor
tissue 24 h after the administration of TPS in glioblastoma cases
was 1.580 ug/g in strong fluorescence areas and 0.672 pug/g in
weak fluorescence areas. The tissue TPS concentration in strong
fluorescence areas was 7.52-fold higher than that in normal
brain tissue. Although there are differences in the time after
the administration of TPS to observation as well as in the PDT
implementation conditions, these findings suggest that PDT may
not have clinical significance in some cases because, unless the
target tissue emits at least weak fluorescence, reactions to PDT are
unlikely to occur. This needs to be kept in mind when considering
the implementation of PDT after FGR in malignant glioma cases
in the future.

There are several limitations to acknowledge in this study.
First, since this case group was enrolled only for a certain period
of time, it can not deny that there was a limit in the number
of cases. In particular, as TPS is a photosensitizer that is used
for PDT, which is generally only performed on patients who are

suspected of having a malignant brain tumor on preoperative
neuroimaging, there is little data on the use of TPS in brain
tumors except glioma. Second, there was lack of investigation of
relationship between histopathological findings and fluorescence
intensity or TPS concentration. Such analysis is the focus of our
ongoing study.

CONCLUSION

We examined the fluorescence emission from malignant brain
tumors, using TPS, a second-generation photosensitizer, and
an excitation laser specific to it, and demonstrated that TPS is
applicable to FGR. In glioma cases, the fluorescence intensity
and the TPS concentration in tumor tissue have been found
to be correlated with the histological malignancy grade, and,
particularly in newly diagnosed patients, have been suggested to
contribute to improving the extent of resection. We will further
investigate the relationship between histopathological images
of brain tumors and the fluorescence intensity or tissue TPS
concentration, in order to verify the usefulness of FGR using TPS
in malignant brain tumor surgery.
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This paper considers valuable visual assessment criteria for distinguishing between
tumorous and non-tumorous tissues, intraoperatively, using cross-polarization OCT (CP
OCT)—OCT with a functional extension, that enables detection of the polarization
properties of the tissues in addition to their conventional light scattering.

Materials and Methods: The study was performed on 176 ex vivo human specimens
obtained from 30 glioma patients. To measure the degree to which the typical parameters
of CP OCT images can be matched to the actual histology, 100 images of tumors and
white matter were selected for visual analysis to be undertaken by three “single-blinded”
investigators. An evaluation of the inter-rater reliability between the investigators was
performed. Application of the identified visual CP OCT criteria for intraoperative use was
performed during brain tumor resection in 17 patients.

Results: The CP OCT image parameters that can typically be used for visual assessment
were separated: (1) signal intensity; (2) homogeneity of intensity; (3) attenuation rate; (4)
uniformity of attenuation. The degree of match between the CP OCT images and the
histology of the specimens was significant for the parameters “signal intensity” in both
polarizations, and “homogeneity of intensity” as well as the “uniformity of attenuation” in
co-polarization. A test based on the identified criteria showed a diagnostic accuracy of
87-88%. Intraoperative in vivo CP OCT images of white matter and tumors have similar
signals to ex vivo ones, whereas the cortex in vivo is characterized by indicative vertical
striations arising from the “shadows” of the blood vessels; these are not seen in ex vivo
images or in the case of tumor invasion.

Conclusion:  Visual assessment of CP OCT images enables tumorous and
non-tumorous tissues to be distinguished. The most powerful aspect of CP OCT images
that can be used as a criterion for differentiation between tumorous tissue and white
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matter is the signal intensity. In distinguishing white matter from tumors the diagnostic
accuracy using the identified visual CP OCT criteria was 87-88%. As the CP OCT data is
easily associated with intraoperative neurophysiological and neuronavigation findings this
can provide valuable complementary information for the neurosurgeon tumor resection.

Keywords: cross-polarization optical coherence tomography (CP OCT), malignant brain tumors, glioblastoma,
intraoperative imaging, imaging assessment

INTRODUCTION

Optical coherence tomography (OCT) is a label-free, real-time
imaging technique that allows three-dimensional images
of biological tissues to be obtained at high resolution
(around 2pum). OCT is similar to ultrasonic imaging, in
that both techniques detect reflected waves (light or acoustic).
However, OCT uses a near-infrared light source (in the 700-
1,300 nm wavelength range). OCT is a promising method for
intraoperative guidance during the resection of glial tumors
(astrocytomas) (1-3).

Recently, OCT has been proposed for intraoperative use
in distinguishing tumorous and non-tumorous tissues using
handled probes (4, 5) or microscope-integrated OCT systems (6,
7). OCT can provide differentiation between tumorous and non-
tumorous tissues through both quantitative (4, 8) and qualitative
(9, 10) assessment of the OCT signals. However, although visual
assessment of the OCT data provided by clinically approved
systems seems to be less sensitive when compared with the
calculation of optical coefficients (which is not approved for
clinical use), it is more user-friendly and intelligible. Meanwhile,
for the intraoperative application of OCT it is necessary clearly to
define the visual assessment criteria required for the OCT images
in order to provide precise differentiation between glioma tissue
and white matter.

Conventional, intensity-based OCT has demonstrated
impressive results in detecting pathological changes in stratified
tissues, such as those in the eye. However, the advanced
visualization of structureless tissue types (brain, breast) needs
novel contrast mechanisms such as can be achieved by using a
so-called functional extension of OCT—polarization-sensitive
(PS) OCT (11). PS OCT can detect the polarization state
changes of the probing light in the tissue and, by means of
this, generate tissue-specific contrast (11, 12). Based on the
birefringence of the tissue structure, PS OCT provides better
visualization of elongated structures and therefore provides
advanced imaging of myelinated nerve fibers in nerves and the
brain (13, 14), even showing the orientation of white matter
tracts (15, 16). Cross-polarization OCT (CP OCT) is a variant
of PS OCT that allows imaging of the initial polarization
state changes both due to birefringence and cross-scattering
in biological tissues (17, 18). In CP OCT two co-registered
images are recorded: parallel (conventional OCT image or
image in co-polarization) and orthogonal (image in cross-
polarization) that detects tissue reflections with polarization state
orthogonal to the incident one. Only orthogonally polarized
backscattered light which is mutually coherent with the incident
is contributing to the cross-polarized OCT image. The origin of

such “coherent backscattering” includes random polarization
during light propagation in the media, depolarization during
the backscattering process, and “regular” polarization changes
associated with propagation back and forth in birefringent
media (19).

Some studies have demonstrated that tumorous tissue and
white matter can be differentiated by visual assessment of such
OCT images (8-10). This paper presents criteria based on the
results of the CP OCT study of ex vivo specimens of human brain
samples (20), compared with in vivo CP OCT images collected
during brain tumor resections.

MATERIALS AND METHODS

This translational research was aimed to discover the CP OCT
visual criteria for distinguishing timorous and non-tumorous
tissue during surgical removal of a glioma. The study consists
of two consecutive stages. During first part the ex vivo CP
OCT analysis of brain human biopsy specimens matched to
the actual histology was performed. Based on this data the
visual criteria for distinguishing white matter and timorous
tissue was discovered. The task of the second stage of the
study was to develop the method of intraoperative using of
the CP OCT and to confirm the discovered criteria during
glioma removal.

Patients

Ex vivo Study on Human Brain Specimens

The ex vivo study was performed on material from human brain
specimens that had been obtained during tumor resection from
30 patients with gliomas of differing degrees of malignancy:
astrocytoma Grades I-II (n = 8), astrocytoma Grade III (n
= 7), and glioblastoma Grade IV (n = 15) (Figure 1A). The
tumor resections were performed taking into account eloquent
brain areas and white matter tracts using a frameless navigation
system with uploaded functional MRI data and intraoperative
neurophysiological monitoring (also “awake” surgery). The
surrounding tumor white matter in the peritumoral area that
was routinely subjected to coagulation was accurately marked
and removed. Samples were taken from different parts of
each tumor.

The removed specimens were immediately placed in Petri
dishes and closed to prevent dehydration. Tissues also were kept
on ice until transfer to the imaging stage. Before OCT imaging,
the tissue surface was cut to create a flat fresh surface of the
sample. The CP OCT study of each sample was no longer than
30 min (including tissue preparation). In total, 176 samples of
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FIGURE 1 | Design of the ex vivo and in vivo CP OCT study: (A) the ex vivo study was performed on material from operative biopsies: 30 patients with gliomas of
different grades of malignancy; in total 274 ex vivo images were analyzed; (B) the in vivo study was performed on 17 patients with different grades of malignant brain
tumors; in total 341 in vivo images were analyzed; (C) working area for CP OCT scanning with the experimental CP OCT device and on-mount optical probe;
specimen with schematic marking of the scanning area along the central line (yellow dotted line); (D) CP OCT device approved for clinical use, with a handled OCT

probe in a sterile cover; (F) in vivo, and (E) ex vivo CP OCT images in co- and cross-polarizations. The signal in cross-polarized image is orthogonally polarized
backscattered light, which is mutually coherent with the incident one and can appear if the tissue has anisotropic structures such as myelinated fibers.

different tissue types were studied and 274 ex vivo images were
obtained. After surgery, any worsening in neurologic state of
patients was not recorded.

Intraoperative Study

Here, in vivo CP OCT images were collected during tumor
resections in 17 patients with different malignant brain tumors:
astrocytoma Grades I-II (n = 5), astrocytoma Grade III (n = 9),

glioblastoma Grade IV (n = 2), breast cancer metastasis (n = 1).
During the tumor resections the in vivo OCT images were
collected using an approved CP OCT device with a handled probe
enclosed in a sterile cover. In total, 341 images of three areas
of interest were analyzed: cortex—114, white matter—111, tumor
core—116 (Figure 1B).

This study was carried out in accordance with the
recommendations of the World Medical Association’s
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Declaration of Helsinki. The protocol was approved by the
Ethical Committee of the Privolzhskiy Federal Research Medical
Center of the Ministry of Health of the Russian Federation.
All subjects gave written informed consent in accordance with
the Declaration of Helsinki. All studies were performed in
accordance with the relevant guidelines and regulations.

Cross-Polarization OCT Devices

The ex vivo studies were performed with an multimodal
OCT device with cross-polarization detection developed by
the Institute of Applied Physics of the Russian Academy of
Sciences (Nizhny Novgorod, Russia) (21, 22). The device operates
at a central wavelength of 1.3 um providing axial and lateral
resolutions, in air, of 10 and 15 um, respectively. The probing
beam uses circular polarization. The device has a scanning rate
of 20,000 A-scans/s and performs 2D lateral scanning within
a range of 2.4 x 2.4 mm? to obtain the 3D distribution of
backscattered light in polarizations parallel and orthogonal to
the polarization of the probing beam. Thus, the resulting CP
OCT image includes an upper part—co-polarization image and
a lower part—cross-polarization image. Scanning was performed
in contactless mode (Figure 1C).

For in vivo study, time-domain “Polarization-sensitive optical
coherence tomograph OCT-1300U” (BioMedTech LLC, Nizhny
Novgorod, Russia) was used (Figure1D). It is approved
for clinical use (product license NeFCP 2012/13479 from 30
May 2012) has the same characteristics of laser radiation as
the experimental CP OCT device. However, its image data-
processing system is not as effective, so the intensity of the
intraoperative images in co- and cross-polarization is lower
(~4 times) (Figure 1F) compared to those obtained using the
experimental CP OCT device (Figure 1E).

Histological Study

After imaging the scanning area on the specimen was marked
with histological ink, then the specimen was fixed in 10%
formalin for 48 h and re-sectioned through the marked area, so
that the plane of the histological sections coincided to en-face the
CP OCT images. For the histological evaluation, hematoxylin and
eosin staining was used. Two histopathologists independently
evaluated the histological slides, with their diagnoses coinciding
in 98% of cases.

Visual Assessment of CP OCT Images

Based on an initial analysis of the ex vivo CP OCT images of the
white matter and tumors the parameters of the CP OCT signal
for further analysis were selected. The differential criteria for CP
OCT images must satisfy the following conditions:

e Simplicity and high speed of evaluation (the signal indicator(s)
should be as simple as possible in use, and easy for the
operating surgeon to remember);

Be informative (reflect the histological morphology of
the tissue);

Have a high degree of inter-expert reliability (i.e., not resulting

in significant disagreements in interpretation).

Visual assessment of the CP OCT images was performed using
two special tests containing a training set and a proper test

of 100 images (26 images of white matter and 74 images of
tumorous tissue: Grade II—12, Grade III—22, Grade IV —40).
The CP OCT images selected for these tests corresponded to
specimens with typical histological structures of the tumor and
white matter (cropped and damaged images, and images that,
according to the histological samples contained large necrotic
or hematoma areas were excluded). The first test, aimed at
identifying the most useful CP OCT criteria, contained OCT
images separately in co- and cross-polarization; the second test,
aimed at determining the diagnostic accuracy of distinguishing
tumor and white matter, contained OCT images separately in co-
and cross-polarization, and simultaneously in both polarizations.
Each test was performed by three “blinded” investigators.

In the first test, the visual assessment of the CP OCT image was
performed on the basis of the following parameters (Figure 2)
each with only two possible alternatives, which were selected to
satisfy the condition of simplicity and high speed of evaluation
(the indicator should be as simple as possible in use, and easy to
remember by the operating surgeon):

(1) The signal intensity (“intense”/“non-intense’)—the average
level of the OCT signal throughout the image.

(2) The homogeneity of intensity
(“homogeneous”/ “heterogeneous”)—the lack of variability of
the brightness of the OCT signal.

(3) The attenuation rate (“high”’/“low”) as estimated by the
penetration depth of the probing radiation;

(4) The uniformity of attenuation (“uniform”/“non-uniform”)—
the uniformity of the OCT signal attenuation along the
inferior border of the structural OCT image.

The extent to which the parameters were “informative” was
identified based on measuring the degree of association of each
visual parameter with the results of the histology during visual
assessment by the three “blinded” investigators, between whom
the degree of inter-expert reliability was also identified.

The second test was also performed by three “blinded”
investigators (neurosurgeons) and was based on the main
and additional visual criteria identified during the first test.
There were two possible answers: “tumor”/“white matter”
(Figure 3). The inter-rater reliability between the investigators
was also recorded.

Statistical Analysis

The statistical analysis was performed using Statistica 10.0, IBM
SPSS Statistics 20. For evaluation of the association ratio of the
coeflicients Q (Yule) and ¢ (phi) were used, with a statistically
significant value for Q > 0.5 and for ¢ > 0.3. The inter-rater
reliability between investigators was registered using the Fleiss’
kappa (k) and Krippendorft’s alpha () coefficients: k (o) > 0.8—
perfect agreement; 0.7 < k (o) < 0.8—substantial agreement; k
(o) < 0.7—poor agreement. For the second test the diagnostic test
parameters (sensitivity, specificity and accuracy) were calculated.

Intraoperative Application of the CP OCT

There was no histopathological evaluation of the in vivo CP OCT
images, for error prevention and checking of complementarity
between the OCT image and tissue type, the scanning being
performed in areas with no doubt about their histology (white
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The signal intensity

The homogeneity of intensity

The attenuation rate

The uniformity of attenuation

FIGURE 2 | lllustration from the training set of CP OCT images: (A1-A6), (B1-B6), (C1-C6), (D1-D6) show examples of the assignment of certain characteristic to
the CP OCT signal; (A1-A6)—intense signals are marked with blue rectangles, violet—a low-intensity signal; (B1,B2)—the regions of homogeneous signals are
indicated by green rectangles; (B3-B6)—green areas and pale blue squares indicate areas of different intensities; (C1-C6)—blue arrows denote regions with high
rates of signal attenuation, violet—with low signal attenuation rates; (D1,D2,D6) —the green rectangles indicate areas with uniform attenuation of the signal;
(D3-D5)—rectangles of pale blue and green color indicate regions with different signal attenuation rates.
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matter and cortex far from the tumor mass, and of regions within
the tumor core) using image guiding under a neuronavigation
system and high magnification of surgical microscope. The
in vivo CP OCT data were compared with the ex vivo set and also
combined with surgical microscope view, the preoperative MRI
and neuronavigation data, intraoperative neurophysiological and
neuronavigation findings.

RESULTS

Ex vivo CP OCT Images of White Matter

and Tumorous Tissue

The CP OCT signal of the ex vivo specimens is more intense and
has a higher attenuation rate (in both the initial and orthogonal
polarizations) than those obtained in vivo. However, previous
comparative analysis of the optical properties of white matter
and tumorous tissues has demonstrated that the CP OCT images
obtained ex vivo show full qualitative similarity to the in vivo
CP OCT images (23). For the cortex there are also structural
differences between the ex vivo and in vivo images (23). In the
in vivo studies, the CP OCT images show a specific vertical
striation arising from “shadows” of the blood vessels located just
under the tissue surface (Figure 5A1); this striation is practically
invisible on the ex vivo images due to vasoconstriction.

White Matter

CP OCY analysis of ex vivo specimens showed that the white
matter on the CP OCT images in co- and cross-polarizations
(Figures 4A2,B2) presented by a narrow stripe of high intensity
OCT signal. Histologically, the white matter is represented by a
regular and dense arrangement of myelinated fibers (Figure 4C1)
and therefore is characterized by high scattering properties.
This explains the presence of a high-intensity homogeneous but
rapidly decaying OCT signal in both co- and cross-polarization.

Gliomas

In gliomas the tissue elements are discohesive and disordered
(Figures 4C2-C4); although there are a few elements with
high-scattering properties (Figure 4C5). Therefore, the CP OCT

images of tumorous tissue are characterized by low signal
intensities in co- (Figures 4A2-A5) and cross-polarizations
(Figures 4B2-B5). Grades I-III astrocytomas on the CP OCT
images are represented by low intensity and slowly attenuating
signals (Figures 4A2-A4,B2-B4), however the signal may
be homogeneous (Figures 4A2,A4,B2,B4) or heterogeneous
in the presence of cysts, calcification, and hemorrhaging
(Figures 4A3,B3). The CP OCT signal of a glioblastoma is of
low intensity, and heterogeneous with tessellated areas of high
intensity (Figures 4A5,B5) corresponding to areas of high cell
density, necrosis or hemorrhaging (Figure 4C5). The attenuation
rate of the CP OCT signal may be high or low with the
attenuation along the inferior border of the image being uniform
or non-uniform.

The initial comparative analysis of CP OCT images of brain
specimens with typical histological structures has demonstrated
the capability of OCT to differentiate between white matter
and tumorous tissue. However, there are no clear criteria for
distinguishing between white matter and tumorous tissue due
to the variability of the signal characteristics of the gliomas.
Therefore, it is also evident that OCT cannot be used for the
intraoperative grading of gliomas.

Visual Assessment Criteria for CP OCT
Images for Distinguishing Between White

Matter and Gliomal Tissue

Between all investigators the values of the coeflicients Q
and ¢ were high for the parameter “signal intensity” in
co- and cross-polarization (Qco 0.91-0.92; ¢co = 0.64-
0.65; Qcross 0.92-0.94; @cross 0.64-0.70) and also
statistically significant for the parameters “the homogeneity
of intensity” (Qco = 0.86-0.94; ¢co = 0.47-0.50) and “the
uniformity of attenuation” (Qco = 0.58-0.82; ¢co = 0.30-
0.44) in co-polarization. The inter-rater reliability between
investigators was perfect for the parameter “signal intensity”
in both polarizations (¢« = 0.90; @ = 0.90) and substantial
for “the homogeneity of intensity” (x = 0.79; @ = 0.79) and
“the uniformity of attenuation” (x 0.75; @ = 0.75) in co-
polarization (Table 1).

Frontiers in Oncology | www.frontiersin.org

]

April 2019 | Volume 9 | Article 201


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Yashin et al.

Optical Coherence Tomography for Glioma Imaging

staining.

FIGURE 4 | Ex vivo CP OCT images (A1-A5), (B1-B5) and corresponding histology (C1-C5) of white matter (A1-C1), diffuse astrocytoma Grade Il (A2-C2),
(A3-C3), diffuse astrocytoma Grade Il (A4-C4) and glioblastoma (A5-C5); on the CP OCT image of diffuse astrocytoma Grade Il can be seen microcysts typical for
this type of tumor (A3,C3); (A1-A5)—CP OCT images in co-polarization and (B1-B5)—in cross-polarization. Histological images (C1-C5)-hematoxylin and eosin

TABLE 1 | Visual assessment criteria of CP OCT images for distinguishing
between white matter and glioma tissue.

TABLE 2 | The results of diagnostic test by visual assessment of the CP OCT
images.

CP OCT image parameter White matter Tumor

MAIN CRITERIA

The signal intensity in co-polarization Intense Non-intense
The signal intensity in cross-polarization Intense Non-intense
ADDITIONAL CRITERIA

The homogeneity of intensity in co-polarization Homogeneous Heterogeneous
The uniformity of attenuation in co-polarization  Uniform Un-uniform

Based on the results of the first test the most powerful criteria
for the visual assessment of microstructural CP OCT images
to enable differentiation between glial tumor tissue and white
matter are the CP OCT signal intensities in co- and cross-
polarization. Also for this aim, the homogeneity of intensity and
the uniformity of attenuation can be used as additional criteria.

Diagnostic Accuracy of CP OCT Based on

Visual Assessment of Images

The results of the second set of tests, using the identified
main and additional criteria, separately in co- and cross-
polarization and simultaneously in co- and cross-polarization
(Table 2) demonstrate their great inter-rater reliability. The
test based on simultaneously assessing CP OCT images
in co- and cross-polarization showed a higher diagnostic
accuracy (87-88%).

Using co-polarization showed higher sensitivity (89-93%);
therefore using this regimen allows minimization of the risk of
failure of tumor detection. The high specificity of 92-94% that
can be achieved by using simultaneous visual assessment of the
images in co- and cross-polarization is associated with the low
risk of misguided white matter resection.

Polarization Inter-rater  Sensitivity, % Specificity, % Diagnostic
reliability accuracy, %
rate
Co- 0.83/0.83 89-93 67-73 83-84
Cross- 0.86/0.86 80-87 75-89 82-83
Co- and cross- 0.92/0.91 82-85 92-94 87-88

simultaneously

Intraoperative Visual Assessment of the
CP OCT Images

The intraoperative in vivo CP OCT images of white matter
and tumors obtained by the certified OCT system with
the handled probe show full structural similarity to the
ex vivo CP OCT images of brain specimens obtained using
the laboratory OCT setup, however, owing to differences in
image processing between the OCT systems the intensity of
the intraoperative images in co- and cross-polarization are
lower (~4 times).

The cortex is characterized by specific vertical striations
arising as the “shadows” of the blood vessels located just under
the tissue surface (Figures 5A1, 6A1), and these striations can
be considered as a specific cortex-indicator. The white matter
tissue is characterized by its high attenuation, although the
intensity is lower in cross-polarization than for the signal in
co-polarization (Figures 5B1,B2, 6B1). Regardless of the glioma
grade, the tumorous tissue is characterized by low-intensity,
homogeneous or heterogeneous signals with low attenuation
rate in co-polarization (Figures 5C1, 6A2,A3, images in co-
polarization). Since the OCT device approved for clinical use only
provides imaging at low intensity the signal in cross-polarization
is therefore almost absent from the tumor (Figures 5C2, 6A2,A3,
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arising from “shadows” of the blood vessels located just under the tissue surface.

FIGURE 5 | Intraoperative CP OCT images of cortex (A1,A2), white matter (B1,B2) and diffuse astrocytoma Grade Il (C1,C2); the scanning areas of the
corresponding tissue types in the surgical field are marked with green (A1,A2), blue (B1,B2) and violet (C1,C2) dotted lines (D,E), and interrelated with the
neuronavigation data (F,G); (A1-C1)—CP OCT images in co-polarization and (A2-C2)—in cross-polarization. The white arrows show characteristic vertical striations

images in cross-polarization) and very low from the cortex
(Figures 5A2, 6A1, images in cross-polarization). The scanning
areas of the corresponding tissue types in the surgical field
are marked with green (cortex, Figures 5A1,A2), blue (white
matter, Figures 5B1,B2) and violet (diffuse astrocytoma Grade
II, Figures 5C1,C2) dotted lines (Figures 5D,E) and interrelated
with the neuronavigation data (Figures 5EG).

OCT scanning of the cortex was performed in 9 cases (53%).
In all the comparisons, the OCT and neuronavigation data
showed that the tumor had widened through the tumor margin

that can be detected under the white light of the operating
microscope. In the case of visible cortical invasion by the tumor
the OCT scanning was performed from this area to visually
healthy brain tissue. In the case of visually intact cortex, the
scanning was started from the central part of the tumor as
detected by the neuronavigation system.

Taking into account the variability of the CP OCT images
for a variety of different reasons (e.g., brain swelling), when
distinguishing white matter and tumor it is better to commence
the OCT scanning of white matter from a control area (where
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FIGURE 6 | Intraoperative CP OCT images in a patient with diffuse astrocytoma (Grade Il): of the cortex (A1) with well-defined (A2,A3; A6—green dotted line) and
invisible (A4,A5) tumor invasion, white matter (B1) close to the right corticospinal tract (B2—blue color dotted line; C3,C4—marked by red color); the scanning areas
of corresponding tissue types in the surgical field (A6,B2) are marked with green (A6) and, blue (B2) dotted lines and interrelated with the neuronavigation data, where
the tumor is marked with a green line and the corticospinal tract with a red line (C2,C3,C6). Preoperative MRI in T1 and T2 (C1) and the corticospinal tract
reconstruction based on the DTI before (C4) and after (C5) operation. (A1-A5,B1)—CP OCT images in co-polarization (upper image) and cross-polarization

(lower image).
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there is no doubt about the histology) to enable comparison of
this scan with following images. In our study scanning of control
area before tumor resection was performed only in 9 patients
(53%), while in the other cases the identified criteria (Table 1)
and standard CP OCT images of white matter (Figures 4A1,B1,
5B1,B2) were used.

Perfect detection of white matter by OCT can be useful
when tumor resection is performed close to white matter tracts.
Figure 6 shows the process of removal of a diffuse astrocytoma
(Grade 1I) in the right parietal lobe. The preoperative diffusion
tensor imaging (DTI) data uploaded in the neuronavigation
system demonstrated that the tumor was closely adjacent to right
cortico-spinal tract (Figures 6C2-C4). Electrical stimulation in
this region had shown a response at a current of 5mA (pulse
frequency of 60Hz, with a single phase duration of 1ms in
trains lasting 4s), that meant the approximate distance to
the tract was about 5mm. Based on the identified criteria,
OCT scanning demonstrated the presence of white matter in
this region. It was taken decision to stop further resection.
On post-operative DTI, no change in the corticospinal tract
was detected. Therefore, the simultaneous use of subcortical
electrostimulation and OCT was able to define more exactly
the required extent of resection close to eloquent white
matter tracts.

DISCUSSION

During surgery of infiltrative brain tumors the benefits of
novel intraoperative imaging technologies are self-evident, due
to the lack of resolving capacity of the operating microscope
for distinguishing tumorous and non-tumorous tissues and
the detection of any residual tumor (24-27). In order to
overcome this problem, at present, the most commonly used
technologies are fluorescent visualization with 5-ALA (28-
30) and intraoperative MRI (31, 32). However, these methods
have some limitations; therefore, the development of novel
intraoperative technologies has become particularly relevant.
OCT appears to provide a very promising method for routine
neurosurgical practice due to the clear benefits of this method
such as: safety (using a near infrared light source does not
risk tissue damage); accuracy (high resolution ~10 micron) the
absence of a requirement for contrast agents; imaging depths
of more than 1 mm; the ability to obtain images at a distance
and therefore the opportunity for integration into a surgical
microscope or endoscope (2, 3).

Obviously, the increased interest in OCT has been the result
of the continuing improvements in several aspects of OCT, such
as imaging speed, sensitivity, the development of functional
OCT extensions and signal data processing. The quantitative
assessment of OCT with the determination of various optical
coeflicients such as backscattering (33) and attenuation (4, 10,
34) coefficients provides higher diagnostic accuracy compared
with the qualitative assessment of OCT images. Kut et al.
have demonstrated the high diagnostic accuracy of OCT for
distinguishing tumors from white matter on the basis of the
optical attenuation coefficient: for patients with higher-grade

tumors the sensitivity/specificity reached 92%/100%; for low-
grade tumors sensitivity/specificity values were 100%/80% (4).
Unfortunately, at present, clinically approved OCT systems can
provide only visual assessment, although that has been sufficient
to improve readability for neurosurgeons. Additionally, such
visual assessment for distinguishing white matter from tumor
tissue also provides high sensitivity of (82-85%), specificity
(92-94%), and diagnostic accuracy (87-88%). Therefore, it
can be proposed for routine clinical use, although with
some restrictions.

This paper deliberately references previously published data
(20) with regard to intraoperative approval of the visual CP OCT
criteria identified for distinguishing white matter from tumor
tissue. These criteria have been specified in place of the previously
suggested “loss of normal attenuation” from the tumorous tissue
(9, 10). However, this criterion remains relevant for the detection
of tumor invasion into the cortex, which is characterized by a
“typical view” of vertical striations, disappearing in cases where
there are any changes of cortical microarchitecture. The result
of this study questions the significance of the “homogeneous”
criterion for distinguishing tumor and white matter because
of the variability of the characteristics of the OCT signal
from gliomas. For example, tumorous tissue may have a quite
homogeneous OCT signal, while, on the other hand, white
matter in the vicinity of necrotic areas or hematomas can lose
its homogeneity.

The study has shown that CP OCT, as an extension of OCT,
broadens the functionality of the method. The assessment of
CP OCT images simultaneously in co- and cross-polarization
has shown a higher specificity (92-94% against 67-73%) and
diagnostic accuracy (87-88% against 83-84%) compared with
conventional OCT. Therefore, this mode is effective to use
during tumor resection closely adjacent to eloquent white matter
tracts. Using CP OCT, based on visual assessment along with
co-polarization, shows high sensitivity (89-93% against 82-
85% when using co- and cross-polarization simultaneously)
and therefore it is effective in improving identification of the
necessary extent of resection in non-eloquent brain areas.

In this study, discrete histological tissue types such as cortex,
white matter and tumor have been described. The formation
of the OCT signal and its differences between tumor and
white matter can be explained using a simple model of the
structural organization of the tissue: tumorous tissue can be
represented as an assembly of tumor cells that are characterized
by low attenuation, compared to the high attenuation of
myelin. However, differentiation using visual assessment can
be difficult when comparing white matter with structureless
(or intact) myelin and tumorous tissue with necrosis (or
necrosis alone), due to their similarity in optical properties.
Tumorous tissue without necrosis forms the typical structure
of all Grade I-III astrocytomas and the peripherial area of
glioblastomas (Grade IV). Necrotic areas characterized by high
attenuation (forward cross-scattering) always present in (1) the
glioblastoma core, (2) tissues after radiotherapy (e.g., in the
case of recurrent astrocytoma after combination treatment) and
(3) tissues following bipolar coagulation (total necrosis). The
high attenuation (forward cross-scattering) of white matter is
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the result of the high-density packaging of its myelin fibers.
Some events such as structural damage of the myelin, or
cerebral edema related to tumor growth, can lead to a significant
decrease of attenuation and of forward cross-scattering (35).
These myelin changes are typical of the peritumoral area of high-
grade astrocytomas. Probably, improvements in the quantitative
assessment of OCT data will allow these tissue types to be
clearly distinguished.

At the moment, in all doubtful cases, consideration must be
given to the patient's preoperative data, localization of the OCT
scanning area, and the distance from eloquent brain areas. For
example, if the preoperative clinical data is indicative of a low-
grade glioma, during tumor resection no necrotic areas or myelin
damage would be expected, so the surgeon would not expect to
find necrotic areas or dramatic changes in the myelin structure,
meaning that distinguishing between white matter and tumor is
not an issue In the case of a glioblastoma, the white matter in
the peritumoral area might be characterized by low attenuation
and forward cross-scattering, so the intensity of the CP OCT
signal could decrease in co- and cross-polarization. On the other
hand in the case where there has been previous radiation therapy
(e.g., recurrent glioblastoma) the tumor mass could include a
vast amount of necrotic tissue and be characterized by high
intensity in the CP OCT images. Therefore, in both cases the
differentiation between white matter and tumorous tissue can be
difficult. Consequently, in these doubtful cases, decisions about
the extent of resection should primarily be based on the distance
from eloquent brain areas. Hemorrhages can also compromise
the interpretability of the OCT signals (10), therefore, before
scanning, they should be removed together with any necrotic
areas associated with bipolar coagulation.

In contrast to white matter, the cortex does not contain
densely packed myelin fibers that might lead to difficulties in
distinguishing between cortex and tumor, although tumor is
characterized by higher cellularity and nuclear density comparing
to cortex. Visual assessment of OCT signals based on the criterion
“loss of normal attenuation” allows tumors to be distinguished
from the cortex during in vivo scanning (10, 23). Probably,
additional in vivo studies would enable clearer determination of
the optical differences between cortex and tumor and offer better
definitions for the quantitative OCT criteria (23).

This study was based on ex vivo brain specimens for a
number of reasons: (1) the possibility of carrying out maximally
targeted histological examinations to appropriately validate the
OCT; (2) the absence of strict time limitations, which made it
possible to perform multiple scans to monitor the image quality.
The previously performed comparative analysis of the optical
properties of white matter and tumorous tissues of the brain
allow us to conclude that the CP OCT images obtained ex vivo
show a full qualitative similarity to the in vivo CP OCT images
(23). However, ex vivo study is not representative for the cortex
by reason of the disappearance of the unique characteristics of
the CP OCT signal in ex vivo CP OCT images.

The study has several limitations. One of them is the use of
different CP OCT devices in the preclinical part and during the
intraoperative scanning. Although the experimental device has
some advantages due to a better signal characteristics and a more
detailed computer processing of the OCT data, using it during

surgical procedures was not possible due to its novel character
and the absence of permission for its clinical use. Therefore,
the study demonstrates the advantages of CP OCT on fresh
pathological specimens, but not for intraoperative CP OCT data.
In the ex vivo CP OCT study based on fresh specimens it is
easier to “target” the region of interest and therefore provide
advanced histological validation of CP OCT image in comparison
with in vivo CP OCT study, where image interpretation can
be complicated by the impact of several factors such as tissue
deformation during its removal, difficulties in access to the region
of interest where the white matter is infiltrated by tumor, active
bleeding and use of hemostatic materials affecting the quality
of the CP OCT images. However, the promising results of this
study allow us to recommend implementing a clinical CP OCT
prototype based on the experimental one used in this study.

Further, only three raters were tested, therefore the results
may be considered as preliminary. Increasing the number of
raters may improve the results in terms of visual assessment,
diagnostic accuracy, sensitivity and specificity for CP OCT for
distinguishing white matter from tumor tissue.

The limitation of the intraoperative phase of the study was
lack of morphological verification of scanning areas. Using image
guiding under neuronavigation system and high magnification
of surgical microscope doesn‘t provide exact information about
tissue morphology.

Nevertheless, while OCT does not provide molecular
information and cannot detect individual tumor cells, it
looks promising in assisting navigation during neurosurgical
procedures such as glioma resection, stereotactic biopsy and the
placement of electrodes for deep brain stimulation. For clinical
translation, OCT can be integrated into standard operating
equipment such as surgical microscopes (6, 7), and probes for
stereotactic procedures (36). For the purposes of glioma surgery,
the cross-polarization mode provides a good illustration of a
functional extension to OCT, which can offer opportunities to
improve the visual assessment of OCT data.

CONCLUSION

CP OCT based on the visual assessment of obtained images
is a promising imaging tool for distinguishing tumorous
and non-tumorous tissues during glioma resection. The most
powerful criteria are the signal intensities in co- and cross-
polarization. Further to this purpose, additional criteria such as
the homogeneity of intensity and the uniformity of attenuation
can also be used. The simultaneous assessment of CP OCT
images in co- and cross-polarization has demonstrated better
diagnostic accuracy for distinguishing white matter from tumor
tissue than OCT alone. Differentiation between cortex and
white matter can be performed based on the criterion “loss
of normal attenuation” (loss of the “typical view” of vertical
striations on CP OCT images). In distinguishing white matter
and tumors the diagnostic accuracy using the visual CP OCT
criteria was 87-88%. The CP OCT data is easily associated with
intraoperative neurophysiological and neuronavigation findings
and can provide supplementary information for neurosurgeons
during tumor resection.
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The goal of surgery for malignant brain glioma is to optimize the extent of resection (EOR)
while preserving the quality of life. A meta-analysis evidenced that gross total resection improves
progression free survival and overall survival (OS) in glioblastomas (1). In a consecutive cohort
with 500 newly diagnosed glioblastomas, a significant survival benefit was noted with as little as
78% EOR, and stepwise improvement in OS was observed even in the 95-100% EOR range (2).
Interestingly, in 243 glioblastomas, survival advantages from total resection remained significant
in multivariate analysis after adjustment for bias (3). Concerning anaplastic gliomas, the volume of
residual neoplasm on postoperative MRI predicts the time to tumor progression and OS (4).

However, maximal resection can be challenging because it may be difficult to identify the
boundaries of glioma due to its infiltrative feature, especially with a white-light microscope.
Therefore, to improve the intraoperative real-time visualization of malignant gliomas, the use of
fluorescence-guided surgery (FGS) has been advocated, with 5-aminolevulinic acid (5-ALA) as the
first option (5, 6). Intrasurgical fluorescence imaging allowed an increase of EOR in high-grade
gliomas compared to conventional microsurgery with white-light, as demonstrated by a seminal
randomized controlled trial (7). The great merit of this study was also to emphasize the need to
objectively assess the EOR on postoperative MRI following glioblastoma surgery. In this Frontiers
issue, applications of fluorescence and other optical imaging technology in oncological surgery have
been highlighted, especially for malignant brain tumor. Nonetheless, despite a prolific literature on
this topic in the past decade, the actual benefit of FGS for glioma patients may be discussed, due to
substantial limitations.

From an oncological perspective, beyond the fact that 5-ALA is not adapted to show diffused
low-grade gliomas, FGS may paradoxically restrict EOR in high-grade gliomas. Indeed, it has
recently been suggested that supracomplete resection, which consists on the removal of a margin
around the enhancement, may improve OS in glioblastomas (8). This original concept is based
upon the fact that relapses mostly occur at the periphery of the operating cavity, where specific
tumor and stromal cells that promote glioblastoma growth and invasion exist (9). In a cohort
with 1229 glioblastomas, Li et al. reported a significantly longer OS of 20.7 months when a
resection of > 53.21% of the surrounding FLAIR-weighted MRI abnormalities was performed in
addition to the total contrast-enhancing removal, versus 15.5 months in the case of excision of the
enhancement alone (10). Consequently, even though 5-ALA goes beyond the borders of contrast
enhancement, because its diffusion is nonetheless reduced, the tumorological risk intrinsically
related to this method is to prematurely stop the resection around the tumor mass identified by
fluorescence—while optionally, a lobectomy with a (sub)total resection of the FLAIR abnormalities
would have been possible in non-eloquent areas, thus with a better impact on OS. From a functional
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FIGURE 1 | (A) Preoperative axial enhanced T1-weighted MRI (upper) and FLAIR-weighted MRI (lower) achieved in a 50-year-old right-handed man who experienced
seizures that allowed the discovery of a right anterior temporal high-grade glioma. The patient underwent a previous “minimal-invasive image-guided surgery”
performed under general anesthesia in another hospital with a partial resection of the enhancement and the FLAIR hypersignal. An anaplastic astrocytoma was

diagnosed. At that time, the patient was referred to our department and a reoperation was proposed with awake mapping in order to achieve a supratotal resection
according to functional boundaries. The neurological examination was normal. Nonetheless, the preoperative neuropsychological evaluation revealed a slight deficit of
higher-cognitive functions, that is, theory of mind and semantic processing. (B) Intraoperative view after resection, achieved up to eloquent structures, especially at
the subcortical level. Indeed, direct electrostimulation of white matter tracts enabled the identification of the subcortical neural networks involved in theory of mind

(mentalizing) (tag 47) and non-verbal semantics (tag 49) - which have been mapped according to the results of the presurgical neurocognitive assessment. (C)
Postoperative axial enhanced T1-weighted MRI (upper) and FLAIR-weighted MRI (lower) (performed 3 months after resection) demonstrating a supracomplete
resection of both the enhancement and the FLAIR hypersignal. The patient recovered, with an improvement of the neuropsychological examination thanks to a
post-surgical cognitive rehabilitation. A diffuse WHO grade Il astrocytoma (IDH1 mutated, non-codeleted) was diagnosed, and postoperative chemotherapy was
administrated, with no radiotherapy. The imaging is stable with 4 years of follow-up, and the patient continues to enjoy a normal life, with no symptoms.

point of the view, the same property of 5-ALA going beyond the
enhanced part of the glioma can result in permanent neurological
deterioration for tumors involving structures essential for brain
functions. For example, Diez Valle et al. reported a rate of new
or increased neurological worsening of 8.2% in a series with
glioblastomas operated on using 5-ALA (11), that is, a higher rate
in comparison with series using intraoperative electrical mapping
—3.4% in a recent meta-analysis (12).

Therefore, an alternative to overcome these limitations is to
switch from a FGS to a functional-guided resection by means
of direct electrical stimulation (DES) (13). Indeed, the meta-
analysis by De Witt et al. in which the benefit of intraoperative
electrical mapping on glioma surgery outcome was investigated
on the basis of over 8,000 patients, evidenced that the surgical
excision of both high-grade gliomas and low-grade gliomas using
DES was correlated with more radical resections and with a
significantly lower rate of severe permanent impairment—even
for tumors located in eloquent regions (12). It is necessary to
stress that such a demonstration of an improved EOR associated

with a simultaneous decrease of neurological morbidity thanks
to the use of fluorescence per se, compared with results reported
in series using intraoperative functional mapping [currently
considered as the standard of care of glioma surgery (12)], is
still lacking.

Of note, it has been proposed to combine 5-ALA and
electrophysiological mapping, especially for gliomas invading
critical areas (14-17). However, even if technically there is
not antagonism to use both methods, FGS is conceptually
incompatible with functional mapping-based resection. Indeed,
although the aim of 5ALA-guided surgery is to remove the
enhanced part of the glioma, with the double risk not to
achieve a supramarginal resection when functionally feasible
or to induce a persistent deficit in eloquent structures (since
it is in essence unable to provide functional information),
the purpose of mapping-guided surgery is not to achieve a
<tumorectomy>> but to perform the most extensive resection
of the parenchyma invaded by a diffuse tumoral disease—on
the condition that this part of the brain is not critical for
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neural functions (8, 18). In other words, the aim is to push the
resection until eloquent structures have been encountered, both
at cortical and subcortical levels, with no margin left around these
functional boundaries (13). In practice, if there are discrepancies
in information given by 5-ALA and DES, neurosurgeons should
rely on functional mapping. For instance, if fluorescence reveals
residual glioma but electrical mapping shows that it invades
functional tissue, resection must be stopped to preserve the
neural networks (19). On the other hand, if 5-ALA demonstrates
a «complete>> tumoral removal, but the eloquent structures
have not yet been reached according to DES, resection should be
pursued up to functional limits in order to achieve a supratotal
excision (20) (Figure 1).
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Objectives: Intraoperative tumor visualization with 5-aminolevulinic acid (5-ALA) induced
protoporphyrin IX (PplX) fluorescence is widely applied for improved resection of
high-grade gliomas. However, visible fluorescence is present only in a minority of
low-grade gliomas (LGGs) according to current literature. Nowadays, antiepileptic drugs
(AEDs) are frequently administered to LGG patients prior to surgery. A recent in-vitro
study demonstrated that AEDs result in significant reduction of PplX synthesis in glioma
cells. The aim of this study was thus to investigate the role of 5-ALA fluorescence in LGG
surgery and the influence of AEDs on visible fluorescence.

Patients and Methods: Patients with resection of a newly diagnosed suspected
LGG after 5-ALA (25 mg/kg) administration were initially included. During surgery, the
presence of visible fluorescence (none, mild, moderate, or bright) within the tumor and
intratumoral fluorescence homogeneity (diffuse or focal) were analyzed. Tissue samples
from fluorescing and/or non-fluorescing areas within the tumor and/or the assumed
tumor border were collected for histopathological analysis (WHO tumor diagnosis, cell
density, and proliferation rate). Only patients with diagnosis of LGG after surgery remained
in the final study cohort. In each patient, the potential preoperative intake of AEDs
was investigated.

Results: Altogether, 27 patients with a histopathologically confirmed LGG (14
diffuse astrocytomas, 6 oligodendrogliomas, 4 pilocytic astrocytomas, 2 gemistocytic
astrocytomas, and one desmoplastic infantile ganglioglioma) were finally included. Visible
fluorescence was detected in 14 (52%) of 27. In terms of fluorescence homogeneity
(n = 14), 7 tumors showed diffuse fluorescence, while in 7 gliomas focal fluorescence
was noted. Cell density (p = 0.03) and proliferation rate (p = 0.04) was significantly higher
in fluorescence-positive than in fluorescence-negative samples. Furthermore, 15 (56%)
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of 27 patients were taking AEDs before surgery. Of these, 11 patients (73%) showed
no visible fluorescence. In contrast, 10 (83%) of 12 patients without prior AEDs intake
showed visible fluorescence. Thus, visible fluorescence was significantly more common
in patients without AEDs compared to patients with preoperative AED intake (OR = 0,15
(C195% 0.012-1.07), p = 0.046).

Conclusions: Our study shows a markedly higher rate of visible fluorescence in a series
of LGGs compared to current literature. According to our preliminary data, preoperative
intake of AEDs seems to reduce the presence of visible fluorescence in such tumors and
should thus be taken into account in the clinical setting.

Keywords: low-grade glioma, 5-aminolevulinic acid, protoporphyrin IX, fluorescence, antiepileptic drugs

INTRODUCTION

Gliomas are the most common intracranial tumors representing
approximately 70% of all primary brain tumors (1, 2). It is
well-known that gross-total resection correlates with improved
progression-free and overall survival in patients with low-grade
gliomas (LGGs) (3-6). Thus, maximum safe resection of LGGs
is regarded nowadays as the recommended primary treatment to
delay potential malignant transformation (7, 8). However, such
maximum safe resection is only achieved in the minority of LGGs
due to their infiltrative growth and undefined borders (9).

Surgery using 5-aminolevulinic acid (ALA) induced
protoporphyrin IX (PpIX) fluorescence has been introduced
to the neurosurgical field for improved intraoperative tumor
visualization (10). In the last two decades, such fluorescence-
guided resections were especially applied to optimize surgery
of high-grade gliomas (HGGs) (11). In this sense, 5-ALA
fluorescence-guided surgery results in a significantly higher
frequency of complete resections and a prolonged progression-
free survival in HGGs (12-17). In the last years, 5-ALA was
also increasingly investigated during surgery of radiologically
suspected LGGs (3, 7, 11, 13, 18-21). According to the data
of these first clinical studies, 5-ALA induced fluorescence is
a powerful marker to identify potential regions of malignant
transformation (anaplastic foci) during surgery of suspected
LGG and thus to avoid histopathological undegrading.
However, the majority of pure LGGs cannot be visualized
by visible fluorescence according to the current literature
(3,7,11, 13, 18, 19, 21, 22).

The exact mechanisms of PpIX accumulation and thus the
presence or absence of visible 5-ALA induced fluorescence in
gliomas are still unclear. A large variety of factors were suspected
to influence visible 5-ALA fluorescence such as increased
metabolism and up-regulation of porphyrin-producing enzymes
(23), reduced iron metabolism within neoplastic cells (24), and
reduction of activity of the ferrochelatase enzyme that converts
fluorescing PpIX into heme (25). Recently, an in-vitro study
reported that antiepileptic drugs (AEDs) result in an injury
of the mitochondrial membrane and thus lead to inhibition
of PpIX synthesis in glioma cells (26). Nowadays, AEDs are
frequently administered to patients suffering from LGG prior
to surgery. We hypothesize that administration of AEDs might

influence the presence of visible fluorescence in LGGs during
surgical resection.

The aim of the present study was thus to investigate the role
of 5-ALA induced fluorescence in LGG surgery and analyze the
influence of AEDs on the presence of visible fluorescence.

MATERIALS AND METHODS
Patient Population

Patients that underwent resection of a newly diagnosed
suspected LGG at the Burdenko Neurosurgical Institute after
5-ALA administration between March 2014 and March 2016
were recruited. In our study, altogether 27 patients with
a histopathologically confirmed LGG were finally included.
Our study cohort included 19 men and eight women with
a median age of 33 years (range: 18-66 year). According
to our histopathological analysis, 14 diffuse astrocytomas, 6
oligodendrogliomas, 4 pilocytic astrocytomas, 2 gemistocytic
astrocytomas, and one desmoplastic infantile ganglioglioma were
diagnosed. The application of 5-ALA during surgery was feasible
in all 27 patients. In none of our patients, any significant 5-
ALA related side effects occurred in our study. Informed consent
for the surgical procedure and administration of 5-ALA was
obtained from all patients. The study was approved by the
local ethics committee of the N. N. Burdenko National Medical
Research Center of Neurosurgery (Moscow, Russia).

Inclusion and Exclusion Criteria

Inclusion criteria for enrolment into this study were age >18
years, MRI-suspected LGG, possible gross total resection (GTR)
(i.e., >90%) as judged by preoperative surgical estimation,
absence of any known history of liver disease or signs
of significant hepatic dysfunction and Karnofsky scale >70.
Exclusion criteria for the administration of 5-ALA were history
of photosensitivity, patient, or family history of porphyria,
pregnancy, and breast-feeding. Only patients with diagnosis of
LGG after surgery remained in the final study cohort.

Surgical Procedure

Patients were administered orally 25 mg/kg bodyweight 5-ALA
(“Alasence” NIOPIK, Moscow, Russia) dissolved in 100 ml of
water ~3 h before surgery. Depending on the tumor localization,
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intraoperative neuromonitoring with sensory/motor evoked
potentials, and/or direct stimulation (Viking Select, Nicolet;
n = 21 patients) as well as awake surgery (n = 2 patients) was
performed. A modified neurosurgical microscope (Carl Zeiss
OPMI Pentero, Germany) equipped with a fluorescent 400 nm
UV light module and specific filters were used. Microsurgical
tumor removal was performed using primarily standard white
light microscopy with assistance of neuronavigation in most
cases (n = 20 patients). During surgery, the microscope was
switched to violet-blue excitation light repeatedly to visualize
potential fluorescence.

Fluorescence intensity was visually assessed by a surgeon and
determined as “weak” with only a small tumor part showing pink
fluorescence with its bulk not fluorescing at all, “moderate” with
more than half of the tumor revealing pink fluorescence, and
“bright” with the major part of the tumor looking bright red.
Spectroscopy-assisted Fluorescence was quantitatively assessed
in 12 patients. The level of fluorescence varied from 0 values
up to 15 arbitrary units (after data normalization) regarding
the intact brain. We specially did not highlight the role of
spectroscopy, as it was performed only in some of our patients.
Furthermore, also the intratumoral fluorescence homogeneity of
each tumor was determined. In this sense, diffuse fluorescence
was defined as homogeneous glowing of the whole tumor. In
contrast, focal fluorescence was defined as a circumscribed area of
fluorescence within an otherwise non-fluorescing tumor. In the
course of surgery, tissue samples from fluorescing and/or non-
fluorescing areas within the tumor and/or the assumed tumor
border were subsequently collected for histopathological analysis.
To avoid potential phototoxicity related to 5-ALA, all patients
were protected from strong light sources for at least 24 h after
drug administration.

Histopathology

All formalin-fixed, paraffin-embedded tissue samples were
processed for hematoxylin and eosin (H & E) staining. Tumor
diagnosis was established by an experienced neuropathologist
according to the current World Health Organization (WHO)
histopathological criteria (27). In our study, cell density and
proliferation rate (Ki-67 labeling index) was investigated in each
of the collected tissue samples.

Preoperative Intake of AEDs

Since the main focus of our study was to investigate the
potential influence of AEDs on 5-ALA induced fluorescence, we
documented in each patient if AEDs were administered prior to
surgery (yes or no). Patients were ingested average AED dosages:
valproic acid (up to 1.5mg per day), levetiracetam (800 mg per
day). We did not study each drug separately, as the general series
was not large.

Postoperative Course

The neurological status of each patient was investigated before
and after surgery to detect potential postoperative deterioration
of neurological symptoms. Additionally, the extent of resection
was judged according to the results of an early (up-to 72h post-
surgery) post-operative MRI: (1) GTR was present if at least

90% of the tumor mass was removed, (2) subtotal resection if
more than 50% of the tumor mass was resected, and (3) partial
resection if <50% of the tumor was removed.

Statistical Analysis

Data processing was performed using R software for statistical
computing (version 3.4.4). The continuous variables were
compared in groups using Mann-Whitney U-test. To analyze
the relationship between the categorical variables, a Fisher exact
test was applied. A logistic regression analysis was performed
to adjust for confounders when testing the effect of AED on
fluorescence. The results were considered statistically significant
for p < 0.05.

RESULTS

5-ALA Induced Fluorescence and

Histopathological Diagnosis

We observed visible fluorescence during surgery in 14 (52%) of
27 cases, whereas no fluorescence was detected in the remaining
13 cases (48%).

According to the histopathological tumor diagnosis, all 4
pilocytic astrocytomas, all 2 gemistocytic astrocytomas, and
the only desmoplastic infantile ganglioglioma showed visible
fluorescence. Furthermore, visible fluorescence was found in
4 (29%) of 14 diffuse astrocytomas, and 3 (50%) of 6
oligodendrogliomas. According to the intratumoral fluorescence
homogeneity (n = 14 cases), 7 tumors had “diffuse” visible
fluorescence, while the other 7 gliomas had “focal” sites of visible
fluorescence. Details on the fluorescence data of our cohort are
provided in Table 1 and illustrative cases in Figure 1.

5-ALA Induced Fluorescence and

Histological Parameters

Altogether, 80 tissue samples were collected during surgery from
the 27 patients (median: 3 samples; range 1-12 specimens per
patient). Of these, visible fluorescence was found in 21 samples
(26%), whereas 59 samples (74%) showed no visible fluorescence.
Cell density was significantly higher in fluorescence-positive
samples (2,180 mm?) than in fluorescence-negative samples
(1,510 mm?; p = 0.03). Additionally, the proliferation rate
assessed by Ki-67 labeling index was also significantly higher
in fluorescence-positive samples (2.52%) than in fluorescence-
negative samples (0.41%; p =0.04).

5-ALA Induced Fluorescence and AEDs

Due to a prior history of preoperative seizures, 15 patients
(56%) of our study cohort were taking AEDs before surgery
(finlepsin, levetiracetam, trileptal, and/or valproid acid). Of the
15 patients with preoperative AED intake, 11 patients (73%)
showed no visible fluorescence during the resection. In contrast,
10 (83%) of the remaining 12 patients without prior AEDs
intake showed visible fluorescence. Thus, visible fluorescence was
significantly more common in patients without AEDs intake as
compared to patients with preoperative AED intake [OR = 0.15
(CI 95% 0.012-1.07), p =0.046]. The AED showed to be a
significant factor (p = 0,048) influencing the probability of
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TABLE 1 | Intraoperative fluorescence characteristics.

Histopathology

Fluorescence

Visible fluorescence

Absence of fluorescene

Fluorescence grade

Fluorescence homogeneity

1-Mild 2-Moderate 3-Bright Diffuse Focal

Diffuse astrocytoma 1(3.7%) 2 (7.4%) 1(3.7%) 2 (7.4%) 2 (7.4%) 10 (37%)
Oligodendroglioma 13.7%) 1(3.7%) 1(3.7%) 1(3.7%) 2 (7.4%) 3(11.1%)
Gemistocytic atrocytoma - - 2 (7.4%) 2 (7.4%) 0 0
Pilocytic astrocytoma 2 (7.4%) 1(3.7%) 13.7%) 1(3.7%) 3(11.1%) 0
Desmoplastic infantile ganglioglioma - 13.7%) - 1(3.7%) 0 0

In total: 4 (14.8%) 5(18.5%) 5(18.5%) 7 (25.9%) 7 (25.9%) 13 (48.1%)
In total: 14 (52%) 14 (51.8%) 13 (48%)
In total: 27 (100%)

including images.

FIGURE 1 | lllustrative case No. 16 (Diffuse fluorescence type). Oligodendroglioma WHO Grade Il of the right frontal lobe. (A)-Preoperative FLAIR images show a large
hyperintense lesion, (B)-White light microscopy shows distint cortical abnormalities; (C)-The tumor reveals moderate fluorescence with violet-blue excitation light;
(D)-Histology reveals tumor tissue of a oligodenroglioma WHO grade II. Informed consent has been obtained from the patient for the publication of data,

intraoperative fluorescence when adjusted for other potential
confounders (astrocytoma/non-astrocytoma, frontal localization,
dexamethasone dose) in a logistic regression model. The other
factors included in the model did not show a significant
relationship with the fluorescence (p > 0.05).

Postoperative Course

After surgery, 21 patients showed stable and four patients
improved neurological symptoms. In contrast, deterioration of
neurological symptoms was found in the remaining two patients.
According to early postoperative MRI, gross total resection was
achieved in 16 patients (59%), subtotal resection in 8 patients
(30%), and partial resection in three patients (11%). Fluorescence
did not correlate with extent of resection.

DISCUSSION

The use 5-ALA induced fluorescence is becoming increasingly
popular with the aim of maximizing the extent of resection
especially in HGGs and thus improving postoperative
patient prognosis. In this sense, fluorescence-guided surgery
demonstrated to significantly improve the rate of complete
resections in HGGs as compared to microsurgery alone,

and this innovative technique also almost doubled the 6-
months progression free-survival (16). Recently, visible PpIX
fluorescence was found also in other brain lesions such as
meningiomas (19), and metastatic tumors (18, 28).

Current Literature: 5-ALA Fluorescence in
LGG

So far, the value of 5-ALA induced fluorescence in LGG was
only investigated in few studies. In this sense, Ishihara et al. first
described in 2007 the application of 5-ALA in two LGG and did
not find any visible fluorescence in the multiple collected tissue
samples (29). Additionally, Ruge et al. published in 2009 a case
report of a 9-year-old girl who underwent fluorescence-guided
resection of a pleomorphic xanthoastrocytoma of the right
temporal lobe and detected visible fluorescence of the tumor (20).
Moreover, Stockhammer et al. published in 2009 a case report
of a diffuse astrocytoma WHO grade II with moderate cellular
density, higher microvascular density, and visible fluorescence
(30). Cases of fluorescence of pilomyxoid astrocytoma and
pilocytic astrocytoma were published by Bernal Garcia et al. (31)
and Choo et al. (32), respectively. The first series of patients
with LGG and 5-ALA was published by Widhalm et al. (33). In
this study, all eight diffusely infiltrating WHO grade II gliomas
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did not show any visible 5-ALA induced fluorescence during
surgery. In a further study, Ewelt et al. reported in 2011 visible
fluorescence in only one (8%) of 13 LGGs during surgery (7).
Three years after the first patient series, Widhalm et al. published
a larger series in 2013 and found visible fluorescence in 4 (9%) of
33 LGGs (34). In another study by Marbacher et al., 8 (40%) of 20
LGGs showed visible fluorescence (18). In 2015, Valdes founded
visible fluorescence in 4 (33%) of 12 analyzed LGGs (35). Finally,
Jaber et al. found in 2016 in the largest series to date visible
fluorescence in 13 (16%) of 82 LGGs (36). Thus, according to
the current literature visible fluorescence is observed only in a
minority of patients with LGGs.

Current Study: 5-ALA Fluorescence in LGG

Despite of these other studies available in the current literature,
our data showed the presence of visible fluorescence in more
than half of our cases during surgery. One possible explanation
for the higher rate of LGGs with visible fluorescence compared
to the current literature might be that we used a slightly higher
dose of 5-ALA (25 mg/kg bodyweight) as compared to the
other studies (18, 33, 34). However, Stummer et al. compared
different doses of 5-ALA in malignant glioma surgery (0.2, 2,
20 mg/kg) and concluded that usage of 5-ALA doses more than
20 mg/kg bodyweight would probably not result in an improved
fluorescence effect (37). Another explanation might be that we
included also other tumor entities apart from diffusely infiltrating
gliomas such as pilocytic astrocytomas or one ganglioglioma.
Our promising findings have to be confirmed, however, in
independent multicenter studies including a larger cohort of
patients suffering from LGG.

Interestingly, we did observe visible fluorescence not only in
focal intratumoral areas as previously described (33, 34), but
also diffuse fluorescence with homogeneous glowing of the whole
tumor. We assume that presence of focal visible fluorescence
in LGG might represent areas of potential future malignant
transformation. Furthermore, future studies should clarify if the
extent of resection could be optimized especially in LGGs with a
diffuse fluorescence pattern.

5-ALA Fluorescence and Histopathology

In our study, we observed significantly higher levels of cell
density and proliferation in samples with visible fluorescence
as compared to no fluorescence. This is in line with the two
previous studies by Widhalm et al (33, 34). Similarly, Widhalm
et al found a significantly higher mitotic rate, cell density, and
nuclear pleomorphism in fluorescing samples as compared to
non-fluorescing specimens. Furthermore, the proliferation index
assessed by MIB-1 LI was significantly higher in samples with
visible fluorescence as compared to non-fluorescing specimens.
In this sense, these previous data indicate that visible fluorescence
is capable to identify anaplastic foci according to the WHO
histopathological criteria (33, 34). Since we also found a
significantly higher cell density and proliferation rate in areas
of visible fluorescence in a series of LGG, we believe that 5-
ALA might serve as an early marker of ongoing malignant
transformation of an initial LGG. Future studies with sufficient
data on follow-up are needed to clarify this important issue.

5-ALA Fluorescence and AEDs

Nowadays, it is common practice for patients with LGG to
have medical treatment of epileptic seizures (38-40). Hefti et al.
demonstrated in an in-vitro study that the PpIX synthesis was
reduced by up to 45% in glioma cells under the effect of
phenytoin, but not levetiracetam (26). In our study, we found
that visible fluorescence was significantly more common in
patients without AEDs intake as compared to patients with
preoperative AED intake (r = 0.56; p = 0.045). Of the 15
patients with preoperative AED intake, 11 patients (73%) showed
no visible fluorescence during the resection. In contrast, 10
(83%) of the remaining 12 patients without prior AEDs intake
showed visible fluorescence. The underlying mechanisms for the
observed influence of AEDs on visible fluorescence is unclear so
far. The influence of AEDs on activities of 5-aminolevulinic acid
dehydrase and uroporphyrinogen I synthetase in erythrocytes
of a Vitamin B6-deficient epileptic boy given valproic acid
and carbamazepine was described also by Haust et al. from
University of Western Ontario, Canada in 1989 (41). One
possible hypothesis might be that AEDs have an influence on
the enzyms of the PpIX synthesis in the mitochondria of glioma
cells and thus result in presence or absence of fluorescence in
LGG. A further study on glioblastoma cell lines found that AEDs
(phenytoin/valproates) and dexamethasone may inhibit PpIX
synthesis (10). The exact mechanisms for the influence of AEDs
on visible fluorescence have to be clarified in future studies.

Future Directions

In future, our first observations should be confirmed in
further independent studies with a large cohort of patients.
Such larger studies allow also the possibility to analyze the
influence of different types of AED separately. Furthermore,
the influence of AEDs should also be investigated in HGGs.
In cases with lack of visual fluorescence, quantitative detection
methods might be wuseful for improved visualization of
LGG tissue. In this sense, confocal microscopy is also a
powerful tool to visualize cellular 5-ALA-induced tumor
fluorescence within LGGs and at the brain-tumor interface
(21). However, convincing data of confocal microscopy in
a large cohort of patients with LGG are still missing so far.
Another method represents the spectroscopic analysis of
PpIX accumulation with specific probes. By this approach,
Valdes et al. found that accumulation of PpIX can be
detected quantitatively despite the poor diagnostic accuracy
of visual fluorescence in LGGs (35, 42). Consequently,
this promising approach warrants further investigation in
future studies.

CONCLUSIONS

In the present study, we investigated the role of 5-ALA in
LGGs and the influence of antiepileptic drugs on intraoperative
fluorescence. According to our data, we observed a markedly
higher rate of visible fluorescence in our series of LGGs
(52%) compared to current literature. Furthermore, increased
cell density and proliferation was noted in areas of visible
fluorescence. Thus, 5-ALA induced fluorescence might also
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improve intraoperative visualization of a subgroup of LGGs
and might be also a useful marker for optimized detection
of histopathological heterogeneity during surgery of LGGs.
Furthermore, preoperative intake of AEDs seems to reduce the
presence of visible fluorescence in such tumors according to our
preliminary data and thus this issue should be taken into account
in the clinical setting. Further, independent multicenter studies
including a larger cohort of LGG patients are required to confirm
the promising data of this present study.

LIMITATIONS

We understand that the analysis of factors influencing
Fluorescence should be multifold. To reach that, we used the
model of logistic regression. AED proved to be a significant factor
influencing the probability of intraoperative fluorescence, when
adjusted for other potential confounders (astrocytoma/non-
astrocytoma, frontal localization, dexamethasone dose,
IDH1-mutation) in a logistic regression model. The cell
density and Ki67 index were revealed only in patients with
multiple biopsies (10 patients). It was concluded, that cell
density, and Ki67 index were higher for the biopsy samples taken
from the fluorescing zone compared to the non-fluorescing
one. We've got little evidence on cell density for the rest 17
patients, with their Ki67 index making up mainly 4-5%. As this
is a retrospective analysis enrolling 27 patients, we did not plan
to study cell density and Ki67 index. Unfortunately, we've got
no complete dataset for Ki67 and cell density to include into a
logistic regression model.
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The fundamental principle in the operative treatment of brain tumors involves achieving
maximal safe resection in order to improve postoperative outcomes. At present,
challenges in visualizing microscopic disease and residual tumor remain an impediment
to complete tumor removal. Spectroscopic tools have the theoretical advantage of
accurate tissue identification, coupled with the potential for manual intraoperative
adjustments to improve visualization of remaining tumor tissue that would otherwise be
difficult to detect. The current evidence and techniques for handheld spectroscopic tools
in surgical neuro-oncology are explored here.

Keywords: handheld technologies, gliomas, fluorescence-guided surgery, brain tumors, 5-ALA = 5-aminolevulinic
acid, Raman spectroscopy

INTRODUCTION

The fundamental goal in the surgical treatment of brain tumors is achieving the greatest possible
extent of resection while minimizing injury to surrounding pathways present in the adjacent
brain. Indeed, numerous studies in the literature have demonstrated that the proportion of tumor
removed is significantly associated with key postoperative outcome metrics, including overall
survival (OS) and progression-free survival (PFS) (1-3). Despite this, however, complete tumor
resection remains challenging due to the presence of microscopic disease and infiltrative tumor
tissue that is difficult to visually differentiate from the surrounding brain. As such, numerous
tools have been developed, for both pre- and intra-operative use [e.g., neuronavigation and
intraoperative MRI (iMRI)], in order to assist in the identification and removal of neoplastic tissue
(4). More sophisticated MRI techniques, such as whole brain magnetic resonance spectroscopic
imaging (MRSI), has allowed for more precise visualization of tumor than would otherwise
be possible with standard MRI (5). Multiple studies have highlighted the fact that microscopic
involvement of high-grade gliomas (HGGs) extends well-beyond the contrast-enhancing lesion
visible on T2-weighted MRI (5, 6). Other techniques, such as neurosurgical virtual reality and
simulation have facilitated preoperative visualization and planning (7). Although these instruments
have demonstrated utility, intraoperative retraction and tumor resection often result in brain
shift, making it challenging to assess the extent of resection in real time. Also, non-specific
enhancement after iMRI may be confused with residual tumor. Fluorescence-guided surgery using
5-aminolevulinic acid (5-ALA) has been a crucial addition to the neurosurgeon’s toolkit, allowing
for direct fluorescence visualization of HGGs using wide-field surgical microscopy (8). However,
the infiltrative margin of HGGs and World Health Organization (WHO) grade II low grade
gliomas (LGGs) have remained challenging to visualize, since sufficient levels of fluorescence often
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cannot be detected using traditionally employed visualization
technologies (9). Handheld tools were developed as an adjunct
to intraoperative resection, under the premise that real-time
use and the ability to adjust the angle of the instrument could
facilitate detection of remaining tumor at the time of surgery.
Among the most studied techniques has been the use of handheld
Raman spectroscopy in the identification of cancer cells during
surgery. Other devices aimed at improving visualization in
fluorescence guidance surgery have recently been developed.
The purpose of this review is to examine the technique and
evidence for the utility of handheld spectroscopy tools in neuro-
oncologic surgery.

TECHNIQUE

Raman Spectroscopic Probes

Handheld Raman spectroscopic probes harness the traditionally
employed Raman spectroscopic technique described decades
ago (10). Monochromatic light from a laser is used to shine
on an object of interest, resulting in a change in vibrational
energy states, which can be detected as electromagnetic radiation
that is filtered through a monochromator (11). This results
in a molecular fingerprint that can be subsequently harnessed
to differentiate various tissue types (12). Neoplastic cells, for
instance, have a molecular composition that is distinct from
normal brain parenchyma and thus allows for their identification
during surgery (13, 14). Glioblastoma (GBM) has been shown to
exhibit a decreased lipid band and an increased protein band,
while cholesterol bands were found to be absent in metastatic
brain lesions (15). One specific advantage of this technique is
that water molecules do not interfere with the Raman scattering,
thereby increasing its utility in surgical applications. In the
operating room, the laser/collection cones, lens, and filter can
be combined into a hand-held probe that is then connected
to a camera and spectrometer device. This probe can be used
intraoperatively during resection in order to both identify tumor
cells outside of contrast-enhancing areas on anatomic MRI
as well as residual tumor following debulking and resection
(16). Unlike the MRI neuronavigation, virtual reality, and other
imaging techniques, the handheld probe allows the surgeon to
make intraoperative adjustments in terms of positioning and
angles following changes in the relative location of anatomic
structures during surgery.

5-ALA Fluorescence Visualization

5-ALA is an oral pro-drug and the preoperative administration
of this agent results in the accumulation of the fluorescent
metabolite protoporphyrin IX in neoplastic lesions, which can
be visualized during surgery (17, 18). This is accomplished
via excitation of protoporphyrin IX-rich tissue with blue 440
nanometer wavelength light, resulting in the emission of a
violet-colored signal (19). Improved visualization of tumors
consequently allows for a greater extent of resection than would
otherwise be possible under white light. Numerous randomized,
controlled trials have demonstrated a benefit to patient survival
using this agent, resulting in it gaining recent FDA approval for
the treatment of suspected HGGs in the United States (20-22).

N
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= @

FIGURE 1 | A schematic depicting the intraoperative use of a handheld
spectroscopic probe in order to quantify relative protoporphyrin IX levels in
various tissues [With permission from Kairdolf et al. (25)].

Despite this, however, the evidence for its utility in the treatment
of LGGs is less robust, due to the difficulty in achieving adequate
fluorescent signal using wide-field microscopic illumination
from a long working distance (9, 23). In addition, visualization
of the infiltrative tumor margin becomes more difficult with
fluorescence due to the lower number of tumor cells residing
away from the tumor bulk. Handheld probes offer distinct
advantages in visualizing these tumors, due to both the ability
to place the instrument in close proximity to the tissue, as well
as potentially generate a precise, quantitative measurement of
protoporphyrin IX concentrations (24, 25). These techniques
involve utilizing a handheld probe coupled to spectrometer
that can be manipulated within the intraoperative field
(Figure 1) (25, 26).

EVIDENCE

Raman Spectroscopy

Basic Science

An array of ex-vivo and animal model studies have demonstrated
the value of handheld Raman spectroscopy in differentiating
tumor from normal brain tissue. Ji et al. examined the ability
of Raman microscopy to discriminate tumor samples from 22
biopsy specimens, and found that Raman spectroscopy detected
tumor infiltration in near-perfect agreement with hematoxylin
and eosin (H&E) staining (27). The authors concluded that
the sensitivity and specificity of the technique was 97.5 and
98.5%, respectively. Similarly, Kalkanis et al. utilized a training
set and subsequent validation series in order to employ Raman
spectroscopy in distinguishing GBM from gray matter and
necrosis. The authors reported 99.6 and 97.8% accuracy in the
training and validation cohorts, respectively (28). An in-vitro
study by Aguiar et al. revealed a sensitivity of 97.4% and a
specificity of 100% in the diagnosis of GBM, medulloblastoma,
and meningioma (29).

Other studies have revolved around the identification of
important biomarkers that could be employed in distinguishing
various tumor types. For instance, Zhou et al. demonstrated the
utility of Raman spectroscopy in differentiating malignant tissue
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[With permission from Orringer et al. (31)].

FIGURE 2 | Depiction of Raman-stimulated histology slides alongside traditional haematoxylin and eosin for a patient with a history of recurrent oligodendroglioma

in 87 samples, revealing the presence of peaks corresponding
to lactic acid and ATP in certain tumor tissues when compared
to controls (30). These initiatives have been harnessed by
investigations focused on their clinical application. Orringer et al.
leveraged portable Raman spectroscopy to not only create virtual
H&E-stained slides, but to create an algorithm that predicts
brain tumor subtypes with 90% accuracy (31). A side-by-side
comparison of images generated via Raman-stimulated histology
and traditional haematoxylin and eosin staining is depicted
in Figure 2. These techniques have already been replicated in
the pediatric population, where Hollon et al. created a Raman
spectroscopic-based algorithm that had near-perfect histologic
concordance and could differentiate low and high-grade tumors
with 100% accuracy (32). These findings demonstrate the
substantial potential of algorithm-driven, handheld spectroscopy
tools in providing valuable real-time data that could alter
clinical management.

Clinical Studies

Comparatively few studies have examined the feasibility and
utility of handheld Raman spectroscopy using real-time, in-
vivo experimental design. Jermyn et al. employed a handheld
probe in 17 patients with grade 2-4 gliomas and compared
imaging findings with obtained biopsy specimens (33). The
authors concluded that intraoperative Raman imaging facilitated
the detection of cancer cells with an accuracy of 92%, compared
to 73% using bright microscopy and MRI. The sensitivity
and specificity in the differentiation of neoplasia from normal
brain parenchyma were 93 and 91%, respectively. Desroches
et al. developed a handheld Raman spectroscopy system and
demonstrated its preliminary use in a swine brain biopsy model,
followed by a human validation study involving 19 grade 2-
4 glioma patients. The authors concluded that the handheld

spectroscopy was able to detect malignancy during surgery
with a sensitivity and specificity of 80 and 90%, respectively
(34). Characteristics of selected studies on the role of Raman
in diagnosing different types of brain tumors are presented
in Table 1.

Future Multimodal Techniques

Much of the recent literature on Raman spectroscopy in
neurosurgical oncology revolves around the coupling of this
technique to other, novel modalities in order to facilitate
visualization. For instance, Neuschmelting et al. examined a
combined approach of surface-enhanced Raman scattering and
multispectral optoacoustic tomography in the detection of GBM
cells in mouse brains. The authors reported that this new model
exhibited a highly sensitive surface detection of infiltrating GBMs
and could be transferrable to other animal models and potentially
human trials (35). Meanwhile, Karabeber et al. demonstrated that
the use of surface-enhanced Raman nanoparticles in the guidance
of mouse GBM resection resulted in greater removal of residual
tumor when compared to the use of white light alone (36).
Jermyn et al. employed a combined, multimodal spectroscopic
technique that incorporated fluorescence spectroscopy, diffuse
reflectance spectroscopy, and Raman spectroscopy. The authors
described high rates of accuracy, sensitivity, and specificity
in differentiating brain, lung, colon, and skin malignancies in
situ (37).

Visualization in Fluorescence-Guided
Surgeries

Basic Science

Numerous laboratory investigations have examined the
feasibility and efficacy of handheld probes in detecting
protoporphyrin IX. Kim et al. used a handheld, fiberoptic
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(compared to H&E)

meningioma, lymphoma,
medulloblastoma, and

metastases

Pediatric brain tumor patients

92-96% accuracy

Prediction of brain tumor subtypes

(compared to H&E)

All tumor types

25

Cancer Res

Hollon et al. (32)

In-vivo experimental design

=93%

Sensitivity

Detection of malignancy (vs. bright

microscopy and MRI)

Gliomas (WHO grades II-IV)

Sci Transl Med 161

Jermyn et al. (33)

91%
80%

Specificity

Authors used handheld probe in
swine brain biopsy model first,

Sensitivity

Detection of malignancy (compared to H&E)

Gliomas (WHO grades II-IV)

280

Desroches et al. (34) Sci Rep

=90%

Specificity

followed by human validation study

GBM, Glioblastoma multiforme; HGG, High grade glioma; LGG, Low grade glioma, MRI, Magnetic resonance imaging; WHO, World Health Organization.

probe in order to quantify the fluorescence signal in ex vivo
mouse brain tumors (38). They subsequently validated their
technique using an in vivo rabbit brain tumor surgery model and
were able to accurately differentiate tumor tissue from normal
brain parenchyma. Cornelius et al. employed this same tool in
order to examine its ability to differentiate different tumor types
in humans (39). The authors concluded that the probe was a
very sensitive tool in detecting 5-ALA-based fluorescence among
17 tumor biopsies, including differentiating between GBM and
meningioma samples with the same precision as a laboratory
spectrometer. Kairdolf et al. employed a low-cost hand-held
spectroscopic instrument in order to compare the sensitivity
of the handheld device with traditional surgical microscopes
(25). They found that the handheld tool was, at a minimum,
3 times more sensitive and demonstrated strong specificity in
differentiating tumor cells from normal brain tissue.

Clinical Studies

These handheld visualization devices have also been studied to
assess their use and efficacy in the operating room. Haj-Hosseini
et al. employed a handheld spectroscopic tool in order to make
intraoperative measurements of white, gray, and known tumor
tissue from patients undergoing GBM resection under 5-ALA
fluorescence (26). The authors demonstrated the feasibility of this
probe to accurately detect protoporphyrin IX fluorescence at the
tumor margins in vivo. Richter et al. performed a study to directly
compare the sensitivity of a hand-held fluorescence probe
with fluorescence-guided microscopy in 16 patients undergoing
resection of HGGs using 5-ALA. The authors highlighted that
they were able to not only successfully integrate the tool
into the operative routine, but that the handheld probe was
superior to the microscope in sensitivity and detected additional
tumor foci after the initial debulking using fluorescence-guided
microscopy (40). The intraoperative use of the hand-held
fluorescence probe is highlighted in Figure 3. These techniques
have also been studied in other tumor types. Valdes et al. used a
handheld probe tip in the intraoperative resection of low-grade
gliomas, meningiomas, metastatic tumors, and GBM in order
to compare quantitative fluorescence spectra across tumor types
(41). They concluded that there was a significant difference in the
quantitative measurements of protoporphyrin IX concentrations
for all tumor groups when compared to normal brain tissue,
as well as high sensitivity when compared to conventional
fluorescence measurements.

DISCUSSION
Tumor Identification Using Raman Probes

Overall, the use of handheld Raman spectroscopic imaging as an
adjunct to neurosurgical resection is a promising development
in brain tumor treatment and has been corroborated in a
variety of clinical and basic science literature. The unique
spectra allow for the differentiation of various tissue types.
Numerous investigations have identified key biomarkers that can
be employed to not only discriminate between tumor and normal
parenchyma, but between various tumor types for both intra- and
extra-axial lesions. Zhou et al., for instance, reported a detailed
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FIGURE 3 | Intraoperative placement of the hand-held fluorescent probe on
the cortical surface [With permission from Richter et al. (40)].

analysis of Raman spectra for an array of tumors, including GBM,
acoustic neuroma, pituitary adenoma, and meningioma (42).
This is turn has been used in several studies to create predictive
algorithms with the capability to correctly predict histologic
subtype with >90% accuracy (31, 32). The strong predictive
capacity of this modality makes it useful in both the diagnosis
and subsequent operative treatment of brain tumors.

Intraoperative Advantages

Although numerous other modalities facilitate improved
preoperative visualization of tumor, handheld spectroscopic
tools offer the advantage of not only strong discriminatory
capacity based on molecular footprint, but the ability to make
physical adjustments intraoperatively. Unlike other visualization
techniques, including intraoperative MRI, handheld probes can
be angled away in order to inspect portions of the resection
cavity that may not otherwise be visible. This may facilitate
the identification of Raman-positive foci and removal of
additional tumor. Karabeber et al. performed a study involving
the surgical resection of GBM in mice, comparing resection with
light microscopy, Raman microscopy, and hand-held Raman
scanning (36). The authors demonstrated that the hand-held

device was associated with a greater extent of resection, and
noted several instances where the hand-held tool detected foci
that were missed using microscopy, including the presence
of tumor within the right lateral ventricle. This increased
flexibility of hand-held devices offers the theoretical advantage
of a potential combined therapy, where intraoperative Raman
identification may be used alongside 5-ALA fluorescence-guided
resection or conventional microscopic imaging. Although the
application of 5-ALA has been shown to alter the Raman
spectra of bladder tissues, this interference may be improved via
fluorescence-subtraction algorithms, making a dual approach
potentially viable in-vivo (43). Further studies are needed to
explore the utility of combined modalities in the resection of
brain tumors.

5-ALA Visualization

Other handheld tools have been developed in order to facilitate
both visualization and quantification of protoporphyrin IX
concentrations for patients undergoing tumor resection with 5-
ALA. While the detection of fluorescence using traditional wide-
field microscopy has been challenging for LGGs and other tumor
types, handheld probes offer several advantages that can improve
the utility of 5-ALA for these tumors. First, the ability to place
these probes in close proximity to the tissue helps ameliorate
the light scatter and suboptimal angle between traditionally
employed microscopes and the resection bed (9). Second, the
tools can be equipped with spectroscopic instrumentation that
allows for the quantification of metabolite concentration, rather
than relying on the subjective intraoperative assessment of
visualized fluorescent signal (23). These advantages have been
demonstrated in numerous studies highlighting the feasibility
and efficacy of handheld probes in vivo. The ability to directly
quantify fluorescence measurements in LGGs, meningiomas,
and metastatic lesions, as well as the ability to intraoperatively
distinguish them from brain parenchyma may increase the role
of 5-ALA for these tumor types in the near future (41).

Clinical Relevance

There is substantial literature reporting the relationship between
the extent of resection and subsequent postoperative outcomes in
patients with brain tumors (1-3). Identification of microscopic
disease and residual tumor remains the primary challenge
in neuro-oncology. As such, all tools that facilitate the
intraoperative visualization of lesions have the potential to
provide clinical benefit to patients. Despite this, however, there
is a dearth of literature examining the relationship between the
use of spectroscopic handheld tools and improved postoperative
clinical endpoints. Additional studies are needed to examine
the association between intraoperative Raman spectroscopy,
protoporphyrin IX quantification tools, extent of resection,
and OS/PFS.

CONCLUSIONS

There is significant evidence demonstrating the utility
of Raman spectroscopic imaging in identifying areas of
malignancy in both human and animal specimens. Several
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studies have highlighted the use of concomitant algorithms
in accurately diagnosing histologic tumor subtype and
the feasibility of using handheld spectroscopy tools in
the operative setting. In addition, numerous studies have

demonstrated the

efficacy of handheld probes in the

operative quantification of protoporphyrin IX levels for
patients undergoing 5-ALA fluorescence-guided resection.
Further studies exploring the relationship between in-vivo

REFERENCES

10.

11.

12.

13.

14.

15.

16.

. Brown TJ, Brennan MC, Li M, Church EW, Brandmeir NJ, Rakszawski KL,

et al. Association of the extent of resection with survival in glioblastoma:
a systematic review and meta-analysis. JAMA Oncol. (2016) 2:1460-9.
doi: 10.1001/jamaoncol.2016.1373

. Xia L, Fang C, Chen G, Sun C. Relationship between the extent of resection

and the survival of patients with low-grade gliomas: a systematic review and
meta-analysis. BMC Cancer. (2018) 18:48. doi: 10.1186/s12885-017-3909-x

. Kuhnt D, Becker A, Ganslandt O, Bauer M, Buchfelder M, Nimsky C.

Correlation of the extent of tumor volume resection and patient survival
in surgery of glioblastoma multiforme with high-field intraoperative MRI
guidance. Neuro Oncol. (2011) 13:1339-48. doi: 10.1093/neuonc/nor133

. Schulder M, Carmel PW. Intraoperative magnetic resonance imaging: impact

on brain tumor surgery. Cancer Control J Moffitt Cancer Cent. (2003)
10:115-24. doi: 10.1177/107327480301000203

. Cordova JS, Shu HK, Liang Z, Gurbani SS, Cooper LA, Holder CA,

et al. Whole-brain spectroscopic MRI biomarkers identify infiltrating
margins in glioblastoma patients. Neuro Oncol. (2016) 18:1180-9.
doi: 10.1093/neuonc/now036

. Cordova JS, Gurbani SS, Olson JJ, Liang Z, Cooper LA, Shu HG, et al. A

systematic pipeline for the objective comparison of whole-brain spectroscopic
MRI with histology in biopsy specimens from grade III glioma. Tomogr Ann
Arbor Mich. (2016) 2:106-16. doi: 10.18383/j.tom.2016.00136

. Chan S, Conti F, Salisbury K, Blevins NH. Virtual reality simulation in

neurosurgery: technologies and evolution. Neurosurgery. (2013) 72 (Suppl
1):154-64. doi: 10.1227/NEU.0b013e3182750d26

. Hadjipanayis CG, Widhalm G, Stummer W. What is the surgical benefit

of utilizing 5-ALA for fluorescence-guided surgery of malignant gliomas?
Neurosurgery. (2015) 77:663-73. doi: 10.1227/NEU.0000000000000929

. Wei L, Roberts DW, Sanai N, Liu JTC. Visualization technologies for 5-

ALA-based fluorescence-guided surgeries. ] Neurooncol. (2018) 141:495-505.
doi: 10.1007/s11060-018-03077-9

Raman CV. Part IL.—The Raman effect. Investigation of molecular
structure by light scattering. Trans Faraday Soc. (1929) 25:781-92.
doi: 10.1039/TF9292500781

Downes A, Elfick A. Raman spectroscopy and related techniques in
biomedicine. Sensors. (2010) 10:1871-89. doi: 10.3390/s100301871

Tu Q, Chang C. Diagnostic applications of Raman spectroscopy. Nanomed
Nanotechnol Biol Med. (2012) 8:545-58. doi: 10.1016/j.nano.2011.09.013
Wills H, Kast R, Stewart C, Rabah R, Pandya A, Poulik ], et al.Raman
spectroscopy detects and distinguishes neuroblastoma and related tissues
in fresh and (banked) frozen specimens. | Pediatr Surg. (2009) 44:386-91.
doi: 10.1016/j.jpedsurg.2008.10.095

Depciuch ], Kaznowska E, Zawlik I, Wojnarowska R, Cholewa M, Heraud
P, et al. Application of Raman spectroscopy and infrared spectroscopy
in the identification of breast cancer. Appl Spectrosc. (2016) 70:251-63.
doi: 10.1177/0003702815620127

Uckermann O, Galli R, Meinhardt M, Steiner G, Schackert G, Kirsch M. Path-
15. optical analysis of human brain tumors by raman spectroscopy. Neuro
Oncol. (2017) 19(Suppl 6):vi173-vil73. doi: 10.1093/neuonc/nox168.706
Jermyn M, Desroches ], Mercier J, St-Arnaud K, Guiot MC, Leblond F, et al.
Raman spectroscopy detects distant invasive brain cancer cells centimeters
beyond MRI capability in humans. Biomed Opt Express. (2016) 7:5129-37.
doi: 10.1364/BOE.7.005129

spectroscopic use, extent of resection, and postoperative
survival are needed to better assess the impact of these tools on
patient outcomes.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

. Tonn J-C, Stummer W. Fluorescence-guided resection of malignant gliomas

using 5-aminolevulinic acid: practical use, risks, and pitfalls. Clin Neurosurg.
(2008) 55:20-26. Available online at: https://pdfs.semanticscholar.org/29de/
0409643ebcdcc768ade61£30ca33d1296026.pdf

. Lakomkin N, Hadjipanayis CG. Fluorescence-guided surgery for high-grade

gliomas. J Surg Oncol. (2018) 118:356-61. doi: 10.1002/js0.25154

. Ferraro N, Barbarite E, Albert TR, Berchmans E, Shah AH, Bregy A,

et al. The role of 5-aminolevulinic acid in brain tumor surgery: a
systematic review. Neurosurg Rev. (2016) 39:545-55. doi: 10.1007/s10143-015-
0695-2

Stummer W, Pichlmeier U, Meinel T, Wiestler OD, Zanella F, Reulen HJ,
et al. Fluorescence-guided surgery with 5-aminolevulinic acid for resection of
malignant glioma: a randomised controlled multicentre phase III trial. Lancet
Oncol. (2006) 7:392-401. doi: 10.1016/S1470-2045(06)70665-9

Stummer W, Tonn JC, Mehdorn HM, Nestler U, Franz K, Goetz C,
et al. Counterbalancing risks and gains from extended resections in
malignant glioma surgery: a supplemental analysis from the randomized
5-aminolevulinic acid glioma resection study. Clinical article. ] Neurosurg.
(2011) 114:613-23. doi: 10.3171/2010.3.JNS097

Diez Valle R, Tejada Solis S, Idoate Gastearena MA, Garcia de Eulate
R, Dominguez Echdvarri P, Aristu Mendiroz J. Surgery guided by 5-
aminolevulinic fluorescence in glioblastoma: volumetric analysis of extent
of resection in single-center experience. ] Neurooncol. (2011) 102:105-13.
doi: 10.1007/s11060-010-0296-4

Belykh E, Martirosyan NL, Yagmurlu K, Miller EJ, Eschbacher JM,

Izadyyazdanabadi M, et al. Intraoperative fluorescence imaging
for personalized brain tumor resection: current state and future
directions.  Front  Surg. (2016)  3:55. doi:  10.3389/fsurg.2016.
00055

Stummer W, Tonn JC, Goetz C, Ullrich W, Stepp H, Bink A, et al. 5-
Aminolevulinic acid-derived tumor fluorescence: the diagnostic accuracy of
visible fluorescence qualities as corroborated by spectrometry and histology
and postoperative imaging. Neurosurgery. (2014) 74:310-9; discussion
319-20. doi: 10.1227/NEU.0000000000000267

Kairdolf BA, Bouras A, Kaluzova M, Sharma AK, Wang MD, Hadjipanayis
CG, et al. Intraoperative spectroscopy with ultrahigh sensitivity for image-
guided surgery of malignant brain tumors. Anal Chem. (2016) 88:858-67.
doi: 10.1021/acs.analchem.5b03453

Haj-Hosseini N, Richter ], Andersson-Engels S, Wardell K. Optical touch
pointer for fluorescence guided glioblastoma resection using 5-aminolevulinic
acid. Lasers Surg Med. (2010) 42:9-14. doi: 10.1002/1sm.20868

Ji M, Lewis S, Camelo-Piragua S, Ramkissoon SH, Snuderl M, Venneti
S, et al. Detection of human brain tumor infiltration with quantitative
stimulated Raman scattering microscopy. Sci Transl Med. (2015) 7:309ral63.
doi: 10.1126/scitranslmed.aab0195

Kalkanis SN, Kast RE, Rosenblum ML, Mikkelsen T, Yurgelevic SM, Nelson
KM, et al. Raman spectroscopy to distinguish grey matter, necrosis, and
glioblastoma multiforme in frozen tissue sections. J Neurooncol. (2014)
116:477-85. doi: 10.1007/s11060-013-1326-9

Aguiar RP, Silveira L, Falcao ET, Pacheco MTT, Zangaro RA, Pasqualucci CA.
Discriminating neoplastic and normal brain tissues in vitro through Raman
spectroscopy: a principal components analysis classification model. Photomed
Laser Surg. (2013) 31:595-604. doi: 10.1089/pho.2012.3460

Zhou Y, Liu C, Wu B, Zhang C, Yu X, Cheng G, et al. Invited article:
molecular biomarkers characterization for human brain glioma grading using

Frontiers in Surgery | www.frontiersin.org

May 2019 | Volume 6 | Article 30


https://doi.org/10.1001/jamaoncol.2016.1373
https://doi.org/10.1186/s12885-017-3909-x
https://doi.org/10.1093/neuonc/nor133
https://doi.org/10.1177/107327480301000203
https://doi.org/10.1093/neuonc/now036
https://doi.org/10.18383/j.tom.2016.00136
https://doi.org/10.1227/NEU.0b013e3182750d26
https://doi.org/10.1227/NEU.0000000000000929
https://doi.org/10.1007/s11060-018-03077-9
https://doi.org/10.1039/TF9292500781
https://doi.org/10.3390/s100301871
https://doi.org/10.1016/j.nano.2011.09.013
https://doi.org/10.1016/j.jpedsurg.2008.10.095
https://doi.org/10.1177/0003702815620127
https://doi.org/10.1093/neuonc/nox168.706
https://doi.org/10.1364/BOE.7.005129
https://pdfs.semanticscholar.org/29de/0409643ebcdcc768ade61f30ca33d1296026.pdf
https://pdfs.semanticscholar.org/29de/0409643ebcdcc768ade61f30ca33d1296026.pdf
https://doi.org/10.1002/jso.25154
https://doi.org/10.1007/s10143-015-0695-2
https://doi.org/10.1016/S1470-2045(06)70665-9
https://doi.org/10.3171/2010.3.JNS097
https://doi.org/10.1007/s11060-010-0296-4
https://doi.org/10.3389/fsurg.2016.00055
https://doi.org/10.1227/NEU.0000000000000267
https://doi.org/10.1021/acs.analchem.5b03453
https://doi.org/10.1002/lsm.20868
https://doi.org/10.1126/scitranslmed.aab0195
https://doi.org/10.1007/s11060-013-1326-9
https://doi.org/10.1089/pho.2012.3460
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

Lakomkin and Hadjipanayis

Handheld Tools in Brain Tumor Surgery

31.

32.

33.

34.

35.

36.

37.

38.

39.

visible resonance Raman spectroscopy. APL Photonics. (2018) 3:120802.
doi: 10.1063/1.5036637

Orringer DA, Pandian B, Niknafs YS, Hollon TC, Boyle J, Lewis S, et al.
Rapid intraoperative histology of unprocessed surgical specimens via fibre-
laser-based stimulated Raman scattering microscopy. Nat Biomed Eng. (2017)
1:0027. doi: 10.1038/541551-016-0027

Hollon TC, Lewis S, Pandian B, Niknafs YS, Garrard MR, Garton
H, et al. Rapid intraoperative diagnosis of pediatric brain tumors
using stimulated raman histology. Cancer Res. (2018) 78:278-89.
doi: 10.1158/0008-5472.CAN-17-1974

Jermyn M, Mok K, Mercier ], Desroches ], Pichette ], Saint-Arnaud K, et al.
Intraoperative brain cancer detection with Raman spectroscopy in humans.
Sci Transl Med. (2015) 7:274ral9. doi: 10.1126/scitranslmed.aaa2384
Desroches ], Jermyn M, Pinto M, Picot F, Tremblay MA, Obaid S, et al. A
new method using Raman spectroscopy for in vivo targeted brain cancer tissue
biopsy. Sci Rep. (2018) 8:1792. doi: 10.1038/s41598-018-20233-3
Neuschmelting V, Harmsen S, Beziere N, Lockau H, Hsu HT, Huang
R, et al. Dual-modality surface-enhanced resonance raman scattering and
multispectral optoacoustic tomography nanoparticle approach for brain
tumor delineation. Small. (2018) 14:e1800740. doi: 10.1002/smll.201800740
Karabeber H, Huang R, Iacono P, Samii JM, Pitter K, Holland EC, et al.
Guiding brain tumor resection using surface-enhanced raman scattering
nanoparticles and a hand-held raman scanner. ACS Nano. (2014) 8:9755-66.
doi: 10.1021/nn503948b

Jermyn M, Mercier J, Aubertin K, Desroches J, Urmey K, Karamchandiani
J, et al. Highly accurate detection of cancer in situ with intraoperative,
label-free, multimodal optical spectroscopy. Cancer Res. (2017) 77:3942-50.
doi: 10.1158/0008-5472.CAN-17-0668

Kim A, Khurana M, Moriyama Y, Wilson BC. Quantification of in vivo
fluorescence decoupled from the effects of tissue optical properties using
fiber-optic spectroscopy measurements. J Biomed Opt. (2010) 15:067006.
doi: 10.1117/1.3523616

Cornelius JE Placke JM, Knipps J, Fischer I, Kamp M, Steiger
HJ. with  handheld probe 5-ALA  based

Minispectrometer for

fluorescence-guided surgery of brain tumors: preliminary study for
clinical applications. Photodiagn Photodyn Ther. (2017) 17:147-53.
doi: 10.1016/j.pdpdt.2016.12.007

Richter JCO, Haj-Hosseini N, Hallbeck M, Wardell K. Combination of
hand-held probe and microscopy for fluorescence guided surgery in the
brain tumor marginal zone. Photodiagn Photodyn Ther. (2017) 18:185-92.
doi: 10.1016/j.pdpdt.2017.01.188

Valdés PA, Leblond E Kim A, Harris BT, Wilson BC, Fan X, et al.
Quantitative fluorescence in intracranial tumor: implications for ALA-
induced PpIX as an intraoperative biomarker. ] Neurosurg. (2011) 115:11.
doi: 10.3171/2011.2.JNS101451

Zhou Y, Liu CH, Sun Y, Pu Y, Boydston-White S, Liu Y, et al. Human
brain cancer studied by resonance Raman spectroscopy. ] Biomed Opt. (2012)
17:116021. doi: 10.1117/1.JBO.17.11.116021

Grimbergen MCM, van Swol CFP, van Moorselaar RJA, Uff ], Mahadevan-
Jansen A, Stone N. Raman spectroscopy of bladder tissue in the presence
of 5-aminolevulinic acid. J Photochem Photobiol B. (2009) 95:170-6.
doi: 10.1016/j.jphotobiol.2009.03.002

40.

41.

42.

43.

Conflict of Interest Statement: CH is a consultant for NXDC and Synaptive
Medical Inc. He will receive royalties from NXDC. He has also received speaker
fees by Carl Zeiss and Leica.

The remaining author declares that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2019 Lakomkin and Hadjipanayis. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Surgery | www.frontiersin.org

65

May 2019 | Volume 6 | Article 30


https://doi.org/10.1063/1.5036637
https://doi.org/10.1038/s41551-016-0027
https://doi.org/10.1158/0008-5472.CAN-17-1974
https://doi.org/10.1126/scitranslmed.aaa2384
https://doi.org/10.1038/s41598-018-20233-3
https://doi.org/10.1002/smll.201800740
https://doi.org/10.1021/nn503948b
https://doi.org/10.1158/0008-5472.CAN-17-0668
https://doi.org/10.1117/1.3523616
https://doi.org/10.1016/j.pdpdt.2016.12.007
https://doi.org/10.1016/j.pdpdt.2017.01.188
https://doi.org/10.3171/2011.2.JNS101451
https://doi.org/10.1117/1.JBO.17.11.116021
https://doi.org/10.1016/j.jphotobiol.2009.03.002~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

l" frontiers
in Surgery

REVIEW
published: 06 June 2019
doi: 10.3389/fsurg.2019.00031

OPEN ACCESS

Edited by:

Evgenii Belykh,

Barrow Neurological Institute (BNI),
United States

Reviewed by:

Leonard Nelson,

University of Washington,
United States

Kareem Zaghloul,

National Institute of Neurological
Disorders and Stroke (NINDS),
United States

Joseph Georges,

Philadelphia College of Osteopathic
Medicine, United States

*Correspondence:
Pablo A. Valdes
pvaldesquevedo@bwh.harvard.edu

Specialty section:

This article was submitted to
Neurosurgery,

a section of the journal
Frontiers in Surgery

Received: 05 February 2019
Accepted: 15 May 2019
Published: 06 June 2019

Citation:

Valdes PA, Juvekar P Agar NYR,
Gioux S and Golby AJ (2019)
Quantitative Wide-Field Imaging
Techniques for Fluorescence Guided
Neurosurgery. Front. Surg. 6:31.
doi: 10.3389/fsurg.2019.00031

Check for
updates

Quantitative Wide-Field Imaging
Techniques for Fluorescence Guided
Neurosurgery

Pablo A. Valdes ™, Parikshit Juvekar', Nathalie Y. R. Agar’, Sylvain Gioux? and
Alexandra J. Golby’

" Department of Neurosurgery, Harvard Medical School, Brigham and Women'’s Hospital, Boston, MA, United States, ? ICube
Laboratory, University of Strasbourg, Télécom Physique Strasbourg, Alsace, France

Fluorescence guided surgery (FGS) has fueled the development of novel technologies
aimed at maximizing the utility of fluorescence imaging to help clinicians diagnose and
in certain cases treat diseases across a breadth of disciplines such as dermatology,
gynecology, oncology, ophthalmology, and neurosurgery. In neurosurgery, the goal of
FGS technologies is to provide the neurosurgeon with additional information which can
serve as a visual aid to better identify tumor tissue and associated margins. Yet, current
clinical FGS technologies are qualitative in nature, limiting the ability to make accurate,
reliable, and repeatable measurements. To this end, developments in fluorescence
quantification are needed to overcome current limitations of FGS. Here we present an
overview of the recent developments in quantitative fluorescence guidance technologies
and conclude with the most recent developments aimed at wide-field quantitative
fluorescence imaging approaches in neurosurgery.

Keywords: fluorescence-guided surgery, quantitative fluorescence imaging, protoporphyrin IX, tissue optical
properties, brain tumors

INTRODUCTION

Fluorescence guided surgery (FGS) has fueled the development of novel technologies aimed at
maximizing the utility of fluorescence imaging to help clinicians diagnose and in certain cases treat
diseases across a breadth of disciplines such as dermatology, gynecology, oncology, ophthalmology,
and neurosurgery. In neurosurgery, FGS has been applied in a variety of diseases including
high grade gliomas where the largest experience exists, but also in other brain tumors including
low-grade gliomas, meningiomas, lymphomas, and metastases. In addition to the use of FGS
for brain tumors, neurosurgeon have used fluorescence for vascular imaging as well (1-11). The
most common fluorophores, or fluorescent biomarkers in use include 5-aminolevulinic acid (5-
ALA) induced protoporphyrin IX (PpIX), fluorescein sodium, methylene blue, and indocyanine
green (ICG) (Figures 1A-D). There are also a variety of novel targeted fluorescent agents being
tested in clinical trials (4, 9). FGS requires the development of novel agents with the ability to
map the biological properties of interest (e.g., high specificity and sensitivity for tissue) as well
as accompanying intraoperative instrumentation technologies for accurate, sensitive, specific, and
objective assessment of the fluorescence emitted by these biomarkers.

Exciting developments in novel technologies for FGS to treat brain tumors include new wide-
field fluorescence microscopes and hand-held devices. The goal of these technologies is to provide
the neurosurgeon with additional information which can serve as a visual aid to better identify
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FIGURE 1 | Common fluorophores in clinical use. The chemical formulas and the associated excitation and emission spectra for the most common FDA approved
fluorescence dyes are shown in (A) fluorescein, (B) methylene blue, (C) indocyanine green (ICG), and (D) protoporphryin IX (PplX). Figure adapted with permission
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tumor tissue and associated margins. Beyond implementation of
5-ALA-PpIX across multiple different pathologies (e.g., gliomas,
meningiomas, metastases, CNS lymphomas, spinal tumors),
quantification of fluorescence in FGS opens a new avenue
of research for novel technological development. Fluorescence
quantification is needed to overcome current limitations of FGS
which has been qualitative in nature, limiting the ability to
make accurate, reliable and repeatable measurements. These
limitations, in turn, impede consensus, standardization, and
adoption of FGS in the field. To this end, various technologies,
both pre-clinical and clinical, have been developed which are
aimed at quantification and objective means of assessment of
intraoperative fluorescence. Here we present an overview of
the recent developments in quantitative fluorescence guidance
technologies, with a focus on 5-ALA-PpIX, and conclude with
the most recent developments aimed at wide-field quantitative
fluorescence imaging approaches in neurosurgery.

FUNDAMENTAL CONCEPTS

State-of-the-art, clinically approved systems for FGS using
PpIX provide surgeons with qualitative images of the “raw”
fluorescence emissions as observed through the oculars of a
surgical microscope modified for fluorescence imaging. During
surgery, neurosurgeons can switch from conventional, white light
illumination imaging mode to fluorescence light illumination
mode to visualize either no visible fluorescence, or various
graded, qualitative assessments of fluorescence intensities [e.g.,
in the case of fluorescein green-yellow (Figure 1A), or PpIX
red-pink (Figure 1D)] from low to very bright fluorescence.
Surgeons use these qualitative assessments of the fluorescence,
herein called visible fluorescence imaging (vFI), to make clinical
judgements. Neurosurgeons make qualitative assessments of
the fluorescence visualized through the oculars, to ascertain
the presence (or absence) of tumor (6, 7, 9, 11). PpIX
emits in the 610-720nm range when excited with 405nm

light to produce a red-pink fluorescence when visualized
with state-of-the-art commercial surgical microscopes for FGS
(3, 4, 11, 13) (Figure 1D). Numerous clinical studies have
demonstrated a strong >90% positive predictive value of visible
(e.g., bright pink fluorescence) PpIX vFI for predicting the
presence tumor. As such, in areas with high or bright levels
of visible fluorescence, the surgeon will make the judgement
of the presence of tumor. Nevertheless, vFI assessments using
state-of-the-art clinical microscopes during PpIX FGS have
demonstrated a negative predictive value and sensitivity <50%
in numerous studies (4, 11). Therefore, in areas with no
visible fluorescence, the surgeon will make the judgement of
no tumor present. Yet, given the high false negative rate of
vFI PpIX there remains a high likelihood for the presence of
residual tumor.

The low negative predictive value and sensitivity of
vFI with 5-ALA-PpIX noted in glioma studies sheds
light on important fundamental concepts in biomedical
optics and on the limits of current state-of-the-art clinical
technologies (4, 14, 15). It is well-known in biomedical
optics, that multiple factors come into play with respect
to in vivo fluorescence measurements during surgery or
similar applications (3, 4, 14-16). Here, we will elaborate
on some of the fundamental principles to consider in
the implementation of fluorescence technologies during
FGS, with a focus on further needs and developments
in terms of quantification, or objective measures of the
fluorescence intensity. We will describe the differences
between visible fluorescence imaging (vFI) and the concept
of quantitative fluorescence imaging (qFI). We will make
use of fundamental ideas in biomedical optics to present
the key factors to consider when developing quantitative
FGS technologies. After building on the fundamental
biophysics of tissue fluorescence measurements, we will
describe current developments and applications of qFI
in neurosurgery.
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Tissue Optics

The measured fluorescence intensity, or fluorescence light that
reaches the surgeon through the surgical oculars, or which
reaches a detector (e.g., camera) and is displayed on a screen
depends on multiple factors. These factors may be divided into
instrumentation and intrinsic factors. Instrumentation factors
include the specific camera properties (e.g., dark noise, pixel
size, amplification, binning, etc.), light source excitation power,
microscope optics (e.g., filters, mirrors, lenses), and set up (e.g.,
distance between excitation and tissue, distance between tissue
and camera/oculars) (3, 14, 16). Here, we will not elaborate
further on these components but acknowledge their significant
role in our interpretation of the fluorescence and refer the reader
to prior studies (12, 16-18). In the present review, we will focus
on intrinsic factors impacting fluorescence, and how we can
exploit understanding of these factors in developing quantitative
fluorescence technologies.

Endogenous (Auto) Fluorescence

In the intraoperative setting, when tissues are interrogated
for a fluorophore of interest (e.g., PpIX), two major intrinsic
factors can impact the visualized or detected fluorescence:
tissue autofluorescence (AF) and tissue optical properties—
absorption (j,) and reduced scattering (ju’). Tissue AF results
from endogenous fluorophores which make up cells and
tissues (14). Multiple endogenous fluorophores varying by
tissue composition include but are not limited to nicotinamide
adenine dinucleotide (NADH), flavin adenine dinucleotide
(FAD), aromatic amino acids (e.g., tryptophan), structural
proteins (e.g., collagen, elastin), and degradation products (e.g.,
lipofuscin). These fluorophores have their excitation maxima in
the range 200-400 nm and their emission maxima in the range
300-500 nm (14). As such, fluorescence imaging of tissues can
have overlapping signal contributions from the fluorophore of
interest (e.g., PpIX, fluorescein) and tissue AF, which can lead
to overestimation of fluorescence intensity from the fluorophore
of interest. Thus, to properly quantify fluorescence, technologies
require a means for spectral unmixing of tissue AF (and
additional fluorophore contributions) from fluorescence due
to the biomarker of interest such as PpIX, that make up the
fluorescence measurements. For example, in the case of PpIX,
photobleaching effects produce photoproducts (19-21), which
can lead to inaccurate measurements of PpIX fluorescence
given overlapping fluorescence emissions in the main PpIX
emission peak. Other aspects to consider with fluorophores like
fluorescence is fluorophore leakage from the vasculature, unlike
PpIX which to the authors’ knowledge, no large clinical study has
noted leakage of intracellular PpIX contents as with fluorescein
(4, 9, 22). Of note, current modified surgical microscopes for
FGS provide surgeons with visualization of fluorescence emitted
from tissues without any unmixing (e.g., subtraction) of tissue AF
from the fluorescence produced by the fluorophore of interest
(e.g., PpIX). These fluorescence measurements can then over
or under estimate the actual fluorescence contribution from
the fluorophore of interest, leading to inaccurate assessments
of biomarker.

Tissue Optical Properties: Absorption and Scattering
The measured fluorescence intensity is significantly affected by
tissue optical properties, which include the tissue absorption
and reduced scattering at both the excitation (Ly), Hs'(x))
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FIGURE 2 | Schematics of vFI and gFl for fluorescence guided surgery. (A,B)
show schematics of an intraoperative FGS setup, which includes a light source
for excitation light (e.g., lasers, light emitting diodes), and a detector to collect
the fluorescence emissions (e.g., a CCD or CMOS camera). Tissues are
illuminated with 405 nm violet light to excite the fluorophore, PplX, which emits
red to far red fluorescence in the 620-710 nm range. Excitation photons reach
tissue and undergo multiple interactions with tissue including absorption and
scattering of photons, with only a subset of excitation photons reaching the
fluorophore, PpIX. Upon excitation, PpIX emits fluorescent photons which in
turn travel through tissue undergoing multiple interactions including absorption
and scattering, with only a subset of these fluorescent photons exiting tissue
to reach the detector. In (A) less excitation photons reach PplX and less
fluorescent photons exit to reach the detector in tissues with high absorption
and low reduced scattering. Meanwhile, in (B) more excitation photons reach
PplIX and more fluorescent photons exit to reach the detector in tissues with
low absorption and high reduced scattering, despite both (A,B) containing the
same concentration and distribution of PplX fluorophore. In (A,B) vFI shows
highly different images of the surgical field of view (upper panel labeled vFI
Display) despite equal PpIX concentrations, meanwhile, gFl shows equivalent
images of the surgical field of view (upper panel labeled gFI Display) by
correcting for intrinsic tissue factors including tissue optical properties.
Schematics of tissue simulating phantoms containing the same concentration
of PpIX but with different optical properties shown in (C,D), with absorption
increasing from left to right and reduced scattering increasing from bottom to
top. (C) Shows images using vFI which either over- (top left corner) or
under-estimates (bottom right corner) PplX fluorescence with different tissue
optical properties, meanwhile (D) shows images using gFl which performs
accurate estimates of PplX concentrations by correcting for tissue

optical properties.
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and emission wavelengths (Wam), Ws'(m)). Tissue optical
properties vary with wavelength. For example, hemoglobin
has an p, (absorption) peak in the ultraviolet region ~10
times greater than its absorption in the red region of the
visible spectrum (units cm™ ). Meanwhile, reduced scattering,
Ws, has a greater magnitude than absorption with a power
law decrease as a function of wavelength. Thus, absorption
and scattering will have significantly different effects on
fluorescence imaging depending on the fluorophore’s excitation
and emission wavelengths (14, 15). Absorption and scattering in
turn are determined by the biochemical composition of tissue.
Absorption (p,) of light in tissues is primarily determined
by endogenous tissue constituents, e.g., oxy-hemoglobin and
deoxy-hemoglobin, melanin, myoglobin, and water. In the
brain, the most significant contributors to absorption are
oxy- and deoxy-hemoglobin with their largest absorption at
<600nm (9, 14, 23, 24). As a consequence, ultraviolet to
near infrared light illuminated on to tissue will travel between
~100um to a few millimeters before complete loss due to
absorption. In the context of FGS of the brain, a practical
translation of the concept of tissue absorption would entail
that areas of higher vascularity will have relatively higher
levels of hemoglobin compared to other areas with lower
vascularity, or areas of greater hypoxia will have higher levels
of deoxy-hemoglobin relative to adjacent, better perfused areas.
Using optical methodologies, one can then distinguish these
different areas by referring to the specific spectra (i.e., optical
signatures) of oxy and deoxy-hemoglobin. With respect to
fluorophores, in tissues with high absorption (Figure 2A), more
excitation and emission light would be absorbed relative to
tissues with low absorption (Figure 2B). Furthermore, tissue with
varying scattering will further affect the amount of excitation
light that reaches fluorophores for excitation, and in turn,
the number of photons which exit the tissue to reach the
detector. This means that tissue with the same fluorophore
concentration but different absorption and scattering will
encounter less excitation light (i.e., fewer photons) reaching
the fluorophore to enable excitation, and thus, less emission
light would exit the tissue to reach the surgeon’s oculars,
or detector, leading to decreased detection of fluorescence
intensity (4, 9, 14, 25).

Tissue scattering results from structural changes in tissues
and is significant in the so called “therapeutic window” from
600 to 1,000 nm, where tissue absorption is small compared to
scattering. Tissue scattering is determined by structures such as
mitochondria, collagen fiber diameters, cell size and changes in
the cell environment and its structures (14). For example, areas
of higher cellularity and mitochondria content (e.g., cancerous
tissue) will demonstrate different scattering than normal tissue.
As such, tissue scattering can be indicative of pathophysiological
changes and used as a means for optical contrast between tissues.
Areas with higher scattering will allow more excitation light
to travel through tissues, and furthermore, more emission light
to exit tissues compared to areas with lower scattering (14).
Current commercial systems for FGS in neurosurgery do not
measure these optical properties or account for them in their
fluorescence measurements.

Fluorescence Transport in Tissue

Intrinsic factors include the intrinsic properties of the
fluorophore of interest (e.g., PpIX) and intrinsic tissue
optical properties. The interplay of these factors determines
the measured fluorescence intensity from tissue, F (i.e., the
“raw fluorescence” intensity/number of photons measured by a
detector or seen via the surgical oculars). Fluorophores possess
their own intrinsic properties irrespective of the instrumentation
used which include: concentration (C), quantum yield (Q), and
extinction coefficient (u); such that in the absence of any tissues
(or in the setting of pure diluted fluorophore) the emitted (steady
state) “raw fluorescence” intensity, F, is linearly proportional to
the concentration of fluorophore, C (Equation 1) (14, 15, 19, 20).

F=f=vFI=CxQxp (1)

In the absence of tissues (or in the setting of pure
diluted fluorophores) without the wavelength-dependent
varying effects of tissue optical properties (pa, W) and
confounding/overlapping  autofluorescence, =~ AF,  from
endogenous fluorophores, Ef, the “raw” fluorescence intensity,
F, is equal to the quantitative fluorescence, f (Equation 1). In
this ideal state, the fluorescence intensity seen by the surgeon,
[i.e., the visible fluorescence (VFI)], is linearly proportional to
the concentration of fluorophore in tissue (i.e., the brighter the
fluorescence the higher the concentration independent of tissue
variations). Nevertheless, in the operative setting, in which the
surgeon visualizes different fluorescence intensities in tissue
consisting of spatially varying levels of endogenous fluorophores
(and in the case of PpIX, PpIX photoproducts), Ef, and tissue
optical properties, T, the “raw” fluorescence intensity (e.g.,
vFI), is determined by a complex interaction of these factors
(Equation 2) (14, 15, 17-21, 26-28).

F=f*E+xT=C*xQxpuxT (2)
During FGS of high-grade gliomas using PpIX as biomarker,
the surgeon makes a qualitative assessment, i.e., VFI, of the
“raw” fluorescence intensity and visually assessed what he/she
sees as levels of red-pink fluorescence (no fluorescence, low
fluorescence, high/bright fluorescence). The surgeon uses this
information to infer the levels of tumor biomarker, i.e., PpIX,
present. That is, tissues with high fluorescence implying high
levels of PpIX, will be judged as containing tumor, and those
without fluorescence, implying no PpIX, will likely be judged as
not having tumor. Nevertheless, the “raw fluorescence” intensity,
F, as measured using vFI is determined by a variety of factors
which include not only the PpIX concentration in tissue but
also additional endogenous fluorophores, Ef (e.g., NAD, FADH,
PpIX photoproducts) and tissue optical properties, T [absorption
(ra) and scattering (jus’)] that vary throughout every region
of tissues in a wavelength-dependent manner (5, 8, 11, 14,
15, 17-21, 26-31). This is the critical shortcoming of FGS
as currently practiced, because any assessment of the “raw
fluorescence” intensity as currently practiced with vFI will be, at
best, qualitative and approximate but always inaccurate regarding
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the true levels of fluorophore(s) present in tissue. “Raw”
fluorescence intensity measurements are in reality an inaccurate
estimate since it includes contributions from all these combined
factors (fluorophore concentration, AF, and tissue optical
properties) (15). The raw fluorescence will always either over-
or under-estimate the concentration of fluorescent biomarker,
e.g., in glioma surgery under-estimation of fluorophore leads
to the incorrect conclusion that the visualized tissue does
not contain tumor biomarker, and can result in leaving
significant residual tumor tissue unidentified and unresected,
increasing the rate of recurrent disease and decreasing patient
prognosis (7) (Figure 2C).

Inaccurate measurements of fluorescent biomarker
levels in tissue has fueled the developing of tools and
methods for measuring the quantitative fluorescence, f,
in tissues, e.g., quantitative fluorescence imaging (qFI).
Quantitative fluorescence measurements are accurate and
true assessments of fluorophore(s) fluorescence decoupled
from the distorting effects of tissue optical properties and
endogenous fluorophores contributions (15). Thus, quantitative

fluorescence measurements are linearly proportional to
fluorophore concentrations in tissue and Equation (3)
= f = CrQsn 3)

EpT

Quantitative fluorescence measurements could provide the
surgeon a means for accurate assessment of fluorescent
biomarker concentrations. The use of qFI would not have gross
over- or under-estimation error in fluorophores levels as seen
with vFI; and measurements across surgeons and institutions
would be comparable given the objective scale of concentration
levels (4, 11, 13, 15, 19, 22, 29, 30, 32-38) (Figure 2D).

Here we provided an overview of fundamental concepts
in understanding the role of endogenous fluorescence, tissue
optical properties, and fluorescence from fluorescent biomarkers
currently used for FGS. These concepts provide a framework
for understanding the need for quantitative fluorescence imaging
(qFI) in neurosurgery. That is, current vFI technologies provide
inaccurate assessments of the tissue fluorophore levels, and
technological development should be geared toward creating
technologies which are quantitative in their assessments of
tissue fluorescence. To accomplish the goals of qFI, technologies
require a means to correct for tissue optical properties and
endogenous AF in the “raw” fluorescence data. In the next
section, we provide an overview of the available technologies
for wide-field quantitative fluorescence imaging (qFI) for
fluorescence guided neurosurgery. We elaborate on precursors
to qFI such as quantitative fluorescence spectroscopy, and
subsequently describe technologies and clinical implementations
of qFI in neurosurgery.

CLINICAL IMPLEMENTATION OF
WIDE-FIELD QUANTITATIVE
FLUORESCENCE

GUIDED NEUROSURGERY

Quantitative Fluorescence Spectroscopy

To date, most clinical research implementing quantitative
fluorescence assessments have used handheld spectroscopic
probes (4, 9, 14, 23, 24). These probes consist of a fiber optic
bundle for both light delivery and light collection with the
tip of the probe held by the surgeon in contact with tissue.
These probes are composed of light emitting diodes (LEDs)
or laser sources to excite fluorophores and illuminate tissue,
and spectrometers to collect the reflected light and/or emitted
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fluorescence probe with a linear arrangement of fibers for white light illumination, fl
channel not used in this study), and detector fiber. (B) Schematic of light path set

imaging. Figure adapted with permission from Bravo et al. (38).
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FIGURE 3 | Schematics of common quantitative probe and add-on modules for quantitative fluorescence. (A) Schematic of the distal contact end of a quantitative

corresponding white light illumination and excitation violet-blue light. A spectrally resolved add-on system connects to a free optical port for quantitative fluorescence
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uorescence excitation (violet-blue channel used for surface fluorescence, red
up using a commercial surgical microscope modified for fluorescence imaging with
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fluorescence in a wavelength-dependent manner (i.e., spectrally-
resolved) (Figure 3A). A variety of spectroscopy systems have
been used (4) in neurosurgery to collect fluorescence for tissue
diagnostics and guidance, including probes used to collect
the emitted fluorescence of endogenous (e.g., NADH, FADH),
exogenously produced endogenous (e.g., PpIX), or exogenous
(e.g., fluorescein) fluorophores in a wavelength dependent
manner without correction for the distorting effects of tissue
optical properties (5). Lin and colleagues detected in vivo tissue
AF (i.e., without addition of exogenous fluorophores) as well
as white light reflectance at 460 and 625nm in 26 patients to
distinguish normal tissue from tumor with a sensitivity and
specificity of 100 and 76%, respectively. Similarly, the same group
used the fluorescence peak at 500 nm as a means for identifying
specific tissue pathology such as radiated tissue. In subsequent
studies the authors developed discrimination algorithms with
probe data to achieve sensitivities and specificities of up to
94% in distinguishing tumor from normal brain (39-44). A
common theme with spectroscopy probes in neurosurgery is
the use of the “raw” (i.e., arbitrary units of fluorescence) PpIX
fluorescence intensity peak (5, 31, 45, 46). For example, a study
by Stummer et al. (6) used a handheld spectroscopy probe to
“quantify” the “raw” fluorescence at 635nm for intraoperative
diagnostic purposes. The authors used the “raw” fluorescence
intensity peaks in a total of 33 patients with a receiver operating
characteristic curve area under the curve of 88% using a threshold
of 0.28 arbitrary units of fluorescence intensity with an associated
specificity of 95% and sensitivity of 72%. This probe, like
the majority in the neurosurgical literature, collect the “raw”
emitted fluorescence from tissue fluorophores and the collected
corresponding fluorescence spectra (i.e., wavelength dependent
fluorescence light emissions). The collected “raw” fluorescence
in these studies is equivalent to the “raw” fluorescence, F
noted in Equation (2), which is a composite of multiple
factors and thus, not truly “quantitative’ measurements of
the fluorescent biomarker. Nevertheless, these demonstrate the
utility of improved excitation-collection geometries of contact
probe-based systems. Handheld probes are in direct contact
with tissue, and thus, are more efficient in both excitation
of fluorophores (i.e., more light reaches the fluorophores for
excitation) and collection of fluorescent emissions (i.e., more
fluorescent light reaches the detector). These systems thus
demonstrate the general trend of increased sensitivity compared
to vFI using a modified surgical microscope (3, 14, 15, 23).

More recent developments of handheld spectroscopic probes
with the aim of more accurate measurements of the true
fluorophore-derived fluorescence, i.e., quantitative fluorescence,
use algorithms for unmixing (e.g., subtraction) of AF, multiple
fluorophores, fluorescent photoproducts, or fluorophore peaks.
Montcel et al. used a ratio of the fluorescent emissions collected
via a handheld spectroscopic probe at 620 nm divided by the
emissions at 634 nm. They corrected this ratio furthermore for
tissue AF following correction of auto fluorescence as a means for
more accurate spectroscopic detection (10). In similar fashion,
Hosseini et al. used a spectroscopy system to “quantify” PpIX.
In their work, they derived a “ratio number” for tissue diagnosis
which was the ratio of the fluorescence intensity in arbitrary

units at 635nm minus the auto fluorescence at 635 nm. They
then divided by the auto fluorescence at 510 nm to produce the
“ratio number.” The authors reported a higher “ratio number”
in tumor compared to normal brain in a limited number of
patients (47). In a subsequent study, they used the ratio of the
raw fluorescence intensity at 630 over 600 nm for tissue diagnosis
(48). These spectroscopy studies acknowledge the importance
of different fluorescent contributions to the collected, “raw”
fluorescence, F (Equation 2), and developed means to correct
for them in their processing of fluorescence measurements.
The different algorithms account for AF, (Ef, Equation 2), or
for PpIX associated photoproducts in their calculations of the
PpIX specific fluorescence. PpIX is known to produce distinct
photoproducts and to exist in distinct photochemical states
with variation in their spectra depending on factors such as
pH (10, 20). This is a significant advancement in spectroscopy
probes which allows spectral unmixing of major component(s)
in the “raw” fluorescence, F, to arrive at a more quantitative,
and accurate measurement of the “quantitative fluorescence,” f,
and fluorescent biomarker concentrations. Fluorophores exhibit
different effects to continuous light excitation, which can
lead to irreversible photodamage, or fluorescence quenching,
and creation of photoproducts. PpIX is more prone to
photobleaching effects than some modern fluorophores used in
the basic sciences such as Alexa Fluor agents or quantum dots.
In the case of PpIX, multiple photoproducts have been identified
with fluorescence emissions which overlap with the main PpIX
peak. As such, spectral unmixing is important in accounting for
not just tissue autofluorescence, but also for these confounding
photoproducts which may lead to inaccurate estimates of PpIX
concentrations (4, 19-21). However, these systems do not correct
for the non-linear, spatially dependent, and highly variable
differences in tissue absorption and scattering, T (Equation 2),
and thus cannot be accurately called “quantitative fluorescence.”

Subsequent studies have used developing concepts in
biomedical optics to apply correction techniques for the
distorting effects of tissue optical properties with handheld
spectroscopic tools (15, 26, 49-51). Correction techniques can
be broadly categorized as model-based or empirical. The model-
based approaches use a model of light transport (e.g., diffuse
theory) to correct for tissue optical properties, usually requiring
explicit measurement, and calculation of these properties prior
to correcting the “raw” fluorescence spectra. Empirical models,
rather than explicitly calculating tissue optical properties, will
measure or calculate surrogates of these, for example, the use
of reflectance measurements at distinct wavelengths. Ratiometric
approaches, a common form of the latter, use ratios of the
fluorescence emissions over the measured reflectance at specified
wavelengths (15). Valdes et al. (33) developed a ratiometric
correction approach applied to probe spectroscopy data. The
authors collect the spectrally-resolved fluorescence from tissue.
They then measure the reflectance near the excitation and main
emission peaks; and use the calibrated reflectance correction
factor to divide the “raw” fluorescence spectra to derive a
“quantitative fluorescence” spectrum and quantitative PpIX
concentrations (Equation 4). The “quantitative fluorescence”
in this study performs well in phantoms and in vivo when
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correcting for absorption and scattering, by using the white
light reflectance ratio as a surrogate for tissue optical properties
effects (33) (Equation 4).

F

R (4)

=1,
Valdes et al. used the same quantitative probe with a model-based
correction approach to calculate the quantitative fluorescence
in tissues and thus, PpIX concentrations during brain tumor
resections (19, 29, 35, 36). This approach used the white light
reflectance to measure the reflected white light; and using a
spatially resolved model of the diffuse reflectance explicitly
calculate the tissue absorption and scattering. The tissue optical
properties are used in a light transport model of the fluorescence
to correct the “raw” fluorescence for the distorting effects
of tissue optical properties and calculate the corrected, or
quantitative fluorescence (and PpIX concentrations) at each
interrogated site. This group used the probe on a variety
of tumor pathologies including low- and high-grade gliomas,
meningiomas, and metastases demonstrating improved detection
of tumor compared to vFI using commercial systems. For
example, the quantitative probe was able to detect significant
amounts of PpIX in low grade gliomas which were not
identified using vFI, and detection accuracies in low grade
gliomas were similar to those using state-of-the-art vFI for
high grade gliomas. Similar to the previous approaches which
accounted for endogenous or other fluorophore contributions,
the authors used a spectral unmixing algorithm to account for
autofluorescence, PpIX photoproducts, and PpIX (4, 19-21).
These latter two approaches describe the use of a spectroscopic
handheld probe similar to the previously mentioned studies.
The authors collected both spectrally resolved fluorescence
and diffuse white light reflectance. Similar to previous studies,
they accounted for additional fluorophore contributions other
than PpIX such as the endogenous autofluorescence and PpIX
photoproducts. A lesson learned from these later approaches
is how they correct for tissue optical properties, either by a
ratiometric, and empirical approach, or by means of a model-
based, light transport approach. Correction for tissue optical
properties in addition to additional fluorescence contributions,
enabled the authors to explicitly calculate the quantitative
fluorescence and as such, PpIX biomarker concentrations for
tumor tissue identification.

Hand-held spectroscopy probes informed the community
regarding important factors to consider when developing
quantitative technologies and more importantly, the role these
measurements might play in helping improve FGS with more
accurate (and at times sensitive) measurements. The different
probe implementations to date used methodologies to correct
for endogenous AF, for fluorophore photoproducts or distinct
fluorescence states, the fluorophore of interest (e.g., PpIX),
and for tissue optical properties. To accomplish these tasks,
spectroscopy probes acquire spectrally-resolved data to analyze
the fluorescence spectra in a wavelength dependent manner, and
as such, enable such analyses of spectral-fitting. Furthermore,
these studies used either surrogates of tissue optical properties

in the case of ratiometric approaches, or explicitly measured
them using models of light transport. These probes demonstrated
improved accuracies for tumor detection across a broad range of
pathologies, supporting the need for technologies that are not just
more sensitive, but also which perform quantitative fluorescence
measurements (4, 9, 14, 23).

Wide-Field Quantitative Fluorescence

Implementation  of quantitative fluorescence  systems
for neurosurgical guidance is limited but included pre-
clinical studies in phantoms and animals as well as clinical
implementations of these novel imaging systems (3, 4, 15, 52).
Yang et al. developed a multispectral fluorescence imaging
system that measures fluorescence at multiple wavelengths. They
tested this system during brain tumors surgeries using the agent
Photofrin. This study used multi-wavelength excitation and
emission light in a wide-field FGS imaging setup (53), unlike
commercially available surgical microscopes which are single
wavelength systems (e.g., a single bandpass for excitation and
long pass filters), which limits their utility to one fluorophore at
a time (3, 13). Further, as noted with the spectroscopy studies,
this system is limited in its ability to correct and account for AF
or additional fluorophore contributions as well as tissue optical
properties on the collected fluorescence emissions. In 2011,
Saager et al. (54) reported the development of a system capable of
dual spatial frequency domain imaging (SFDI) and fluorescence
imaging. This system performs patterned illumination at
varying spatial frequencies and phases of the field of view (e.g.,
phantoms, animal brain) to recover the reflected light in a
spectrally-resolved manner and calculate the tissue absorption
and scattering at every pixel in the entire field of view (SFDI)
(55). The authors were able to measure tissue optical properties
to calculate a “correction map” and apply this for fluorescence
correction and ultimately, quantification of PpIX concentrations.
The authors validated their system in phantoms and ultimately
applied to optical measurements of skin. Of note, although
this study was not applied in neurosurgery or neurosurgical
models, it is important because it lays the groundwork for future
studies using explicit measurements of tissue optical properties
for PpIX quantification. A more recent system (22) collects
spectrally resolved white light reflectance and fluorescence
emissions using an add-on module that adapts to a commercial
surgical microscope (Figure 3B). This system collects multiple
images at user-specified wavelengths in the visible range of
the spectrum (e.g., 400-720 nm) enabling reconstruction of a
full reflectance and fluorescence spectrum at each pixel in the
image. The authors used an empiric ratiometric approach to
correct for tissue optical properties by using a ratio of the “raw”
fluorescence, F, to the reflected white light, R, to calculate the
quantitative fluorescence in tissues and subsequently, using
a calibration factor, calculated the true PpIX in tissues. This
approach introduces important concepts in FGS. First, the
authors developed a system for spectrally resolved detection
of both the white light reflectance and emitted fluorescence,
similar to the approach used in spectroscopy systems. Second,
the authors use a fluorescence correction technique to derive the
“quantitative fluorescence” in tissues. In this work, they used the
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reflected fluorescence as a surrogate for tissue optical properties.
In the first iteration of their system, the authors used a low
sensitivity, CCD camera that enabled detection levels down to
~100 ng/ml in tissue. Previous work from spectroscopic studies,
noted that levels of PpIX in tumor tissues can be as low as
10 ng/ml. A subsequent system update by this team used a more
sensitive scientific CMOS camera to improve both the lower
threshold of detection and acquisition times by approximately
one order of magnitude (19, 22). Jermyn et al developed a
similar system for neurosurgical guidance using a more sensitive
EMCCD camera (56). The authors noted detection levels down
to 10ng/ml of PpIX, significantly increased speeds for data
collection, and improvement in overall system performance and
quantification metrics compared to a CMOS based system (34).
These latter studies used more sensitive, higher quality cameras,
equivalent to those used for benchtop fluorescence microscopy
studies, to implement into clinically compatible systems.

Xie et al. (1) developed a pre-clinical system that acquires
spectrally resolved white light and fluorescence emissions, similar
to Valdes et al. and Jermyn et al,, and coupled it to a new

algorithm for fluorescence correction. The authors developed
an empirical algorithm for fluorescence correction. They correct
the “raw” fluorescence by using a calibrated tissue reflectance.
They calibrate their system to a known reflectance standard;
and use a product of the reflectance at the excitation and
emission wavelengths to subsequently correct the fluorescence
spectrum. The authors tested the system in phantoms of varying
absorption, scattering and PpIX concentrations to demonstrate
reliable quantification <100 ng/ml with short acquisition times
similar to those reported by prior studies. They noted excellent
quantification (r* = 0.94) down to <100ng/ml in phantoms,
and furthermore, provided pilot data testing of this system in
ex vivo glioblastoma samples, demonstrating the capabilities to
detect PpIX concentrations of tumor infiltrated tissues in wide-
field mode. This work presents an important advancement in
qFI, by developing a novel algorithm to correct for the non-
linear, and confounding effects of tissue optical properties on
the measured “raw” fluorescence, further demonstrating the need
for techniques to measure the quantitative fluorescence, and
providing a detailed account and principles for system calibration
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FIGURE 4 | Real time, quantitative fluorescence imaging system coupled with single snapshot optical properties imaging. (A) Schematics of a gFl system that
performs simultaneous SSOP imaging and fluorescence detection by acquiring simultaneous reflectance and fluorescence imaging under SSOP mode. (B) Data
processing scheme in which reflectance images are processed under SSOP conditions to estimate the absorption g and reduced scattering ps’. (C) A light transport
model is used to correct the raw fluorescence for the effects of tissue optical properties to calculate the quantitative fluorescence. Bottom panel shows one frame of a
real-time dynamic video of tissue simulating phantoms displaying the raw fluorescence (uncorrected), the empirically corrected fluorescence (F/R), and the quantitative
fluorescence using SSOP (gF-SSOP). Figure adapted with permission from Valdes et al. (37).

Frontiers in Surgery | www.frontiersin.org

n

June 2019 | Volume 6 | Article 31


https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

Valdes et al.

Quantitative Fluorescence Image-Guided Neurosurgery

that inform the community when developing such quantitative
fluorescence systems.

Sibai et al. (57) developed a bench top pre-clinical system
capable of dual spatial frequency domain imaging (SFDI)
and fluorescence imaging. This system performs patterned
illumination at varying spatial frequencies and phases of the field
of view (e.g., phantoms, animal brain) to recover the reflected
light in a spectrally-resolved manner and calculate the tissue
absorption and scattering at every pixel in the entire field of
view (SFDI). In this study, each acquisition takes ~12 s followed
by data processing. The optical properties are used to correct
the collected fluorescence using a light transport model of the
fluorescence; and reconstruct a qFI image of the full field of view.
In this work, the authors validated their system in phantoms
with varying optical properties and PpIX concentrations, and
subsequently applied their system to a rodent model of glioma.
They further validated their imaging results by comparison
with the gold standard spectroscopy probe and ex vivo, tissue
extraction homogenization technique demonstrating differences
of i, and g of 14 and 19.4%, respectively and for PpIX of 10.5%.
This work makes a significant advancement in quantitative
fluorescence techniques in neurosurgery, by using a model-
based approach for wide-field quantitative fluorescence imaging.
The authors used a rigorous model-based approach for accurate
estimates of tissue optical properties using a well-known SFDI
technique (28). This is in contrast to the prior studies which use
various calibration and empiric correction factors such as the raw

reflectance as a surrogate for the tissue optical properties. After
explicitly calculating the tissue optical properties across the full
surgical field of view, these are integrated into a light transport
model of the fluorescence to extract the quantitative fluorescence
in tissue and thus, the quantitative PpIX concentrations.

Valdes et al. (37) developed a benchtop pre-clinical system
to perform simultaneous single snapshot optical properties
(SSOP) imaging and fluorescence imaging in wide field mode
(Figure 4A). SSOP uses only one single frequency without the
need for multiple phases during patterned illumination of tissue,
unlike SFDI which uses multiple frequencies and phases to
extract the tissue optical properties (28, 58, 59). SSOP enables
fast, real time acquisition (milliseconds per acquisition) since it
requires only one image to extract optical properties compared
to at least 6 required for SFDI. The authors use SSOP imaging
to estimate the tissue optical properties in phantoms of varying
absorption, scattering and fluorophore concentrations to correct
the “raw” fluorescence using a light transport model of the
quantitative fluorescence (Figure 4B). They further demonstrate
the ability to perform quantitative fluorescence imaging in video
rate mode as a result of the high speed offered with SSOP
imaging across the full field of view in a pixel-wide manner
(Figure 4C). This work provides a further development in qFI
methods by using a model-based approach to estimate tissue
optical properties and correct the fluorescence for these effects.
Furthermore, they implement this in a wide field of mode at video
rate speeds. The ability to perform video rate imaging would
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FIGURE 5 | Spectrally-resolved quantitative fluorescence imaging using a ratiometric approach during in vivo glioblastoma surgery. Intraoperative images under
(A,E,l) conventional white light illumination, (B,FJ) blue light illumination for vFl using a commercial system, and (C,G,K) quantitative fluorescence images using a
ratiometric approach at the beginning (top row), near the end (middle row), and at the end (bottom row) of surgery. Near the end of surgery, high levels of PpIX were
found using gFl (G) but not using vFI (C) with histological corroboration of tumor (L). Spectra at the beginning of surgery (D) show expected PplX peaks and near the
end of surgery (H) in the area of residual tumor (G). Figure adapted with permission from Valdés et al. (22).
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FIGURE 6 | MR images and intraoperative fluorescence using a filter corrected approach. Images were acquired at the start (top row) and end (bottom row) of
surgery. (a,f), MR images corresponding to the intraoperative (b,g) conventional white light images, (c,h) blue light vFl images using a commercial microscope
system, (d,i) “raw” fluorescence intensity, or integrated fluorescence images, and (e,j) quantitative fluorescence images using a ratiometric and filter correction
approach. (k) PplX spectra using the gFl system (top row) and spectroscopic quantitative probe (bottom row) at multiple locations and timepoints during surgery
[marked by corresponding symbols in images (e,j)]. PpIX concentration observed in the Cppjx overlays. Ppp, Photoproduct I; Pll, Photoproduct II; PlII, Photoproduct
Ill; Bkg, Background; Offset, linear offset for background signal. Figure adapted with permission from Bravo et al. (38).

enable the surgeon to have immediate feedback regarding tissue
in the field of view for real-time qFL

The work above uses qFI in neurosurgical guidance in the
pre-clinical setting, or on ex vivo human tissues. A few studies
have used the above concepts and technologies and applied these
in the intraoperative, clinical scenario. Valdes et al. subsequently
used their spectrally-resolved, microscope add on module system
in human glioblastoma surgery (22). The authors demonstrate
the utility of their qFI system by showing a comparison of the
images obtained using a commercially available state-of-the-art
surgical microscope enabled to perform vFI and co-registered qFI
images at various times points during surgery (Figures 5A-D,
at the beginning of surgery; Figures 5E-G, near the end of
surgery; Figures 5I-K, at the end of surgery). They demonstrate
that the qFI system was able to detect tumor near the end of
surgery in areas were vFI left residual tumor unidentified (i.e., vFI
showed no visible fluorescence) (Figure 5F), but their qFI system
was able to detect significant residual tumor (Figures 5G,H)
which correlated with histopathology (Figure 5L). More recently,
Bravo et al. (38) used this system in vivo to demonstrate the
importance of spectral filtering of the fluorescence signals for
more accurate PpIX quantification maps. The authors developed
a metric called a “confidence ratio,” which functions as a filter
to remove regions of uncertainty from quantitative PpIX images;

by removing those estimates that approach the detection limits
of PpIX, the authors show their approach can decrease the
rates of false positives (Figure 6). This work highlights the
value of performing quantitative estimates of the fluorescence to
significantly improve our detection of tumor tissue across tumor
pathologies compared to the standard of care using commercially
available vFI technologies, and the need for complex data
processing to maximize qFI detection. Furthermore, this work
highlights the importance of performing wide field quantitative
detection compared to single small area detection provided by
handheld probes.

To date, technologies for fluorescence quantification have
used either handheld, contact probes, or wide field, non-
contact imaging systems. Each system boasts of their own
advantages and disadvantages. Handheld probes are in direct
contact with tissue, which provides a geometry for more efficient
(i.e., less loss of) light excitation and collection of reflectance
and fluorescence emissions from tissue. Furthermore, these
systems do not have to account for different distances as they
have one distance between excitation and emission sources
(since they are in contact with tissue), which simplifies models
for fluorescence quantification. As such, these probes have
a history of algorithms developed for rigorous model-based
quantification, and in more recent developments, are able to
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TABLE 1 | Comparative summary of wide-field imaging systems.

Group Fluorophore Technical Features and Advantages Correction Method Acquisition Processing Cost Test population Limitations
Time Time
RESEARCH SYSTEMS
Yang etal.  Photofrin Standalone Multispectral Fluorescence Imaging system—multiple None 156s Real- ~ Phantoms. Inability to account and correct
(53) (five band) excitation and emission wavelengths. time $100,000 Human brain for AR, Ef, additional fluorophore
Long working distance ~50 cm. (in vivo.) contributions and T.
Field of view ~ 3cm diameter. Low concentration sensitivity
Detector—CCD camera. (0.05 to 0.1 ng/g) and low depth
sensitivity (0.5 mm.)
Stand-alone system not
integrated into surgical
microscope. Results displayed
on a personal computer.
Saager et al. 5-ALA-PpIX Standalone SFDI system—patterned illumination with varying T calculated as a 12s Not Not Phantoms. Low concentration specificity
(54) spatial frequencies and phases of the field of view. “correction map” of the field specified specified Human skin (within 0.2 wg/ml of known
Detector—CCD camera. of view using spatial (in vivo). concentration.)

Valdes et al. 5-ALA-PpIX

(22) Fluorescin

Jermyn et al. 5-ALA-PplIX

(56)

frequency domain imaging

Integrated HIS (Hyperspectral Imaging System) for sequential Spectrally constrained

spectrally resolved image acquisition in the range 400-720nm at dual-band normalization.

10nm intervals. Empiric

Works as a portable, add-on module compatible with commercial ratiometric approach .
surgical microscopes using the microscope optics and light

source.

Working distance ~30cm.

Field of view = 10 x 7.5mm to 50 x 40mm

Allows reconstruction of the field of view with the full reflectance

and fluorescence spectrum at each pixel as a 3D image cube.

Detector—CCD camera (first iteration, concentration sensitivity

~100 ng/ml PplX), sSCMOS camera (second iteration,

concentration sensitivity ~10 ng/ml PpIX.)

System validated with phantoms, histopathology and comparison

with commercial vFl systems.

Integrated HIS for sequential spectrally resolved image acquisition Spectrally constrained
in the range 400-720 nm at 10 nm intervals.
Works as a portable, add-on module compatible with commercial Empiric

surgical microscopes using the microscope optics and light ratiometric approach .
source.

Working distance ~30 cm.

Field of view ~ 20cm X 20cm.

Allows reconstruction of the field of view with the full reflectance

and fluorescence spectrum at each pixel as a 3D image cube .

Detector—EMCCD camera (two orders of magnitude lower

concentrations detected compared to CMOS, possibly

comparable to the ~1 ng/ml detection limit of point probes) and

sCMOS camera connected simultaneously for comparison.s

dual-band normalization.

100 ms to Near
500ms per  real-time
wavelength.

Up to 2-8s

per white light

and

fluorescence
hyperspectral

image capture.

5-100ms. Near

Up to 2s per real-time
white light

and

fluorescence
hyperspectral

image capture.

~20,000- Phantoms.

30,000
Human brain
(in vivo)

~$50,000 Phantoms.

Rat brain (ex vivo).

Human brain
(ex vivo)

Rat brain (in vivo).

Longer acquisition times since 6
images are required to estimate
T.

Not tested in human brains.
Penetration depth limited to a
few hundred microns in depth.
Quantification accuracy limited to
> 40 ng/ml PplX using the
second generation sSCMOS
system compared to the gold
standard optical probe of
~10ng/ml PpIX.

Empiric correction algorithm less
accurate than model based
correction approaches, unable to
explicitly measure tissue optical
properties and intrinsic tissue
biomarkers other than PpIX

Enhanced sensitivity of EMCCD
detectors can be confounded to
a greater degree by non-specific
AF signals and ambient light.
High cost of EMCCD detectors.
Empiric correction algorithm less
accurate than model based
correction approaches, unable to
explicitly measure tissue optical
properties and intrinsic tissue
biomarkers other than PplX.
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TABLE 1 | Continued

Group Fluorophore Technical Features and Advantages Correction Method Acquisition Processing Cost Test population Limitations
Time Time
Xie etal. (1) 5-ALA-PpIX Standalone system conceptually similar to those by Valdes et al  Empirical correction 26s Not Not Phantoms. Penetration depth limited to a
and Jermyn et al. algorithm approach. specified specified Human brain few hundred microns in depth.
Detector—sCMOS camera. Calibration to a known (ex vivo). Long acquisition times due to
Concentration sensitivity ~ 10 ng/ml. tissue reflectance standard data input/output latencies.
and correction of F using a
product of the R at
excitation and
emission wavelengths .
Sibaietal.  5-ALA-PpIX Standalone SFDI system (similar to Saager et al). Light transport model based36 s Not Not Phantoms. Benchtop preclinical system.
(57) Replaces previous approaches of ratiometric or semiratiometric ~ approach using spatial specified specified Rat brains (post ~ Suboptimal results from in vivo
correction in SFDI systems with a more rigorous light transport ~ frequency domain imaging. mortem in situ, rat brains (but these limitations
model. ex vivo). may not translate to in vivo
Allows reconstruction of the full-field of view representing gFl human experiments as the
data post-correction. authors believe the rat glioma
Field of view = 3cm X 3cm. model to be the cause, rather
Detector—CCD camera. than failure of the method or
System accuracy validated with spectroscopy probe (gold instrumentation).
standard) and ex vivo homogenized extracted tissue. Less sensitive than spectroscopy
The method is also able to explicitly measure tissue optical probes by 2-4 times on account
properties and intrinsic tissue biomarkers unlike the systems by of spill-over or cross talk
Valdes et al, Jermyn et al, and Xie et al. between image pixels and more
tissue distortion and attenuation
of weak fluorescence signals.
Decreased concentration
sensitivity and higher exposure
times compared to systems with
EMCCD detectors.
Penetration depth limited to a
few hundred microns in depth.
Long acquisition times requiring
6 images to estimate T.
Valdes et al. 5-ALA-PpIX Standalone gF-SSOP system—single snapshot of optical Light transport model based500 ms 21ms Not Phantoms. Benchtop preclinical system.
37) properties. approach using single specified System has not been validated
Able to perform real-time data acquisition since it requires a snapshot of optical against ex vivo or in vivo rodent
single image to estimate T (compared to the SFDI systems by properties imaging or human brains.
Saager et al and Sibai et al which require multiple images).
Zeiss Surgical 5-ALA-PpIX  Commercial vFI system as an integrated add-on module for the  No correction Real-time No Quote Humans (in vivo)  Requires purchase of expensive
Microscope + Zeiss series of surgical microscopes. processing  requested proprietary accessory.

Blue 400
module

Real-time visualization of fluorescence through surgical oculars
and projected unto a CCD camera.

Qualitative, subjective
information relayed to the
surgeon without quantification.
High rate of false negatives
using PplIX.
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explicitly measure tissue optical properties and derive intrinsic
biomarkers. These, in turn, are used in model-based approaches
to correct the fluorescence emissions and quantify fluorophores.

: g

2 ke
5222% Despite the aforementioned advantages, handheld probes face
$3288¢° a major disadvantage when it comes to wide-spread surgical
" § 83 ° é implementation and intraoperative diagnostics. They require the
5 S2g5s surgeon to disrupt the surgical workflow to place the probe
8 £ g ‘_:(Z £ ;3) in direct contact with tissue, to then interrogate a small field
E § °3¢€3 of view (as small as 1 mm in diameter) for each acquisition

g = (10, 14, 15, 19, 23, 31, 39, 43, 44, 47).

= < Wide-field, quantitative imaging systems allow the surgeons
2 % to view a larger area of interrogation up to multiple centimeters
§- é in diameter, including the full surgical field of view. This
2 = provides a more immediate, intuitive, and less disruptive view
S of tissue for intraoperative diagnostics. Nevertheless, current
- 2 % systems are limited in their ability to provide instantaneous, real-
S 38 time quantification of this field of view. Another disadvantage
2 5 involves a less efficient geometry for light excitation and emission
? £ given the ever-changing distances between light sources and the
§ 2 g detector resulting from movement of the microscope and the
aF 2s imaging system. This, in turn, presents a challenge to accurate
s quantification, requiring more complex algorithms to account for
= £ these varying distances. Although, various pre-clinical systems
§ g % (Table 1) have been developed that take advantage of model-
<F & based approaches for quantification (unlike systems using
empiric algorithms), these have not been implemented in a
3 seamless manner for immediate intraoperative surgical feedback.
- An important consideration with quantitative fluorescence is
E 5 the need for calibration. Finally, spectroscopy and imaging
S ] systems require calibration against known standards of tissue
§ § optical properties and fluorophores to ensure accurate estimation
3 2 of quantitative fluorescence intraoperatively (1, 4, 11, 15, 17,

22, 28, 34, 37, 38, 51, 53, 54, 56, 59). As such, reports on
quantitative systems need to provide well-delineated calibration
procedures to ensure translation of results between patients and
institutions (18, 21, 28, 60).

CONCLUSION

The field of quantitative fluorescence in neurosurgery, with
implementation of spectroscopic and wide-field systems is in its
infancy. The majority of the literature on fluorescence imaging
and its application to neurosurgical guidance in brain tumors
uses VFI technologies (3). We have described limitations of vFI
including subjectivity and inaccuracy of measurements, inter-
observer dependence, and decreased sensitivity for residual
disease. This work seeks to first introduce the reader to
fundamental concepts in quantitative fluorescence, including
concepts of autofluorescence, tissue optical properties and their
effects on the fluorescence measurements, and fluorescence
correction techniques (14, 15). Second, this study seeks to provide
the reader with an overview of the major implementations of
quantitative fluorescence in neurosurgery. Since the literature
on quantitative fluorescence in neurosurgery is limited, we
provide an overview of some of the preliminary studies
seeking to arrive at quantitative assessments of the fluorescence

Real-time visualization of fluorescence through surgical oculars

Leica series of surgical microscopes.
and projected unto a CCD camera.

Fluorophore Technical Features and Advantages

Leica Surgical 5-ALA-PpIX  Commercial vFl system as an integrated add-on module for the

Microscope +

COMMERCIAL SYSTEMS
FL400
module

TABLE 1 | Continued

Group
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in neurosurgery. We then highlight some lessons learned
from each of these studies. Finally, we wish to inform the
reader regarding the importance of quantitative fluorescence in
neurosurgery both as a means for standardizing measurements
across surgeons, but also, as a means for improved detection of
residual disease.

The success of vFI has helped fuel technological developments
including modified surgical microscopes for fluorescence
imaging, exoscopes, and probe-based technologies such as
spectroscopic, and confocal systems (3, 4). Furthermore,
the success of VFI has subsequently led to development of
quantitative fluorescence technologies discussed in this paper,
as these technologies have highlighted the intrinsic limitations
of VFI (subjectivity, inter-observer dependence, inaccurate
measurements, decreased sensitivity for residual disease).
Future developments in FGS require that these technologies
provide seamless integration to the surgical workflow with

REFERENCES

1. XieY, Thom M, Ebner M, Wykes V, Desjardins A, Miserocchi A, et al. Wide-
field spectrally resolved quantitative fluorescence imaging system: toward
neurosurgical guidance in glioma resection. J Biomed Opt. (2017) 22:1-
14. doi: 10.1117/1.JB0O.22.11.116006

2. Whitson WJ, Valdes PA, Harris BT, Paulsen KD, Roberts DW. Confocal
microscopy for the histological fluorescence pattern of a recurrent atypical
meningioma: case report. Neurosurgery. (2011) 68:E1768-72; discussion
E1772-3. doi: 10.1227/NEU.0b013e318217163¢

3. Wei L, Roberts DW, Sanai N, Liu JTC. Visualization technologies for 5-
ALA-based fluorescence-guided surgeries. J Neurooncol. (2018) 141:495-
505. doi: 10.1007/s11060-018-03077-9

4. Valdés PA, Roberts DW, Lu FK, Golby A. Optical technologies
for intraoperative neurosurgical guidance. Neurosurg Focus. (2016)
40:E8. doi: 10.3171/2015.12.FOCUS15550

5. Utsuki S, Oka H, Sato S, Suzuki S, Shimizu S, Tanaka S, et al
Possibility of using laser spectroscopy for the intraoperative detection
of nonfluorescing brain tumors and the boundaries of brain tumor
infiltrates. Technical note. J Neurosurg. (2006) 104:618-20. doi: 10.3171/
jns.2006.104.4.618

6. Stummer W, Tonn JC, Goetz C, Ullrich W, Stepp H, Bink A, et al. 5-
Aminolevulinic acid-derived tumor fluorescence: the diagnostic accuracy of
visible fluorescence qualities as corroborated by spectrometry and histology
and postoperative imaging. Neurosurgery. (2014) 74:310-9; discussion 319-
20. doi: 10.1227/NEU.0000000000000267

7. Stummer W, Pichlmeier U, Meinel T, Wiestler OD, Zanella FE
Reulen HJ, et al. Fluorescence-guided surgery with 5-aminolevulinic
acid for resection of malignant glioma: a randomised controlled
multicentre phase III trial. Lancet Oncol. (2006) 7:392-401. doi: 10.1016/
$1470-2045(06)70665-9

8. Roberts DW, Valdés PA, Harris BT, Fontaine KM, Hartov A, Fan X,
et al. Coregistered fluorescence-enhanced tumor resection of malignant
glioma:  relationships ~ between  delta-aminolevulinic  acid-induced
protoporphyrin IX fluorescence, magnetic resonance imaging enhancement,
and neuropathological parameters. Clinical article. J Neurosurg. (2011)
114:595-603. doi: 10.3171/2010.2.JNS091322

9. Pogue BW, Gibbs-Strauss S, Valdés PA, Samkoe K, Roberts DW,

Paulsen KD. Review of neurosurgical fluorescence imaging methodologies.

IEEE ] Sel Top Quantum Electron. (2010) 16:493-505. doi: 10.1109/

JSTQE.2009.2034541

Montcel B, Mahieu-Williame L, Armoiry X, Meyronet D, Guyotat

J. Two-peaked  5-ALA-induced  PpIX emission

spectrum  distinguishes glioblastomas from low grade gliomas and

10.
fluorescence

fast acquisition times and ease of interpretation of the data to
the surgeon. Technologies should provide means for improve
visualization, calibration, and heads up display, to enable wide
spread use across multiple centers. In summary, the use of qFI in
neurosurgery is limited, but continued research and development
will provide the neurosurgical community with more accurate
technologies to ultimately improve patient outcomes.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work was partially supported by grants received from the
Brigham Research Institute and Partners HealthCare Innovation.

infiltrative component of glioblastomas. Biomed Opt Express. (2013)
4:548-58. doi: 10.1364/BOE.4.000548

. Hadjipanayis CG, Widhalm G, Stummer W. What is the surgical
benefit  of utilizing  5-aminolevulinic acid for  fluorescence-
guided surgery of malignant gliomas?  Neurosurgery.  (2015)
77:663-73. doi: 10.1227/NEU.0000000000000929

. DSouza AV, Lin H, Henderson ER, Samkoe KS, Pogue BW. Review of
fluorescence guided surgery systems: identification of key performance
capabilities beyond indocyanine green imaging. ] Biomed Opt. (2016)
21:80901. doi: 10.1117/1.JBO.21.8.080901

. Stummer W, Stepp H, Moller G,
M, Reulen HJ. Technical principles
fluorescence guided microsurgical resection
tissue.  Acta (1998)  140:995-1000.
5007010050206

. Richards-Kortum R, E. Quantitative
spectroscopy for tissue diagnosis. Annu Rev Phys Chem.
47:555-606. doi: 10.1146/annurev.physchem.47.1.555

. Bradley RS, Thorniley MS. A
techniques for tissue fluorescence.
3:1-13. doi: 10.1098/1sif.2005.0066

. Belykh E, Miller EJ, Patel

Robinson TR, al.  Optical

operating microscopes: quantitative

of PpIX photobleaching. Sci Rep.

541598-018-30247-6

Gioux S, Choi HS, Frangioni JV. Image-guided surgery using invisible

near-infrared light: fundamentals of clinical translation. Mol Imaging.

(2010) 9:237-55. doi: 10.2310/7290.2010.00034

Pogue BW, Zhu TC, Ntziachristos V, Paulsen KD, Wilson BC, Pfefer J,

et al. Fluorescence-guided surgery and intervention—An AAPM emerging

technology blue paper. Med Phys. (2018) 45:2681-8. doi: 10.1002/

mp.12909

Valdés PA, Leblond E, Kim A, Harris BT, Wilson BC, Fan X, et al. Quantitative

fluorescence in intracranial tumor: implications for ALA-induced PpIX as

an intraoperative biomarker. J Neurosurg. (2011) 115:11-7. doi: 10.3171/

2011.2.JNS101451

Kim A, Khurana

of

tissue

Ehrhardt A, Leonhard
for  protoporphyrin-IX-

of malignant glioma
Neurochir. doi:  10.1007/
Sevick-Muraca optical
(1996)

correction
(2006)

review of attenuation
J R Soc Interface.

AA, Bozkurt
characterization

B, Yagmurlu K,
of neurosurgical
and assessment
doi:  10.1038/

et
fluorescence
(2018)  8:12543.

20. Y, Wilson BC. Quantification
from the effects of
fiber-optic spectroscopy

15:067006. doi: 10.1117/

M, Moriyama
fluorescence  decoupled
properties using
] Biomed Opt. (2010)

vivo
optical
measurements.
1.3523616

Gibbs SL. Near infrared fluorescence for image-guided surgery. Quant
Imaging Med Surg. (2012) 2:177-87. doi: 10.3978/j.issn.2223-4292.2012.09.04

in

21.

Frontiers in Surgery | www.frontiersin.org

19

June 2019 | Volume 6 | Article 31


https://doi.org/10.1117/1.JBO.22.11.116006
https://doi.org/10.1227/NEU.0b013e318217163c
https://doi.org/10.1007/s11060-018-03077-9
https://doi.org/10.3171/2015.12.FOCUS15550
https://doi.org/10.3171/jns.2006.104.4.618
https://doi.org/10.1227/NEU.0000000000000267
https://doi.org/10.1016/S1470-2045(06)70665-9
https://doi.org/10.3171/2010.2.JNS091322
https://doi.org/10.1109/JSTQE.2009.2034541
https://doi.org/10.1364/BOE.4.000548
https://doi.org/10.1227/NEU.0000000000000929
https://doi.org/10.1117/1.JBO.21.8.080901
https://doi.org/10.1007/s007010050206
https://doi.org/10.1146/annurev.physchem.47.1.555
https://doi.org/10.1098/rsif.2005.0066
https://doi.org/10.1038/s41598-018-30247-6
https://doi.org/10.2310/7290.2010.00034
https://doi.org/10.1002/mp.12909
https://doi.org/10.3171/2011.2.JNS101451
https://doi.org/10.1117/1.3523616
https://doi.org/10.3978/j.issn.2223-4292.2012.09.04
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

Valdes et al.

Quantitative Fluorescence Image-Guided Neurosurgery

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Valdés
Roberts
fluorescence
srep00798
Ramanujam N. Fluorescence spectroscopy of neoplastic and non-neoplastic
tissues. Neoplasia. (2000) 2:89-117. doi: 10.1038/sj.ne0.7900077

PA, Leblond FE Jacobs
DW. Quantitative,
imaging.  Sci  Rep.

VL, Wilson BC, Paulsen KD,
spectrally-resolved intraoperative
(2012)  2:798.  doi:  10.1038/

Sokolov K, Follen M, Richards-Kortum R. Optical spectroscopy
for detection of neoplasia. Curr Opin Chem  Biol. (2002)
6:651-8. doi: 10.1016/S1367-5931(02)00381-2

Boas DA, Franceschini MA. Haemoglobin oxygen saturation
as a biomarker: the problem and a solution. Philos Trans
A Math Phys Eng Sci. (2011) 369:4407-24. doi: 10.1098/

rsta.2011.0250

Miiller MG, Georgakoudi I, Zhang Q, Wu J, Feld MS. Intrinsic
fluorescence spectroscopy in turbid media: disentangling effects of
scattering and absorption. Appl Opt. (2001) 40:4633-46. doi: 10.1364/
A0O.40.004633

Marois M, Bravo ],
and  standardization  of
optical phantoms. ] Biomed Opt.
1.JBO.21.3.035003

Angelo JP, Chen S], Ochoa M, Sunar U, Gioux S, Intes X. Review of
structured light in diffuse optical imaging. J Biomed Opt. (2018) 24:1-
20. doi: 10.1117/1.JBO.24.7.071602

Valdés PA, Kim A, Leblond F Conde OM, Harris BT, Paulsen KD, et al.
Combined fluorescence and reflectance spectroscopy for in vivo quantification
of cancer biomarkers in low- and high-grade glioma surgery. ] Biomed Opt.
(2011) 16:116007. doi: 10.1117/1.3646916

Valdés PA, Kim A, Brantsch M, Niu C, Moses ZB, Tosteson TD,
et al. Delta-aminolevulinic acid-induced protoporphyrin IX concentration
correlates with histopathologic markers of malignancy in human gliomas:
the need for quantitative fluorescence-guided resection to identify regions of
increasing malignancy. Neuro Oncol. (2011) 13:846-56. doi: 10.1093/neuonc/
nor086

Ishihara R, Katayama Y, Watanabe T, Yoshino A, Fukushima T,
Sakatani K. Quantitative spectroscopic analysis of 5-aminolevulinic
acid-induced protoporphyrin IX fluorescence intensity in diffusely
infiltrating astrocytomas. Neurol Med Chir. (2007) 47:53-7; discussion
57. doi: 10.2176/nmc.47.53

Valdes PA, Millesi M, Widhalm G, Roberts DW. 5-aminolevulinic
acid  induced  protoporphyrin = IX  (ALA-PpIX)  fluorescence
guidance in meningioma surgery. ] Neurooncol. (2019) 141:555-
65. doi: 10.1007/s11060-018-03079-7

Valdés PA, Leblond F, Kim A, Wilson BC, Paulsen KD, Roberts DW. A
spectrally constrained dual-band normalization technique for protoporphyrin
IX quantification in fluorescence-guided surgery. Opt Lett. (2012) 37:1817-
9. doi: 10.1364/0L.37.001817

Valdes PA, Jacobs VL, Wilson BC, Leblond E Roberts DW, Paulsen
KD. System and methods for wide-field quantitative fluorescence
imaging during neurosurgery. Opt Lett. (2013) 38:2786-8. doi: 10.1364/
OL.38.002786

Valdés PA, Jacobs V, Harris BT, Wilson BC, Leblond FE Paulsen
KD, et al. Quantitative fluorescence using 5-aminolevulinic acid-
induced protoporphyrin IX biomarker as a surgical adjunct in low-
grade glioma surgery. ] Neurosurg. (2015) 123:771-80. doi: 10.3171/
2014.12.JNS14391

Valdes PA, Bekelis K, Harris BT, Wilson BC, Leblond F Kim A,
et al. 5-Aminolevulinic acid-induced protoporphyrin IX fluorescence
in  meningioma:  qualitative = and  quantitative = measurements
in  vivo. Neurosurgery. (2014) 10(Suppl. 1):74-82;  discussion
82-3. doi: 10.1227/NEU.0000000000000117

Valdes PA, Angelo JP, Choi HS, Gioux S. gF-SSOP: real-time optical
property corrected fluorescence imaging. Biomed Opt Express. (2017) 8:3597-
605. doi: 10.1364/BOE.8.003597

Bravo JJ, Olson JD, Davis SC, Roberts DW, Paulsen KD, Kanick
SC. Hyperspectral data processing improves PpIX contrast during
fluorescence guided surgery of human brain tumors. Sci Rep. (2017)
7:9455. doi: 10.1038/s41598-017-09727-8

SC, Kanick SC. Characterization
protoporphyrin ~ IX
doi: 10.1117/

Davis
tissue-simulating
(2016)  21:35003.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Lin WC, Mahadevan-Jansen A, Johnson MD, Weil R]J,
SA. In wvivo optical spectroscopy detects radiation
in  brain tissue.  Neurosurgery.  (2005)  57:518-25;
518-25. doi: 10.1227/01.NEU.0000170559.48166.AC

Toms SA, Lin WC, Weil RJ, Johnson MD,
Mahadevan-Jansen A. Intraoperative optical spectroscopy
infiltrating  glioma margins with high sensitivity. Neurosurgery.
(2007)  61(1  Suppl):327-35;  discussion  335-6. doi:  10.1227/
01.neu.0000279226.68751.21

Toms SA, Lin WC, Weil RJ, Johnson MD, Jansen ED, Mahadevan-Jansen
A. Intraoperative optical spectroscopy identifies infiltrating glioma margins
with high sensitivity. Neurosurgery. (2005) 57(4 Suppl):382-91; discussion
382-91. doi: 10.1227/01.NEU.000176855.39826.2D

Toms SA, Konrad PE, Lin WC, Weil RJ. Neuro-oncological
applications of optical spectroscopy. Technol Cancer Res Treat. (2006)
5:231-8. doi: 10.1177/153303460600500306

Lin WC, Toms SA, Johnson M, Jansen ED, Mahadevan-Jansen A. In vivo brain
tumor demarcation using optical spectroscopy. Photochem Photobiol. (2001)
73:396-402. doi: 10.1562/0031-8655(2001)07303961VBTDU2.0.CO2

Toms
damage
discussion

Jansen ED,
identifies

Lin WC, Sandberg DI, Bhatia S, Johnson M, Oh S, Ragheb
J. Diffuse reflectance spectroscopy for in vivo pediatric brain
tumor detection. ] Biomed Opt. (2010) 15:061709. doi: 10.1117/
1.3505012

Utsuki S, Oka H, Miyajima Y, Shimizu S, Suzuki S, Fujii K. Auditory alert
system for fluorescence-guided resection of gliomas. Neurol Med Chir. (2008)
48:95-7; discussion 97-8. doi: 10.2176/nmc.48.95

Eljamel MS, Goodman C, Moseley H. ALA and Photofrin fluorescence-
guided resection and repetitive PDT in glioblastoma multiforme: a single
centre Phase III randomised controlled trial. Lasers Med Sci. (2008) 23:361-
7. doi: 10.1007/s10103-007-0494-2

Haj-Hosseini N, Richter ], Andersson-Engels S, Wardell K. Optical
touch pointer for fluorescence guided glioblastoma resection using 5-
aminolevulinic acid. Lasers Surg Med. (2010) 42:9-14. doi: 10.1002/
1sm.20868

Black D, Hahn HK, Kikinis R, Wardell K, Haj-Hosseini N.
Auditory display for fluorescence-guided open brain tumor surgery.
Int J Comput Assist Radiol Surg. (2018) 13:25-35. doi: 10.1007/
s11548-017-1667-5

Diamond KR, Patterson MS, Farrell TJ. Quantification of fluorophore
concentration in tissue-simulating media by fluorescence measurements
with a single optical fiber. Appl Opt. (2003) 42:2436-42. doi: 10.1364/
A0.42.002436

Wu J, Feld MS, Rava RP. Analytical model for extracting intrinsic
fluorescence in turbid media. Appl Opt. (1993) 32:3585-95. doi: 10.1364/
A0.32.003585

Weersink R, Patterson MS, Diamond K, Silver S, Padgett N. Noninvasive
measurement of fluorophore concentration in turbid media with a simple
fluorescence /reflectance ratio technique. Appl Opt. (2001) 40:6389-
95. doi: 10.1364/A0.40.006389

Huang Z, Shi S, Qiu H, Li D, Zou J, Hu S. Fluorescence-guided
resection of brain tumor: review of the significance of intraoperative
quantification of protoporphyrin IX fluorescence. Neurophotonics. (2017)
4:011011. doi: 10.1117/1.NPh.4.1.011011

Yang VX, Muller PJ, Herman P, Wilson BC. A multispectral fluorescence
imaging system: design and initial clinical tests in intra-operative Photofrin-
photodynamic therapy of brain tumors. Lasers Surg Med. (2003) 32:224-
32. doi: 10.1002/lsm.10131

Saager RB, Cuccia DJ, Saggese S, Kelly KM, Durkin AJ. Quantitative
fluorescence imaging of protoporphyrin IX through determination of tissue
optical properties in the spatial frequency domain. J Biomed Opt. (2011)
16:126013. doi: 10.1117/1.3665440

O’Sullivan TD, Cerussi AE, Cuccia DJ, Tromberg BJ. Diffuse optical imaging
using spatially and temporally modulated light. J Biomed Opt. (2012)
17:071311. doi: 10.1117/1.JBO.17.7.071311

Jermyn M, Gosselin Y, Valdes PA, Sibai M, Kolste K, Mercier J,
et al. Improved sensitivity to fluorescence for cancer detection in wide-
field image-guided neurosurgery. Biomed Opt Express. (2015) 6:5063-
74. doi: 10.1364/BOE.6.005063

Frontiers in Surgery | www.frontiersin.org

June 2019 | Volume 6 | Article 31


https://doi.org/10.1038/srep00798
https://doi.org/10.1038/sj.neo.7900077
https://doi.org/10.1016/S1367-5931(02)00381-2
https://doi.org/10.1098/rsta.2011.0250
https://doi.org/10.1364/AO.40.004633
https://doi.org/10.1117/1.JBO.21.3.035003
https://doi.org/10.1117/1.JBO.24.7.071602
https://doi.org/10.1117/1.3646916
https://doi.org/10.1093/neuonc/nor086
https://doi.org/10.2176/nmc.47.53
https://doi.org/10.1007/s11060-018-03079-7
https://doi.org/10.1364/OL.37.001817
https://doi.org/10.1364/OL.38.002786
https://doi.org/10.3171/2014.12.JNS14391
https://doi.org/10.1227/NEU.0000000000000117
https://doi.org/10.1364/BOE.8.003597
https://doi.org/10.1038/s41598-017-09727-8
https://doi.org/10.1227/01.NEU.0000170559.48166.AC
https://doi.org/10.1227/01.neu.0000279226.68751.21
https://doi.org/10.1227/01.NEU.000176855.39826.2D
https://doi.org/10.1177/153303460600500306
https://doi.org/10.1562/0031-8655(2001)0730396IVBTDU2.0.CO2
https://doi.org/10.1117/1.3505012
https://doi.org/10.2176/nmc.48.95
https://doi.org/10.1007/s10103-007-0494-2
https://doi.org/10.1002/lsm.20868
https://doi.org/10.1007/s11548-017-1667-5
https://doi.org/10.1364/AO.42.002436
https://doi.org/10.1364/AO.32.003585
https://doi.org/10.1364/AO.40.006389
https://doi.org/10.1117/1.NPh.4.1.011011
https://doi.org/10.1002/lsm.10131
https://doi.org/10.1117/1.3665440
https://doi.org/10.1117/1.JBO.17.7.071311
https://doi.org/10.1364/BOE.6.005063
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

Valdes et al.

Quantitative Fluorescence Image-Guided Neurosurgery

57.

58.

59.

60.

Sibai M, Fisher C, Veilleux I, Elliott JT, Leblond F Roberts DW,
et al. Preclinical evaluation of spatial frequency domain-enabled wide-field
quantitative imaging for enhanced glioma resection. J Biomed Opt. (2017)
22:76007. doi: 10.1117/1.JBO.22.7.076007

van de Giessen M, Angelo JP, Gioux S. Real-time, profile-corrected single
snapshot imaging of optical properties. Biomed Opt Express. (2015) 6:4051-
62. doi: 10.1364/BOE.6.004051

Vervandier J, Gioux S. Single snapshot imaging of optical
properties. Biomed Opt Express. (2013) 4:2938-44. doi: 10.1364/
BOE.4.002938

Hoogstins C, Burggraaf JJ, Koller M, Handgraaf H, Boogerd L, van
Dam G, et al. Setting standards for reporting and quantification in
fluorescence-guided surgery. Mol Immaging Biol. (2019) 21:11-18. doi: 10.1007/
§11307-018-1220-0

Conflict of Interest Statement: PV reports multiple patents on optical
spectroscopy and fluorescence imaging technologies.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2019 Valdes, Juvekar, Agar, Gioux and Golby. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Surgery | www.frontiersin.org

81

June 2019 | Volume 6 | Article 31


https://doi.org/10.1117/1.JBO.22.7.076007
https://doi.org/10.1364/BOE.6.004051
https://doi.org/10.1364/BOE.4.002938
https://doi.org/10.1007/s11307-018-1220-0~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

l\' frontiers
in Oncology

ORIGINAL RESEARCH
published: 13 June 2019
doi: 10.3389/fonc.2019.00513

OPEN ACCESS

Edited by:

David Leslie Carr-Locke,

Weill Cornell Medicine, Cornell
University, United States

Reviewed by:

Balaji Krishnamachary,
Johns Hopkins University,
United States
Massimiliano Cadamuro,
University of Padova, Italy

*Correspondence:
Renato Cannizzaro
rcannizzaro@cro. it

T These authors have contributed
equally to this work

¥ These authors share co-last
authorship

Specialty section:

This article was submitted to
Cancer Imaging and Image-directed
Interventions,

a section of the journal

Frontiers in Oncology

Received: 30 January 2019
Accepted: 29 May 2019
Published: 13 June 2019

Citation:

Capuano A, Andreuzzi E, Pivetta E,
Doliana R, Favero A, Canzonieri V,
Maiero S, Fornasarig M, Magris R,
Cannizzaro R, Mongiat M and
Spessotto P (2019) The Probe Based
Confocal Laser Endomicroscopy
(pCLE) in Locally Advanced Gastric
Cancer: A Powerful Technique for
Real-Time Analysis of Vasculature.
Front. Oncol. 9:513.

doi: 10.3389/fonc.2019.00513

Check for
updates

The Probe Based Confocal Laser
Endomicroscopy (pCLE) in Locally
Advanced Gastric Cancer: A
Powerful Technique for Real-Time
Analysis of Vasculature

Alessandra Capuano ', Eva Andreuzzi'?, Eliana Pivetta’, Roberto Doliana’,
Andrea Favero', Vincenzo Canzonieri?, Stefania Maiero®, Mara Fornasarig?,
Raffaella Magris®, Renato Cannizzaro®*, Maurizio Mongiat'* and Paola Spessotto '*

" Molecular Oncology, Centro di Riferimento Oncologico (CRO), IRCCS, Aviano, ltaly, 2 Pathology, Centro di
Riferimento Oncologico (CRO), IRCCS, Aviano, Italy, * Oncological Gastroenterology, Centro di Riferimento Oncologico
(CRO), IRCCS, Aviano, ltaly

Probe based confocal laser endomicroscopy (pCLE) is an advanced technique which
provides imaging of gastrointestinal mucosa at subcellular resolution and, importantly,
a valid tool for the evaluation of microvasculature during endoscopic examination.
In order to assess intratumoral vascularization and the efficiency of blood flow in
locally advanced gastric cancer, we examined 57 patients through pCLE imaging. The
vascular alterations in gastric cancer were mainly characterized by leakage and by
the presence of tortuous and large size vessels. Defects in blood flow were detected
very rarely. No association between the angiogenic score and the gastric tumor site or
histological type was observed. Interestingly, no correlation was also found with the tumor
grading indicating that the vascular angiogenic anomalies in gastric cancer represent
an early pathological event to be observed and detected. The majority of patients
displayed unchanged vascular alterations following neoadjuvant chemotherapy and this
positively correlated with stable or progressive disease, suggesting that an unaltered
angiogenic score could per se be indicative of poor therapeutic efficacy. Different vascular
parameters were evaluated by immunofluorescence using bioptic samples and the vessel
density did not correlate with clinical staging, site or histologic type. Interestingly, only
CD105, Multimerin-2 and GLUT1 were able to discriminate normal from tumoral gastric
mucosa. Taken together, these findings indicate that functional and structural angiogenic
parameters characteristic of tumor blood network were fully detectable by pCLE.
Moreover, the evaluation of tumor vasculature by real-time assessment may provide
useful information to achieve tailored therapeutic interventions for gastric cancer patients.

Keywords: pCLE, gastric cancer, angiogenesis, angiogenic score, CD31, CD34, CD105, MMRN2
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Gastric Cancer Vasculature and pCLE

INTRODUCTION

Gastric cancer is a major leading cause of cancer-related deaths
and a relative common malignancy (1). Surgical resection of
the tumor represents the approved option to improve patients’
survival (2). At diagnosis, most of the patients display locally
advanced or metastatic disease. To improve their chances they
are treated with palliative chemotherapy, including cisplatin,
docetaxel, oxaliplatin and 5FU, among other drugs (3-5).
Unfortunately, at 5 years from the diagnosis only 10% of
the patients affected by advanced or metastatic gastric cancer
will survive and the median overall survival (OS) is only 1
year (6). Therefore, new therapeutic approaches and more
specific targeted therapies are required for the treatment of
this type of cancer. Angiogenesis, the development of new
blood vessels from pre-existing vasculature, affects tumor growth
and the metastatic dissemination of cancer cells and in the
latest years has gained attention in gastric cancer research as
a promising target (7-9). The angiogenic process is regulated
by a plethora of cytokines and growth factors as well as by
different cell types (10). Tumor cells will not grow beyond
the size of few millimeters unless induce the secretion of
angiogenic factors and the development of blood vessel for
nutrients and oxygen supply. However, the erratic angiogenic
stimulus leads to the formation of an abnormal and not fully
functional vascular network (11). An attractive approach that
has been advanced in the latest years is the normalization
of the aberrant tumor-associated vessels for the induction of
a more efficient vasculature. A normalized vasculature would
allow an improved delivery of drugs within the tumor and
hence a better therapy efficacy (12, 13). One of the major
regulators of angiogenesis is the VEGFA/VEGFR2 signaling
axis and represents a major target for anti-angiogenic therapy
(13, 14). Interestingly, in gastric cancer patients high VEGFA
levels have been associated with reduced survival and increased
tumor aggressiveness (15). Anti-angiogenic therapy in gastric
cancer patients did not so far meet the expectations despite
some improvements have been observed (16). Thus, in order to
improve the efficacy of anti-angiogenic therapy, it is of major
importance to better characterize the vasculature associated with
this tumor type.

The probe based Confocal Laser Endomicroscopy system
(pCLE) is a highly enhanced endoscopic technique constituted by
a confocal scanning microscope integrated into a conventional
flexible endoscope. pCLE provides high quality imaging of
the tissue, with a resolution of approximately 1 micron of the
mucosal layer (17, 18). The main clinical application for which
pCLE was developed includes the real-time histopathological
diagnosis of gastrointestinal lesions. However, in recent
years additional potential application have been proposed
and gained attention such as cancer screening on the basis
of cellular and vascular changes (19-22). In fact, by using
intravenously administered fluorescein sodium (23), images
of vascular network can be clearly detected offering the
possibility to gain information on the characteristics of
gastrointestinal tumor vessels in real time (24). Our group
was among the pioneers in exploiting this new promising

imaging tool to analyze the angiogenesis pattern in patients
with gastric and rectal cancer (25). Unlike conventional
immunohistochemistry, the aim was to provide a prompt
and accurate evaluation of the pattern and efficiency of
intratumoral vessels through a non-invasive technique. The
analyses suggested that pCLE was exceptionally powerful
tool to visualize and characterize the tumor-associated
vasculature. Interestingly, we found that rectal and gastric
cancers were highly angiogenic; however, rectal tumors displayed
a higher percentage of dilated vessels and presence of defective
flow (25).

With the aim of developing new strategies to achieve more
efficacious gastric cancer patient-tailored treatments, in this
study we thoroughly analyze the vascular characteristics of this
type of tumor evaluating the employment of pCLE in the
assessment of intratumoral angiogenesis.

MATERIALS AND METHODS

Patients

For this study 57 patients with locally advanced gastric
cancer were enrolled to undergo endomicroscopy. Written
informed consent was obtained from each patient on the
day of the procedure. The methodologies conformed to
the standards set by the Declaration of Helsinki. This
study was approved by the Institutional Board of CRO-
IRCCS, National Cancer Institute of Aviano (PN), Italy
(IRB no. CRO-2014-03). The clinical evaluations are reported
in Table1l. Patients underwent neoadjuvant multiregimen
chemotherapy (oxaliplatin, capecitabine, and taxane) followed by
surgical resection according to standard guidelines. Laboratory
and pathological results were collected by means of the
Hospital database.

TABLE 1 | Clinic-pathological characteristics of patients.

N° %

GENERAL INFORMATION

All cases 57 100
Males 28 49
Mean age 62

Females 29 51
Mean age 61

HISTOLOGIC TYPE (LAUREN CLASSIFICATION)

Diffuse 30 52.6
Intestinal 27 47.4
TUMOR SITE

Body 35 61
Antrum 14 25
Fundus 5

Cardias 3

STAGING

la-lla 28 51
llla-1v 27 49
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Endoscopy Procedures and pCLE Analyses
pCLE analyses were carried out with GastroFlex UHD probe
(Cellvizio, Mauna Kea Technology, Paris, France) during
gastroscopy (Olympus series 180) and immediately before
endoscopic ultrasonography (Olympus series 160) as previously
described (25). Patients were examined before chemotherapy or
surgical intervention (first pCLE). 13 patients (corresponding
to 23% of all patients) were also examined after chemotherapy
treatment (second pCLE). Images and sequences of the normal
and neoplastic mucosa were taken and the conventional bioptic
samples obtained with macrobiopsy (COOK Medical, Ireland)
at the end of examination. Images were recorded within the
first 10 min following i.v. injection of fluorescein (5ml of a 10%
solution). pCLE images were collected at 12 frames per second
to assure high video quality and a direct visualization on a
single erythrocyte scale. pCLE recordings were performed for
at least 3 min resulting in a real-time imaging of more than 2
thousand frames. Using the videomosaicing function provided
by the analysis software, we also obtained the reconstruction of
the scanned panoramas of the mucosa. The mucosal architecture,
vessel morphology and the efficiency of the blood flow were
evaluated. The images were digitally stored and reviewed with
the dedicated software package (Cellvizio Viewer, Mauna Kea
Technologies) by a single investigator who was blinded to
any clinical, endoscopic, or histopathological information. The
angiogenic score was assigned on the basis of the presence of
tortuous and large sized vessels, the vessels’ leakage and the
presence of defective flow as previously described (25).

Immunofluorescence

For immunofluorescence (IF) analyses on bioptic samples, serial
cryostat sections (7 um) were collected on positively charged
slides (BDH Superfrost Plus), air dried at room temperature (RT)
and fixed with PFA for 15 min. After washing with phosphate-
buffered saline (PBS), the slices were incubated with 0.5% Triton
X-100 in PBS for 5 minutes at RT, saturated with 1% BSA—10%
normal goat serum (DAKO) in PBS for 1h at RT, and stained
ON at 4 °C with the appropriate antibodies. Next, the samples
were washed with PBS and incubated with the appropriate
secondary antibodies and TO-PRO3 to stain the nuclei for 1
hour at RT. After washing with PBS, the slides were mounted in
Mowiol containing 2.5% (w/v) of 1,4-diazabicyclo-(2,2,2)-octane
(DABCO). Images were acquired with a Leica TCS SP8 Confocal
system (Leica Microsystems Heidelberg, Mannheim, Germany),
using the Leica Confocal Software (LCS). The monoclonal anti-
human CD31, CD34, and CD105 antibodies were from Abcam
(Cambridge, UK). The polyclonal anti-human Multimerin-
2 (MMRN2) antibody was produced in our laboratories as
previously described (26); the polyclonal anti-human GLUT
1 antibody was from Millipore (Temecula, CA, USA). The
secondary antibodies conjugated with Alexa Fluor 488, 546 and
TO-PRO-3 were from Invitrogen (Milan, Italy).

Quantification Analyses

Fluorescence intensity and quantification were evaluated by
means of the Volocity software Version 6.1.1 (PerkinElmer
Inc.,Waltham, MA, USA). The expression of CD31, CD34,

CD105, MMRN2, and GLUT1 was calculated as pixel positive
area of at least four 40x acquired fields. Corresponding values
were expressed as mean & SD.

Statistical Analysis

CD31, CD43, CD105, MMRN2, and GLUT1 expression levels
between healthy and tumor mucosa of gastric cancer patients
were compared by the Mann-Whitney non-parametric test.
Relationships between positivity for vascular and angiogenesis
markers and clinic-pathological features were evaluated using
Spearman’s rank correlation coefficient. Results were considered
statistically significant for P-value < 0.05.

RESULTS

PCLE Is a Valuable Tool to Assess the
Properties of Gastric

Cancer-Associated Vasculature

pCLE has been used in the diagnosis of gastric lesions for
the possibility to easily detect with high accuracy the typical
morphological alterations of the mucosal architecture (27-33). In
Figure 1 we report representative reconstructions of the scanned
panoramas of gastric mucosa obtained using the videomosaicing
function which allows the alignment of the input frames. The
differences in both morphological and vascular pattern between
the normal (Figure 1A), atrophic (Figure 1B) and neoplastic
(Figure 1C) gastric mucosa indicate that pCLE is a suitable tool
not only for real time histopathological evaluations, but also
for the assessment of the gastric cancer-associated vasculature.
A thorough and prompt evaluation of the extent and quality
of these vessels is in fact important to identify the patients
that more likely will respond to anti-angiogenic treatment, as
well as to develop new strategies to improve the efficacy of
these treatments in non-responders. To this end we exploited
the pCLE technology to evaluate the presence of tortuous and
large-sized vessels, the presence of vascular leakage, and the
efficiency of the vessels in terms of blood flow. We enrolled
57 patients affected by locally advanced gastric cancer and
assigned an angiogenic score based on the pCLE analyses. The
larger cohort of patients allowed us to confirm with statistical
significance the observations gathered from few patients in a
previous study aimed at comparing the vasculature of rectal
and gastric tumors (25). Representative images of the vascular
aberrations in gastric cancer patients characterized by different
angiogenic scores are shown in Figure 2A (see also Videos S1,
§2). A “3” angiogenic score was assigned to almost 50% of
patients indicating that gastric tumors are characterized by a
remarkably abnormal and unfunctional vasculature. In fact, a “1”
angiogenic score was assigned to only the 11% of all the patients
enrolled (Figure 2B). The most represented abnormalities were
vessel leakage, which was detectable in 55 patients out of 57,
the presence of tortuous vessels in 81% of the cases, and the
presence of large diameter vessels in 67% of the patients. On
the contrary, the presence of aberrant blood flow was detected
only in 5% of the patients (Figure 2C and Video S2). To verify
if the vascular pattern could depend on the clinical stage the
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normal mucosa

atrophic mucosa

neoplastic mucosa

FIGURE 1 | pCLE imaging in gastric mucosa. Representative mosaic
reconstructions obtained from scanned panoramas of normal (A), atrophic (B),
and tumor (C) gastric mucosa. The morphology of regular glands is well
defined in (A); some mild to moderate alterations in morphological epithelium
architecture as well as unstructured vessels are easily observed in (B);
complexity of mucosa with severe cell irregularity and very altered vascular
network are shown in (C). Scale bar = 20 um.

patients were distributed into two categories: Ia-IIb and IITa-IV.
The statistical analyses indicated that there was no association
between angiogenic score and staging (Figure 3A). In fact, the
“2” and “3” angiogenic scores were homogenously distributed in

both categories and the “1” and “4” angiogenic scores were not
assigned to the low or high clinical stages, respectively. Next,
we hypothesized that characteristics of the vasculature could
depend on the tumor site or histological type according to Lauren
classification (34, 35); however, we found that the angiogenic
score did not correlate with these parameters (Figures 3B,C).
A very high homogeneity was detected when we distributed
the patients according to the histological type: no difference in
angiogenic score distribution was observed between diffuse and
intestinal type (Figure 3C). Although not statistically significant,
the group characterized by lesions localized in the antrum
displayed very frequently a “2” angiogenic score (Figure 3D).
Taken together, the results from the pCLE analyses indicated that
locally advanced gastric cancer is characterized by a remarkably
abnormal and unfunctional vasculature.

Neoadjuvant Chemotherapy Does not

Significantly Affect the Vascular Properties
Among the enrolled patients a total of 13 (9 with T3N+ and 4
with T3NO, as evaluated during the first endoscopy) completed
the neoadjuvant chemotherapy program. The subjects were re-
evaluated by pCLE before surgery. These analyses indicated
that the chemotherapy treatment did not significantly affect the
angiogenic score of the tumors, despite a slight improvement
in tumor grading was observed in almost 70% of these patients
(Figure 4). These results suggest that neodjuvant therapy halted
primarily the proliferation of tumor cells without affecting the
properties and extent of the vascular network. Interestingly, these
findings are in line with the fact that no correlation was found
between the results gathered through the pCLE analyses and the
tumor staging (Figure 3A). Given that locally advanced gastric
cancers are characterized by a highly abnormal vasculature, it can
be speculated that the slight efficacy of the treatment may depend
on a poor delivery of chemotherapy within the tumor of stable or
progressive disease patients.

Gastric Cancer Vessels Are Poorly Efficient
and Lead to Increased Intratumoral
Hypoxia

In order to better define the quality of the gastric cancer
associated vasculature we performed IF analyses employing
different vascular markersi.e., CD31, CD34, CD105, Multimerin-
2. Since Multimerin-2 was previously shown to affect HIF-1a
expression (26) we also assessed the hypoxic levels in this tumor.
To this end, we employed GLUT1 as a later maker of hypoxia,
also in the light of the fact that it was recently reported to be a
maker of poor prognosis (36, 37). To this end, during endoscopy
and pCLE examination, bioptic samples of healthy and tumor
mucosa of 33 patients were collected. First, we evaluated which
marker could better detect the vascular density in normal and
tumor gastric mucosa. These analyses are shown in Figure 5
where we report the percentage of positivity relative to the
mucosal area for each vascular marker. The results from these
analyses indicated that, despite the staining for CD31 and CD34
were higher in the tumor mucosa compared to the normal
counterpart, the differences were not statistically significant.
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FIGURE 2 | Angiogenic score in gastric cancer. (A) Representative images from patients displaying different angiogenic scores (from 1 to 4). The altered features of
the tumor vasculature taken into account (leakage, tortuous and large vessels, and aberrant blood flow) are displayed (see also Videos S1, $2). A value of “1” was
assigned to indicate the presence of each vessel feature and a value of “0” for the absence. The angiogenic score is the result of the arithmetical sum of the single
features. (B) Distribution of the angiogenic score among all 57 gastric cancers analyzed. (C) Percentage of gastric cancer patients displaying the morphological and
functional features as defined for the angiogenic score assignment. Aberrant blood flow was rarely detectable whereas leakage and the presence of tortuous vessels
were the most frequent.

On the other hand, CD105 staining was significantly higher in  expression of Multimerin-2, an extracellular matrix glycoprotein
tumor tissues, suggesting that this marker could better measure  specifically expressed by endothelial cells exerting an angiostatic
the vascular density in gastric tumors. We next assessed the  and homeostatic function (26, 38-41). We found a striking loss
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FIGURE 3 | pCLE analysis and patient clinical categories. No statistically significant differences were observed between the score distribution and the tumor staging
(A), histologic type (B), or tumor site (C). Although not statistically significant, the percentage of patients with an intestinal type of gastric cancer and a score “3” is
more associated with a body than an antrum localization (D).

of Multimerin-2 expression in many gastric tumor associated
vessels (Figure 5). Another parameter to verify, even if indirectly,
the vascular efficiency is to measure the extent of hypoxic regions.
To this end, the bioptic samples were stained with GLUT1.
As reported in Figure 5, most of the gastric cancer samples
displayed an increased expression of GLUT1 compared to the
normal counterpart. The relative expression of these markers
was independent from the tumor staging (Figure 6A), similarly
to what observed with the angiogenic score determined by
pCLE analyses (Figure 3A). Also, no correlation between the
markers’ expression and the histological type and tumor site was
detected (Figures 6B,C).

These findings encourage the use of pCLE as a powerful
tool to detect functional aberrations and other anomalies of the
tumor vasculature rather than a mere microscopic system for the
assessment of the vascular density.

DISCUSSION

In this study we assessed the possible employment of pCLE
as a valid clinical tool to evaluate the vascular properties in
gastric cancer. The analyses indicated that this endoscopic
technique is indispensable to provide structural and functional
insights useful to better characterize the tumor vascular network

in locally advanced gastric cancer. Unlike the conventional
immunohistochemical approach, which provides a static
portrayal of the vasculature, pCLE is a technique able to
dynamically visualize the efficiency of the vessels evaluating
the extent of vascular leakage and also the efficiency of blood
flow within the vessels. Despite markers of vascular leakage
are available, such as the erythrocyte marker Terl19, the
staining is difficult to interpret and often not reliable. In fact,
the use of the Ter119 on the gastric cancer samples did not
lead to any detectable specific staining (data not shown). On
the contrary, the use of pCLE allows a clear detection of the
fluorescein staining outside the vascular wall. It is thus possible
to identify the percentage of vessels whose functionality is
compromised and characterized by increased leakage. An
additional information that can be provided exclusively with the
use of pCLE is the efficiency of blood vessels flow. Despite not
very frequently, the pCLE analyses in some occasions detected
the presence of defective blood flow characterized by an erratic
non-directional cell stream. It is conceivable that such vessels
are unable to efficiently transport and distribute the blood as
well the therapeutic drugs within the tumor, thus leading to
increased hypoxia and decreased therapy efficacy, respectively.
We subsequently compared the results from the pCLE analyses
with those obtained with the use of different vascular markers
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FIGURE 4 | pCLE in patients after chemotherapy treatment. (A) Representative pCLE images collected from three patients belonging to three different groups
displaying increased (group a), equal (group b) or decreased (group c) angiogenic score after therapy (second pCLE). (B) Graph showing the angiogenic score
assigned before (first pCLE) and after therapy in 13 gastric cancer patients. Asterisks in the graph indicate the patients whose pCLE images were chosen as
representative in (A). For each patients the corresponding tumor grading or disease progression (prog) before and after therapy is reported both in (A,B).

following the immunohistochemical studies. We found that,
unlike that of CD105, the analysis of the expression of CD31
and CD34 did not lead to a significant increased staining in
gastric tumors, compared to the normal counterpart. Since

CD105 is a marker of immature vessels, it is possible that these
results depend on the fact that this maker is more appropriate
for the detection of the newly formed vessels associated with
tumors, as was previously suggested (42). In line with our
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observations it was also reported that CD34 was universally
expressed in blood vessels within benign and malignant tissues,
whereas CD105 expression was barely detectable in benign
tissues and high in gastric carcinoma (43, 44). No clear role
for CD34 in angiogenesis has been reported so far (45-48). On
the contrary, it has been shown that CD105, as a receptor as

TGE-B, may regulate the role of this cytokine in the angiogenic
process and be more suitable for detecting newborn blood
vessels in gastric and colorectal cancer (49). CD105 expression is
strongly upregulated in various tumor tissues, including colon,
breast, brain, lung, prostate, and cervix (50, 51). Little is known
about the clinical significance of CD105 in gastric carcinomas;
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FIGURE 6 | Angiogenesis markers and patient clinical categories. No statistically significant differences were observed between marker positive staining and tumor
staging (A), histologic type (B), or tumor site (C). For each marker at least four 40x magnified fields were evaluated. The results are expressed as mean + SD.

however, Nikiteas et al. have shown that VEGF and CD105
were involved in lymph node metastasis and acted as valuable
indicators of the prognosis (52). The fact that high CD105 levels
did not correlate with pCLE-based high angiogenic score may
depend on the fact that vascular efficiency and stability is affected
by several factors being controlled by cytokines, receptors
and extracellular matrix components as well as mural cells.
Thus, a comprehensive analysis of the proteins and pathways
affecting vascular efficiency could be difficult and laborious
to perform. On the contrary, the results obtained through the
pCLE analyses provide information on the quality and efficiency
of the vasculature independently from the molecular cause. In
addition, an important advantage of the use of this tool is that
the analyses precede the pathology investigations, thus providing
a prompt information. We subsequently analyzed the expression

of Multimerin-2, an extracellular matrix glycoprotein involved
in the maintenance of vascular stability function. We found that
many gastric cancer samples displayed loss of Multimerin-2.
Since Multimerin-2 is a homeostatic molecule we hypothesize
that vessels displaying low expression of this molecule are
less efficient. However, no correlation was found between
Multimerin-2 expression and the pCLE-based angiogenic score.
This could be due to the fact that, as commented for the
other vessel markers, vascular efficiency is affected by several
molecules. In addition, the IF analyses are performed only in a
small area of the tumor. Given the heterogeneity of the tumors
it is likely that a more reliable analysis of the expression of the
markers should be performed in several areas of the tumor.
Interestingly, a stronger association was found between the
results from the pCLE analyses and the expression of GLUT1.
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Indeed, the presence of abnormal, leaky and poorly perfused
vessels, independently from the molecular cause, and the
consequent lack of sufficient oxygen supply lead to increased
hypoxia and the establishment of an exacerbated mutagenic
tumor microenvironment (13). The vascular alterations recorded
by pCLE as well as the expression of angiogenic markers did not
correlate with clinical staging, histological type and tumor site.
Our previous observations indicated that high angiogenic scores
as assessed by pCLE analyses associated with tumor progression
more in rectal than in gastric cancer patients (25). The larger
cohort taken into account in this study confirmed and reinforced
these observations.

To better characterize the vasculature associated with gastric
cancer is a required clinical need not only to predict which
patients will respond to anti-angiogenic therapy, but also
to develop new strategies to overcome resistance. The anti-
angiogenic drugs employed in gastric cancer clinical trials mainly
target VEGFA such as the monoclonal humanized antibody
bevacizumab, or the VEGFR2, in particular ramucirumab and
selective tyrosine kinase inhibitors such as sunitinib, sorafenib
and apatinib. According to a very recent systematic review and
meta-analysis the addition of anti-VEGFR2 targeting agents to
the first- or second-line chemotherapy could prolong patient’s
OS and PFS in advanced or metastatic gastric cancer (16). The
study also highlighted the inefficacy of anti-VEGFA therapy in
this type of tumor, unlike what observed in other type of cancers
(53-56). Thus, to better characterize the quality of the gastric
cancer-associated vasculature by pCLE may grant the possibility
to predict which patients will be more likely to respond to anti-
angiogenic therapy, sparing the others from costly ineffective
treatments and side effects. In addition, the comparative results
from the pCLE and IF analysis may open new avenues toward
the development of new strategies to circumvent anti-angiogenic
therapy resistance.
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Min S. Park, Petr Tvrdik and M. Yashar S. Kalani*
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Establishing blood vessel patency in neurovascular surgery is an essential component in
treating cerebrovascular disorders. Given the difficulty in confirming complete obliteration
of the aneurysm sac, ICG videoangiography has emerged as an intraoperative tool that
provides neurosurgeons immediate feedback on the status of vessel flow, allowing for
surgical modifications to be made without delay. ICG initially emerged as a tool for
assessing hepatic, cardiac, and retinovascular function. It is an inert compound with a
high affinity for plasma proteins and fluorescence properties making it the ideal candidate
for assessment of vessel patency in neurovascular procedures. Requiring only a bolus
peripheral vein injection and integration of a near-infrared imaging device into the surgical
microscope, ICG can be visualized without disrupting operating room workflow or the
surgical field. Quick response time, high-spatial resolution, and low complication rates are
features of ICG videoangiography that prove advantageous when compared to the gold
standard intra- and postoperative digital subtraction angiography (DSA). Despite this, ICG
is not without limitations, specifically in the setting of atherosclerotic vessels, giant, and
complex aneurysms. Additionally, there are instances where DSA may prove superior
in detecting vessel stenosis and outflow obstruction, prompting the recommendation
of ICG as an adjunct to, rather than complete replacement of DSA. In this article, the
authors provide a brief overview of the biochemical properties and historical origins of ICG
viedoangiography in addition to discussing its current application in aneurysm surgery.

Keywords: cerebral aneurysm, indocyanin green, digital subtraction angiogram, surgical microscope, near
infra-red

INTRODUCTION

Indocyanine green (ICG) is a fluorescent compound that has been utilized for decades in a variety
of medical applications. Originally approved by the Food and Drug Administration in 1956,
ICG was initially used to evaluate cardiac and hepatic function and later gained extensive use in
ophthalmology where it was used to enable angiography (1, 2). More recently, it has been used to
enhance tissue visualization in oncology, plastic surgery, neurosurgery, and other fields (3).
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Given that the physical properties of ICG may be utilized
to facilitate vascular imaging, the utility of ICG angiography in
cerebrovascular surgery has become quite apparent.

The first description of ICG angiography for aneurysm
surgery was in 2003, where Raabe et al. assessed the feasibility
and quality of ICG videoangiography in assessing patency of
arterial and venous vessels and exclusion of aneurysm sacs (4).
In their study, the ability to visually inspect vessel patency with
intraoperative ICG angiography allowed for real-time surgical
changes that significantly altered the surgical course in a number
of cases. Given the importance of maintaining tissue perfusion in
neurovascular surgery and the difficulty associated with ensuring
complete obliteration of an aneurysm, a number of studies have
since explored and championed the utility of ICG angiography
in aneurysm surgery (2, 5-12) as well as in other neurosurgical
settings, such as resection of AVMs and AVFs (13-15), vascular
bypass surgery (16), and tumor resection (17). With regards
to aneurysm surgery, ICG angiography is often contrasted
with other intraoperative monitoring techniques such as digital
subtraction angiography (DSA) (5), intraoperative computed
tomography (6), and microvascular doppler sonography (7),
with these studies concluding that ICG angiography should
complement rather than replace these alternative imaging
methods. In this review, the authors discuss the biochemical
properties of ICG dye, provide a brief history of its use in the
medical setting, as well as discuss methodology and current
applications in aneurysm surgery while considering both the
advantages and limitations of this technique.

BIOCHEMICAL PROFILE
AND PROPERTIES

Indocyanine green (Figure1) is a water-soluble, odorless or
near odorless tricarbocyanine dye with a strong affinity for
plasma proteins (primarily albumin and o- and B-lipoproteins)
(1, 19, 20). Once administered, ICG remains 98% bound to
plasma proteins; this intravascular sequestration of the dye allows
blood vessels to be easily visualized using fluorescence imaging
techniques. ICG molecules have a spectral absorption range of
750-800 nm, with a peak emission occurring at approximately
832nm (1, 3, 21). The range of light wavelengths where biological
tissue absorption and scattering are minimum is between 650
and 900 nm, otherwise known as the biological “optical window”
(3, 22). As a result, light has maximal tissue penetration at this
range of wavelengths. As both the excitation and fluorescence
wavelengths of ICG lie within the tissue optical window, the dye
may be seen beneath several layers of tissue (3, 21). Furthermore,
due to minimal light absorption at this wavelength, tissues
have a low degree of near infra-red (NIR) autofluorescence in
comparison with ICG, resulting in stark contrast of the dye.

ICG is a relatively safe, nontoxic compound with a lethal
dosage (LDs) of 50-80 mg/kg. With a typical ICG angiography
dose of 0.2-0.5 mg/kg (21), adverse events are seen in <0.1%
of patients (primarily hypotension, tachycardia, and urticarial
reactions in iodide allergic patients). The dye is quickly removed
from circulation by the liver, mostly clearing within 10-20 min

(1, 2). Experiments suggest that ICG is excreted exclusively by
the liver into bile with no known metabolites (23).

HISTORICAL CONTEXT

Originally introduced for NIR photography by Kodak research
laboratories in 1955, ICG was approved for clinical use by the
FDA just a year later in 1956 (23). ICG was initially utilized
for quantitative measurements in assessing liver function, in the
field of cardiology for determining cardiac output in valvular and
septal defects (24), and eventually in the field of ophthalmology
beginning in the 1970s (3). The first application of ICG in
cerebrovascular angiography was experimentally performed on
exposed dog brain, reported by Kogure et al. (25). In this
study, a wide parietotemporal craniotomy was performed with
ICG dye being injected into the left thyroid artery allowing
for gross visualization of the middle cerebral artery (MCA)
distribution. The authors heralded the “simplicity of technique
and employment of standard equipment” noting “it is entirely
feasible that a photographic setup such as described in this article
could be easily moved into the neurosurgical operating suite.”
Their prediction would reign true and was made even more
feasible given the technological advancements that occurred in
the following decades since their experiment was performed.
This includes visualizing ICG fluorescence through a surgical
microscope as described by Kuroiwa et al. (26), where they
reported clear visualization of human brain surface vessels
through the dura mater after intravenous injection of ICG.

The first description of NIR videoangiography using ICG
dye for intraoperative visualization in aneurysm surgery was
described in 2003. Raabe et al. (4) noted that in three cases, the
ICG angiographic findings significantly changed the course of
the surgical procedure, thereby suggesting that this technique
may be implemented as an adjunct in neurovascular procedures
(Figure 2). In addition, the ICG angiography results were noted
to be comparable to DSA in elucidating patency of all vessel
types, including small and perforating arteries (<0.05 mm). The
integration of NIR technology into the operating microscope
would set the stage for ICG videoangiography in neurovascular
surgery in the twenty-first century.

TECHNIQUE

Dosage

The recommended dose of ICG injected peripherally for
angiography is between 0.2 and 0.5 mg/kg, not to exceed a
maximum dose of 5 mg/kg. The standard dose is injected into
a peripheral vein as a bolus of 25 mg dissolved in 5ml of water
(2, 3). Within 1-2s following injection, the ICG dye binds to
plasma proteins and has a plasma half-life of 3-4 min. After
10 min, a repeat dose can be administered or until after the ICG
dye clears (2). Caloric restriction has been shown to increase
plasma clearance at doses below 0.5 mg/kg (27).

Microscopy
The technical integration of ICG videoangiography into the
optical path of the surgical microscope was first described
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aneurysm from the circulation (C).

FIGURE 2 | Middle cerebral artery aneurysm with the neck dissected and clear view of the parent vessel, and its two branches (A), after retraction showing the neck
of the clipped MCA aneurysm (B), and intraoperative ICG videoangiography showing the patency of the branches of the MCA and complete exclusion of the

by Raabe et al. (21) and implemented by Carl Zeiss Co.
(Oberkochen, Germany). Given that its fluorescent wavelength
is in the near-infrared (NIR) spectrum (700-2,500 nm), the dye
cannot be seen by the naked eye, and a NIR imaging device
must be available to allow vessel visualization. A simple ICG
device consists of a NIR light source, an NIR sensitive sensor, and
filters used to block light at other wavelengths (3, 21). This allows
users to obtain high-resolution NIR images without ambient
and excitation light interference. A light source illuminating the
operative field has a wavelength comprising the ICG absorption
band (range 700-850 nm, peak 805nm). The setup entails a
uniquely designed dielectric filter that allows passage of light
in the NIR wavelength that fits the exact absorption band of
ICG. An integrated beam splitter in the microscope directs the
ICG fluorescence light (range 780-950 nm, peak 835 nm) toward
a black-and-white camera, with an observation band-pass filter
being used to detect the ICG fluorescence (21).

CURRENT APPLICATIONS

The neurosurgeon’s goal for aneurysm surgery is complete
exclusion of the aneurysm from the circulation while preserving
the parent, perforating, and branching vessels. To achieve

this, many intraoperative monitoring techniques, such as
microvascular Doppler, monitoring of somatosensory and
motor evoked potentials, DSA, and more recently ICG
videoangiography, may be utilized. Since the publication
of Raabe et al. (4), ICG has been greatly studied and many
publications have shown its importance in the microsurgical
management of aneurysms; consequently, ICG has become
a widely commonplace tool for identification of mis-clipping
in aneurysm surgery despite DSA being considered the gold
standard technique for intraoperative monitoring in aneurysmal
clipping (2, 11, 21, 28, 29). However, intraoperative DSA
may be challenging to implement in many centers worldwide
due to its requirement of large logistical support, high cost
burden, prolonged time frame, and invasive nature. In contrast,
ICG is noninvasive with a lower cost burden and quicker
image acquisition.

In a prospective two-center trial published in 2005, Raabe
et al. (2) directly compared surgical microscope-based ICG
videoangiography with intra- or postoperative DSA after
aneurysm clipping. The authors described several advantages,
including a lower complication rate (0.1% vs. 0.4-2.6%),
a faster time frame of 2min, and higher-spatial resolution
that allows for observation of small perforators or cortical
arteries of submillimeter diameter that cannot be assessed
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preservation of the perforators (C).

FIGURE 3 | This basilar tip aneurysm was exposed using a modified orbitozygomatic approach. The perforators arising from the posterior aspect of the basilar apex
and P1 can be visualized (A). These perforators are dissected from the aneurysm dome and excluded from the clip construct (B). Post clip ICG demonstrates

with intraoperative DSA. ICG angiography was reported to
be limited in the setting of atherosclerotic or calcified vessels,
thrombosed aneurysms, and giant or complex aneurysms;
although, ICG disclosed remnant aneurysms mainly in
atherosclerotic aneurysms (p < 0.05) (30). In cases where ICG
angiography missed stenotic vessels, they were found to be
likely hemodynamically irrelevant as seen on postoperative
DSA. Overall, a correlation of 90% was reported between
ICG and DSA, with the authors reporting no cases where
inconsistent findings on postoperative DSA lead to reopening
and repositioning of the clip (2).

One major utility of ICG is its ability to confirm microsurgical
anatomy in a variety of aneurysm cases. de Oliveira et al. (31)
have described their experience with 93 ICG videoangiography
studies for monitoring the flow in perforating arteries (Figure 3)
during intracranial aneurysm surgery. They concluded that ICG
videoangiography was able to visualize, during the surgical
procedure, the small perforating arteries that cannot be detected
by intraoperative DSA (31). In addition, Nagai et al. (32) reported
a rare case of a ruptured dissecting aneurysm in the A1 segment.
Using ICG, the lateral and medial groups of the basal perforating
arteries of the anterior communicating artery complex of the
ACA were identified prior to clipping, thereby minimizing the
risk of complications related to occluding perforator vessels.
Other series have been published that further corroborate these
findings (8-14, 16, 17, 28, 33-35).

ADVANTAGES AND LIMITATIONS

In concordance with the benefits stated earlier, Sharma et al.
(11) demonstrated in 112 patients an 8% clip repositioning
rate during surgery after the use of ICG videoangiography,
elucidating the clear advantage of having ICG available for
use. Despite this, a disagreement between ICG and DSA was
observed in 4% of the cases (5 cases—2 patients with anterior
communicating aneurysms and ophthalmic ICA aneurysms and
1 middle cerebral artery bifurcation), with discordance being
significant higher in ophthalmic ICA when compared with other
aneurysm locations (p = 0.04; OR = 10.8). Dashti et al. (36)
in their series of 239 patients found the rate of unexpected
neck residuals to be about 6%; however, neck residuals were

significantly more frequent in deep-sited aneurysms (64%). They
ultimately concluded that ICG videoangiography is a reliable
intraoperative tool for aneurysm surgery, with the exception of
giant, complex, and deep-sited aneurysms.

Limitations of ICG videoangiography include trouble
visualizing aneurysm residuals after clipping when compared
with DSA, inability to visualize areas outside the field of the
microscope, and difficulty visualizing of arteries at the depth of
the surgical field and residual neck in calcified and thrombosed
aneurysms. While Raabe et al. (2) report ICG videoangiography
can be used as an independent form of angiography, the
majority of other studies recommend this technique as an
alternative to or as complementary to intraoperative DSA
during aneurysm surgery. In fact, a recent systematic review
meta-analysis concluded that ICG videoangiography should
serve only a complementary role to DSA rather than fully
replace it given a 6.1% rate of mis-clippings not detected by
ICG angiography among 1,465 clipped aneurysms as compared
to a 4.5% rate of mis-clippings not detected by DSA among
849 clipped aneurysms (5). While not as precise as DSA, the
greatest advantage of ICG videoangiography is that it provides
real-time information regarding aneurysmal exclusion from the
circulation, as well as patency of parent and branch vessels. If
necessary, clip repositioning can be performed within minutes
given the immediate visual feedback of ICG. Additionally, ICG is
susceptible to false negatives further pointing toward its role as
an adjunct to DSA (37-39).

FUTURE DIRECTIONS

Given the advantages and ease of use of ICG videoangiography,
the dearth of studies examining its utility in other neurovascular
procedures suggests that it may be underutilized for these
procedures. Examples of these surgeries include ablation
of arteriovenous malformations and fistulas along with
manipulation and resection of highly vascularized tumors and
lesions. The scarcity of data examining ICG videoangiography
for these procedures may be a result of their infrequent
incidence. Nonetheless, reports on the nuances of employing
ICG videoangiography in these procedures may help to further
define its specific roles and situational uses. We encourage
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groups to publish their techniques and experiences with ICG
videoangiography in these areas.

One limitation of ICG videaoangiography is its inability to
provide information on unexposed vessels. In order to bypass
this limitation, several groups have interfaced the indocyanine
NIR imaging technology to neuroendoscopes (8, 40-43). The
ICG videoangiography-neuroendoscope may extend the benefits
of ICG videoangiography to deep seated lesions and other
difficult to visualize vessels without expanding the dissection.
Cho et al. (41) report higher detection rates of branch orifices
and more exact clip position with the ICG videoangiography-
neurendoscope compared with commercial microscopic ICG
videoangiography. Another mechanism by which the line of
sight limitation has been addressed is with integration of ICG
angiography and robotic surgery. The union of ICG angiography
with robotic surgery has proven to be valuable in other
disciplines such as surgical oncology, (44) demonstrating that this
technology is feasible.

In addition to extending ICG videoangiography to lesions
and vessels not readily exposed, the robotic system has other
benefits which could improve aneurysm surgery. The computer
of the robotic console allows additional information to be
integrated and simultaneously displayed intraoperatively (44),
and the increased precision of movements and ability to
navigate narrow anatomical cavities may allow access to deep
seated lesions while minimizing brain retraction and dissection.
Thus, the expansion of robotics into neurosurgery may be
a novel method to incorporate NIR imaging technology and
use ICG videoangiography to examine vasculature that is not
immediately exposed.

A known drawback to ICG videoangiography is its poor
ability to visualize thrombosed, calcified, and buried vessels and
aneurysms. This may be in part due to the relatively modest
tissue penetration by light at these wavelengths in comparison
to other wavelengths. Contrast between ICG and surrounding
tissue indeed stems from the fluorescent wavelengths of ICG
lying within the tissue optical window. However, Smith et al.
(45) discuss the existence of a second optical window, with the
first window spanning from 650 to 950 nm and the second from
1,000-1,350 nm. They further state that the first window may not
be optimal due to tissue autofluorescence producing substantial
background noise and the tissue penetration depth being limited
to between 1 and 2 cm. Indocyanine green fluorescing in this
first window may significantly detract from the visual quality of
ICG angiography. Image acuity may therefore be optimized by
utilizing compounds that fluoresce in second optical window.
Smith et al. (45) cite simulations and modeling studies suggesting
that improvement of signal-to-noise ratios by over 100-fold is
possible by using quantum dot fluorophores that emit light

at 1,320nm as opposed to 850 nm. However, currently tested
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Confocal laser endomicroscopy (CLE) allow on-the-fly in vivo intraoperative imaging in
a discreet field of view, especially for brain tumors, rather than extracting tissue for
examination ex vivo with conventional light microscopy. Fluorescein sodium-driven CLE
imaging is more interactive, rapid, and portable than conventional hematoxylin and eosin
(H&E)-staining. However, it has several limitations: CLE images may be contaminated
with artifacts (motion, red blood cells, noise), and neuropathologists are mainly trained
on colorful stained histology slides like H&E while the CLE images are gray. To improve the
diagnostic quality of CLE, we used a micrograph of an H&E slide from a glioma tumor
biopsy and image style transfer, a neural network method for integrating the content
and style of two images. This was done through minimizing the deviation of the target
image from both the content (CLE) and style (H&E) images. The style transferred images
were assessed and compared to conventional H&E histology by neurosurgeons and
a neuropathologist who then validated the quality enhancement in 100 pairs of original
and transformed images. Average reviewers’ score on test images showed 84 out of 100
transformed images had fewer artifacts and more noticeable critical structures compared
to their original CLE form. By providing images that are more interpretable than the original
CLE images and more rapidly acquired than H&E slides, the style transfer method allows
a real-time, cellular-level tissue examination using CLE technology that closely resembles
the conventional appearance of H&E staining and may yield better diagnostic recognition
than original CLE grayscale images.

Keywords: confocal laser endomicroscopy, fluorescence, digital pathology, brain tumor imaging, deep learning,
image style transfer

INTRODUCTION

Confocal laser endomicroscopy (CLE) is undergoing rigorous assessment for its potential to assist
neurosurgeons to examine tissue in situ during brain surgery (1-5). The ability to scan tissue or
surgical resection bed on-the-fly essentially producing optical biopsies, compatibility with different
fluorophores, miniature size of the probe and the portability of the system are essential features
of this promising technology. Currently, the most frequent technique used for neurosurgical
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intraoperative diagnosis is examination of frozen section
hematoxylin and eosin (H&E)-stained histology slides.

Figure 1A shows an example image from a glioma acquired by
CLE (left) and a micrograph of an H&E slide (right), acquired by
conventional light microscopy. Although generating CLE images
is much faster than H&E slides (1 s per image compared to about
20 min per slide), many CLE images may be non-optimal and can
be obscured with artifacts including background noise, blur, and
red blood cells (6). The histopathological features of gliomas are
often more identifiable in the H&E slide images compared to the
CLE images generated using non-specific fluorescent dyes such as
fluorescein sodium (FNa). Neuropathologists as well are used to
evaluating detailed histoarchitecture colorfully stained with H&E
for diagnoses, especially for frozen section biopsies. Fluorescent
images from intraoperative neurosurgical application present a
new digital gray scale (monochrome) imaging environment to
the neuropathologist for diagnosis that may include hundreds
of images from one case. Recently, the U.S. FDA has approved
a blue laser range CLE system primarily utilizing FNa for use
in neurosurgery.

Countervailing these diagnostic and visual deficiencies in
CLE images requires a rapid, automated transformation that
can: (1) remove the occluding artifacts, and (2) add (amplify)
the histological patterns that are difficult to recognize in the
CLE images. Finally, this transformation should avoid removing
the critical details (e.g., cell structures, shape) or adding
unreal patterns to the image, to maintain the integrity of the
image content. Such a method may present “transformed” CLE
images to the neuropathologist and neurosurgeon that may
resemble images based on familiar and standard, even colored,
appearances from histology stains, such as H&E.

One method for implementing this transformation could
be supervised learning, however, supervised learning requires
paired images (from the same object and location) to learn the
mapping between the two domains (CLE and H&E). Creating
a dataset of colocalized H&E and CLE images is infeasible
because of problems in exact co-localization and intrinsic tissue
movements, although small, and artifacts introduced during
H&E slide preparation. “Image style transfer;” first introduced by
Gatys et al. (7), is an image transformation technique that blends

generated from non-specific FNa application during glioma
surgery appear like standard H&E-stained histology and evaluate
the accuracy and usefulness. We used the image style transfer
method since it extracts abstract features from the CLE and
H&E image that are independent of their location in the image
and thus can operate on the images that are not from the
same location. More details about the image style transfer
algorithm and the quality assessment protocol follow in section
Methods. Our results from a test dataset showed that on average,
the diagnostic quality of stylized images was higher than the
original CLE images, although there were some cases where the
transformed image showed new artifacts.

METHODS
Image Style Transfer

Image style transfer takes a content and style image as input
and produces a target image that shows the structures of
the content image and the general appearance of the style
image. This is achieved through four main components: (1)
a pretrained CNN that extracts feature maps from source
and target images, (2) quantitative calculation of the content
and style representations for source and target images, (3) a
loss function to capture the difference between the content
and style representation of source and target images, and
(4) an optimization algorithm to minimize the loss function.
In contrast to CNN supervised learning, where the model
parameters are updated to minimize the prediction error, image
style transfer modifies the pixel values of the target image
to minimize the loss function while the model parameters
are fixed.

A 19-layer visual geometry group network (VGG-19), that is
pretrained on ImageNet dataset, extracts feature maps from CLE,
H&E, and target images. Feature maps in layer “Conv4_2" of
VGG-19 are used to calculate the image content representation,
and a list of gram matrices from feature maps of five layers
(“ReLUI_17, “ReLU2_17, ..., “ReLU5_1") are used to calculate
the image style representation. To examine the difference
between the target and source images, the following loss function
was used:

5

1 P . . . 2
Losstoal = 5 Z (CCLE - CTarget) + a X Z wh x Z (Si‘—I&E - SlTarget)

i=1

Content Loss: difference
between content
representation of the
CLE and target image

the content and style of two separate images to produce the target
image. This process minimizes the distance between feature maps
of the source and target images using a pretrained convolutional
neural network (CNN).

In this study, we aimed to remove the inherent occlusions
and enhance the structures that were problematical to recognize
in CLE images. Essentially, we attempted to make CLE images

Style Loss: difference
between style
representation of the H&E
and target image

Ccrg and Cryypger are the content representations of the CLE
are the style representations

and target image, S}, and SiTarget
of the H&E and target image based on the feature maps of the i
layer, and w' (weight of i?" layer in the style representation) equals
0.2. The parameter o determines relative weight of style loss in
the total loss and is set to 100. A limited memory optimization

algorithm [L-BFGS (8)] minimizes this loss.
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tumors, in 4 color coding: gray, green, red, intact H&E.

FIGURE 1 | (A) Representative CLE (Optiscan 5.1, Optiscan Pty., Ltd.) and H&E images from glioma tumors. (B) Original and stylized CLE images from glioma

For the experiment, 100 CLE images [from a recent study by
Martirosyan et al. (5)] were randomly selected from 15 subjects
with glioma tumors as content images. A single micrograph
of an H&E slide from a glioma tumor biopsy of a different
patient (not one of the 15 subjects) was used as the style image
(Figure 1A, right). For each CLE image, the optimization process
was run for 1,600 iterations and the target image was saved
for evaluation and referred to as the “stylized image” in the
following sections.

Evaluation

Although the stylized images presented the same histological
patterns as H&E images and seemed to contain similar structures
to those present in the corresponding original CLE images,
a quantitative image quality assessment was performed to
rigorously evaluate the stylized images. Five neurosurgeons
independently assessed the diagnostic quality of the 100 pairs of
original and stylized CLE images. For each pair, the reviewers
sought to examine two properties in each stylized image and
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provided a score for each property based on their evaluation: (1)
whether the stylization process removed any critical structures
(negative impact) or artifacts (positive impact) that were present
in the original CLE image, and (2) whether the stylization
process added new structures that were not present (negative
impact) or were difficult to notice (positive impact) in the
original CLE image. The scores are between 0 and 6 with the
following annotations: 0, extreme negative impact; 1, moderate
negative impact; 2, slight negative impact; 3, no significant
impact; 4, slight positive impact; 5, moderate positive impact;
and 6, extreme positive impact (Further information and
instructions about the quality assessment survey is available in
the Supplementary Materials).

Since the physicians were more familiar with the H&E
than the CLE images, it was possible that the reviewers would
overestimate the quality of stylized images merely due to their
color resemblance to H&E images (during style transfer the color
of CLE image is also changed to pink and purple). To explore
how the reviewers’ scores would change if the stylized images
were presented in a different color other than the pink and purple
(the common color for H&E images), the stylized images were
processed in four different ways: (I) 25 stylized images were
converted into gray-scale images (averaging the three red, green,
and blue channels), (II) 25 stylized images were color-coded in
green (first converted the image to gray-scale and then set red and
blue channels to zero), (III) 25 stylized images were color-coded
as red (similar approach), and (IV) 25 stylized images were used
without any further changes (intact H&E). Since there are too
many structures in each CLE image, and to examine the images
more precisely, we used the center-crop of each original CLE and
its stylized version for evaluation. Figure 1B shows some example
stylized images used for evaluation.

RESULTS AND ANALYSIS

Figure 2A shows a histogram of all reviewers’ scores for the
removed artifacts (blue bars) and added structures (orange bars)
in the stylized images with different colors. Overall, the number
of stylized CLE images that have higher diagnostic quality than
the original images (score >3) was significantly larger than
those with equal or lower diagnostic quality for both removed
artifacts and added structures scores (one-way chi square test
p < 0.001). Results from stylized images that were color-coded
(gray, green, red) showed the same trend for the added structures
scores, indicating that the improvement was not just because of
color resemblance.

There was significant difference between how much the model
added structures and removed artifacts. For all the color-coded
and intact stylized images, the average of added structures
scores was larger than the removed artifacts scores (¢-test p <
0.001). This suggests that the model was better at enhancing
the structures that were challenging to recognize than removing
the artifacts.

Figure 2B shows the frequency of different combinations of
scores for removed artifacts and added structures in an intensity
map. Each block represents how many times a rater scored an

image with the corresponding values on the x (improvement by
added structures) and y (improvement by removed artifacts) axes
for that block. The most frequent incident across all the stylized
images is the coordinates (5,4), which means moderately adding
structures and slightly removing artifacts, followed by (5,5)
meaning moderately adding structures and removing artifacts.
Although the intensity maps derived from different color-coded
images were not exactly similar, the most frequent combination
in each group still indicated positive impact in both properties.
The most frequent combination of scores, for each of the color-
coded images, was as follows: gray = (5,4), green = (5,5), red =
(5,4), and intact = (5,4).

As a further analysis, we counted the number of images
that had an average score of below three to see how often the
algorithm removed critical structures or added artifacts that were
misleading to the neurosurgeons. From the 100 tested images,
3 images had only critical structures removed, 4 images had
only artifacts or unreal added structures, and 2 images had
both artifacts added and critical structures removed. On the
contrary, 84 images showed improved diagnostic quality through
both removed artifacts and added structures that were hard to
recognize, 6 images had only artifacts removed, and 5 images had
only critical structures added. Figure 1B shows some example
stylized images with improved quality compared to the original
CLE, and Figure 2C shows two stylized images with decreased
diagnostic quality through removed critical structures (top) and
added artifacts (bottom).

DISCUSSION

In this study, image style transfer method was used to improve
the diagnostic quality of CLE images from glioma tumors by
transforming the histology patterns in CLE images of fluorescein
sodium-stained tissue into the ones in conventional H&E-stained
tissue slides. From the 100 test images, 90 images showed
reduced artifacts and 89 images showed improvement in difficult
structures (more identifiable) after the transformation, confirmed
by five neurosurgeon reviewers. Similar results in color coded
images (gray, green, red) suggested that the improvement was not
solely because of the color resemblance of stylized images to the
H&E slide images. The same method could be used to transform
CLE videos as shown in the Supplementary Materials.

In a related study by Gu et al. (9), cycle-consistent generative
adversarial network (CycleGAN) was used as a data synthesis
method to overcome the limited size of dataset in probe-based
CLE (pCLE). A real dataset of pCLE images and histology slide
images were used to train a generative model that transformed
the histology slide images into pCLE. The pCLE dataset was
then augmented with the synthesized images to train a computer
aided diagnostic system for classification of breast lesions that are
stained with acriflavine hydrochloride. However, for use in the
in vivo brain, fluorophores are currently extremely limited—only
three are approved: 5-ALA, indocyanine green, and fluorescein
sodium. Currently CLE in the brain only uses fluorescein sodium.
Each of these fluorophores yields completely unique unrelated
appearances. However, our aim was to evaluate the diagnostic
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FIGURE 2 | (A) Histogram of scores for added structures and removed artifacts from different color—coded images. (B) An intensity map showing the frequency of
different combinations of scores for adding structures (x axis) and removing artifacts (y axis). (C) Two example images that the stylization process removed some
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quality of images that are obtained using fluorescein sodium
stained biopsy tissue of brain lesions acquired during intracranial
surgery. Fluorescein sodium is a non-specific stain which collects
in the tissue background or extracellular space, thus does not
produce images such as are stained with acriflavine, which is
more specific and stains intracellular structures. Such a situation
using fluorescein is thus even more of a diagnostic challenge and

for transforming patterns from the CLE image domain to one of
the familiar H&E histopathology images.

Although other studies have used CycleGAN for medical
domain adaptation (9-11), none has applied “image style
transfer” method for transforming CLE to H&E. Despite
CycleGAN requirement of many images from both modalities
(CLE and H&E) to train the model, image style transfer
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can produce transformed images with a single image of each
modality. This aspect of efficiency may have an important impact
in surgery or pathology interpretation where there is a limited
number of images available. Such an aspect of efficiency may
lend itself better for inclusion into the CLE operating system for
automated decision-making.

The purpose of our study was to evaluate the impact of image
style transfer on the diagnostic quality of CLE brain and brain
tumor (glioma) images from the neurosurgeons’ perspectives.
While studies like (9) explore the impact of synthesized data
on computer-aided diagnostic methods, our study focused on
improving the quality of CLE images from the physician point of
view. Due to the intrinsic differences and mechanical limitations
between the intraoperative CLE with a field of view of only
400 microns, neurosurgical biopsy instruments that acquire
about 1mL of tissue at minimum, normal physiologic brain
movements, and light microscopy imaging of histology sections
and slides, it is nearly impossible to image and correlate the same
exact location with the two modalities. This limited us to compare
the transformed CLE images with the potential real H&E stained
sections of the same area, using measures such as structural
similarity as performed by Shaban et al. (11) in their study.
Indeed, the only available ground truth is the original CLE image
(before transformation) which could be used to examine if any
critical structures are removed or if unreal cellular architecture
is added.

CONCLUSIONS

In this study, image style transfer was applied to CLE images
from gliomas to enhance their diagnostic quality. Style transfer
with an H&E-stained slide image had an overall positive impact
on the diagnostic quality of CLE images. The improvement
was not solely because of the colorization of CLE images;
even the stylized images that were converted to gray, red, and
green, reported improved diagnostic quality compared to the
original CLE images. Employment of more specific clinical tasks
to explore the advantage of stylization in diagnosing gliomas
and other tumor types is underway based on this preliminary
success. The fact that the style transfer is based on permanent
histology H&E, provides an intraoperative advantage. Initial
pathology diagnosis for brain tumor surgery is usually based
on frozen section histology, with formal diagnosis awaiting
the inspection of permanent histology slides requiring one to
several days. The style transfer is based on rapidly acquired,
on-the-fly (i.e., real time) in vivo intraoperative CLE images
that most resemble the permanent histology; therefore, it is a
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Intraoperative assessing and postoperative monitoring of the viability of free flaps is of
high relevance in reconstructive microsurgery. Today different methods for the evaluation
of tissue perfusion are known. Indocyanine Green angiography is an emerging technique
among plastic surgeons with a broad scope of applications especially in microsurgical
free flap transfer. We demonstrate the value and clinical application of this technique
based on representative selected cases where Indocyanine Green angiography was
used in microsurgical free flap transfers from different anatomic donor sites during the
operation. Hereby perforator selection, flap tailoring, changes of blood flow and patency
of anastomoses was judged and decision making was based on the angiographic
findings. This method has proven to be valid, reproducible and easy to use. The
application is not limited to the evaluation of skin perfusion, but is also applicable to
muscle tissue or chimeric or composite flaps. Reliable judgement is especially given for
the extent of arterially perfused tissue following complete flap dissection. Moreover, this
real-time angiography revealed a high sensitivity for the detection of poorly perfused flap
areas, thus supporting the conventional clinical judgement and reducing complications.
In summary Indocyanine Green angiography has the potential to reduce flap related
complications and to contribute to enhancing and extending the possibilities of free
flap surgery.

Keywords: ICG, Indocyanine Green angiography, microsurgery, free flap, imaging

INTRODUCTION

In plastic reconstructive surgery, the number of free tissue transfers has increased significantly in
recent decades. Given the appropriate indication recent advancements in operative techniques and
imaging modalities have facilitated microvascular reconstructions to become safer, more reliable
procedures almost independent from the patient’s age (1-4).

Preoperative assessment of the microvasculature anatomy at the tissue harvesting site with
advanced imaging modalities has assisted surgeons in the appropriate selection of the donor
site, perforator, and flap and has led to an overall improvement in the flap outcomes (1, 5).
Furthermore, the question of the intraoperative decision making especially in critically large free
flaps, the individual intraoperative perforator constellation and the patency of anastomoses is as
relevant as the question of the postoperative flap monitoring. Since the early days of microsurgical
reconstructive procedures postoperative flap monitoring in particular is of high relevance for a
successful outcome. Hence many clinical and experimental studies deal with this issue. Therefore,
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modern imaging devices ideally should address the entire
scope of a reconstructive procedure, from the planning to
the postoperative perfusion monitoring. Today several different
techniques are available, all of them with the aim of decreasing
flap associated complications.

Laser assisted Indocyanine Green angiography (ICG
angiography) in its advanced technical version provides real-
time angiography, which enables decision making on tissue
perfusion in free and pedicled flaps to be made with high
reliability both intraoperatively and postoperatively. ICG was
introduced into clinical routine in the 1950’s. It was initially used
in hepatology as a function test, in cardiologic diagnostics and
later by ophthalmologists as it shows less leakage from blood
vessels as compared to fluorescein (6, 7). In ophthalmology
it is valuable because it remains for a long time in more
blood-perfused tissues such as the choroid and the blood vessels.

In this study we give insight into the spectrum of the
application of ICG angiography in plastic reconstructive
surgery based on representative and selected clinical cases and
demonstrate the advantages and disadvantages of this procedure
in the context of the current literature.

MATERIALS AND METHODS

Among the variety of more than 150 free flaps and pedicled flaps
performed in our institution per year four representative clinical
cases with different indications for a reconstructive procedure at
varying anatomical locations were selected to highlight the status
of ICG angiography.

Written informed consent was obtained from all patients
in accordance with the Declaration of Helsinki and ICG
measurements were performed within a study protocol which
was approved by the institutional Review Board (registration
number 85_13 B).

As a method for skin perfusion analysis we used ICG-
angiography (SPY Elite System, Novadaq Technologies Inc.,
Toronto, Canada) which has been utilized by our group in
more than 300 cases since 2014. Exclusion criteria were solely
based on contraindications for the application of Indocyanine
Green, e.g., iodine allergy, autonomous adenoma of thyroid
gland, hyperthyroidism or due to refusal by the patient. In all free
flaps, independent of the anatomic region or the tissue included,
it was routinely performed in a standard mode using a 12.5 mg
bolus of ICG dye through a venous line.

After intravenous injection of ICG dye, it binds to plasma
proteins. The short plasma half-life period of ICG of 3 to 4 min
allows repeated injections. It is not metabolized and is excreted by
the liver into bile. At the area of interest the ICG is excited by a
near-infrared laser. The laser device has no potential for causing
damage to the tissue or the observer. The fluorescent substance
displays an absorption maximum at 805nm and an emission
maximum at 835 nm. Light at a wavelength of 800 nm in the near-
infrared range is minimally absorbed by water or hemoglobin
and is not scattered by tissues, which allows visualization of
blood vessels (7). The dye highlights vessels up to a minimum
of 3 to 5mm in the tissue. The perfusion pattern, the intensity

of the fluorescence as an indicator for dye uptake and the
clearance within the tissue is displayed on a video monitor. Well-
perfused areas appear bright due to dye uptake, whereas mal-
perfused areas are relatively dark. In a standard mode the device
displays the video in a gray scale. An additional analysis tool
provides color modes and calculation of ingress and egress rates
in absolute or relative values. Furthermore, contour levels can
be defined for determination of perfusion areas in relation to an
automatically or individually set references point in the field of
interest. The analysis tool allows the user to work on the videos
and pictures at a later time.

RESULTS

Case 1

A 71 year old male patient suffered from an extensive tissue
defect at the dorsum of the left hand as a result of a bicycle
incident. After multiple debridement and wound conditioning
using negative pressure wound therapy the defect had to
be reconstructed by a large free anterior lateral thigh flap
from the left thigh. During flap harvesting two distant main
perforators were detected, located very lateral within the flap.
Following complete flap dissection the first ICG measurement
was performed with the flap left in place at the thigh. Thus, the
special perforator constellation and the borders of the adjacent
perforasomes could be determined. Figure 1 clearly displays the
perforasome border nourished by the proximal perforator in the
flap which was not to judge sufficiently by clinical signs. After a
few seconds the distal perforasome was also perfused shown by
an uptake of the ICG dye. Due to this analysis both perforators
were then included in the flap.

The flap was anastomosed to the left radial artery in an end-to-
side fashion as well as to concomitant recipient veins. Hereupon
another ICG measurement revealed a well-perfused flap without
changes of blood flow pattern compared to the point after flap
harvesting. The perforasome constellation was confirmed and the
flap exactly trimmed to the defect size dependent on the ICG
perfusion pattern (Figure 1).

Case 2

A 49 year old female patient presented a progressive lymphedema
at the right leg refractory to conservative measures. In the
medical history 4 years ago a laparoscopic hysterectomy and
adnexectomy as well as a radical pelvic lymphadenectomy on
the right side were performed because of a uterine cervical
carcinoma. Despite conservative treatment the lymphedema
exacerbated resulting in functional impairment and loss
of quality of life. After inconspicuous follow up care and
lymphoscintigraphy scan a microsurgically transplanted
omentum majus flap containing lymph nodes and lymph vessles
was planned. Using a laparoscopic approach the omentum
majus flap was raised including the right gastroepiploic artery
and vein. The flap was then anastomosed to the right femoral
artery and vein. Figure2 shows the ICG measurement after
anastomosis. The well-perfused vessel arcades via the right
gastroepiploic artery could be defined, whereas ICG angiography
revealed the mal-perfused parts of the omentum majus which
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marking the distal (right) and proximal (left) perforator.

FIGURE 1 | Free anterior lateral thigh flap (ALT) for reconstruction of the dorsum of the left hand. (A) (left) ALT flap after harvesting at the left thigh. ICG angiography
marking the perforasome perfused by the proximal perforator revealing a distinct perfusion border. (B) (middle left) Flap perfused via a proximal and distal perforator
showing perfusion of adjacent perforasomes. (C) (middle right) ICG angiography color mode. (D) (right) ALT flap after inset at the left hand. Asterix within the flap

FIGURE 2 | Free omentum majus flap at the right inguinal region. (A) (left) ICG angiography of the omentum majus after anastomosis to the femoral vessels showing
exact perfusion of the vessel arcades and the adjacent tissue. (B) (middle) Mal-perfused part of the omentum majus flap. (C) (right) Flap at the inguinal region after
anastomosis. Red bar indicates the border between well-perfused (top) and mal-perfused (bottom) parts of the omentum majus defined by ICG angiography.

could not be determined by clinical signs. Especially in free
flaps where no skin is included and peripheral bleeding on
the wound edges is not common as well as residual perfusion
is not sufficient for tissue survival, conventional clinical
judgement by means of capillary refill or color change is not
a reliable option. Discarding of too much or too less tissue is
the possible consequence in these cases. Finally after discarding
mal-perfused tissue parts the omentum majus was placed and
spread out in the subcutaneous tissue to enable lymph vessels
to grow in and establish a new lymph collector for the right
lower extremity.

Case 3

In a 55 year old female patient invasive breast cancer was
diagnosed in her right breast. Neoadjuvant chemotherapy
was recommended followed by modified radical mastectomy
and radiotherapy. After an uneventful follow up period
without tumor relapse during 1 year after mastectomy the
patient presented for autologous breast reconstruction with
abdominal tissue. A preoperative computed tomography
angiography showed a strong lateral perforator from the
inferior epigastric artery. Finally a so called DIEP flap (deep
inferior epigastric artery perforator flap) was harvested based
on the aforementioned lateral perforator on the left side of
the abdomen. Because it was hypothesized that lateral located
perforators do not constantly perfuse the flap tissue across the
midline and often a possibly large flap volume is necessary

especially in thin patients, ICG measurement is used to define
the perfusion pattern.

In this case ICG angiography showed a well perfused flap
area across the midline and flap shaping was performed due
to the ICG dye uptake to gain the maximum flap tissue. After
anastomosis of the flap to the internal mammary artery and
vein in an end-to-end fashion the repeated ICG measurement
presented patent anastomoses and a well perfused DIEP flap also
in the peripheral zones with no relevant change of the blood flow
pattern (Figure 3).

Case 4

An 83 year old female patient presented with a skin necrosis
at the right knee and an infection of her knee joint prosthesis
after multiple operations necessitating replacement of the joint
prosthesis due to relapsing implant infections in the past.
Because a total knee arthrodesis was not possible due to relevant
shortening of the lower extremity and a high risk of osteomyelitis,
wound conditioning using negative pressure wound therapy and
defect reconstruction was planned to salvage the knee prosthesis
and to prevent limb amputation as an ultima ratio procedure. In
an interdisciplinary approach with the department of orthopedic
surgery the mobile parts of the prosthesis were changed and the
defect was closed with a free myocutaneous latissimus dorsi flap.
The whole latissimus dorsi muscle was harvested with a large
cutaneous flap island as this was necessary due to the defect size.
Also in this case ICG measurement was done after harvesting
and after anastomosis to the superficial femoral artery and vein.
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FIGURE 3 | Deep inferior epigastric perforator flap after complete harvesting at the abdomen based on a single lateral located perforator. (A) (left) ICG angiography
showing the perfusion pattern on the contralateral side of the perforator across the midline. (B) (middle left) Analysis by using a contour level of 20% in relation to a
reference point of maximum fluorescence within the flap. (C) (middle right) Color mode showing the surgeons hand marking the flap borders due to the ICG perfusion
pattern. (D) (right) ICG angiography of the ipsilateral part of the flap indicating excellent perfusion.

FIGURE 4 | Myocutaneous latissimus dorsi flap for coverage of a defect at the right knee. (A) Latissimus flap after complete harvesting at the left axilla. (B) (middle
left) ICG angiography revealing mal-perfused flap areas at the periphery. (C) (middle right) Color mode and contour level at 20% in relation to a reference point of
maximum fluorescence within the flap. (D) (right) Flap after inset and anastomosis at the right knee.

Based on the perfusion analysis the very peripheral parts of
the muscle had to be discarded, whereas the cutaneous island
showed normal dispersion of the dye indicating normal perfused
tissue (Figure 4).

DISCUSSION

Due to technical advancements and the increased knowledge
in the field of plastic reconstructive surgery within the last 2-3
decades, the possibilities of microsurgically free tissue transfers
have increased massively. As a result, free tissue transfers on the
one hand and pedicled flaps on the other hand are now so called
standard procedures in a high volume center almost independent
of the patients age (2, 3). In particular, plastic reconstructive
surgeons have dealt with the question of flap monitoring since
the beginning of microsurgery. In the early 1980s plastic surgeons
were already aware of the importance of flap monitoring, which
then relied on clinical observation (8). It is generally accepted that
nowadays the intraoperative analysis of flap perfusion becomes
more and more important in addition to the preoperative
perfusion assessment, e.g., the so-called perforator mapping (1,
9-12). Besides the perfusion assessment after flap harvesting
and anastomosis, the intraoperative use of imaging techniques
is of particular interest in complex constellations of the donor
vessels, especially when large flaps are required that challenge
the classical perforasomes. It has added a highly valuable tool
for intraoperative flap shaping and designing the flaps according
to their optimal perfusion zones. Only few imaging methods
are actually evaluated and established in clinical routine (9-11,

13, 14). The most common methods today are the laser assisted
Indocyanine Green angiography, thermography, combined laser
Doppler spectrophotometry, the laser speckle contrast imaging,
hyperspectral imaging or near infrared spectroscopy, respectively
(15-22). Most techniques are predominantly used in the context
of experimental or clinical studies and have their own advantages
and disadvantages in the context of the abovementioned fields of
application. The ideal monitoring instrument should primarily
meet the following requirements: non-invasive and contactless,
spatial resolution about the flap, accurate, and easy to use even for
inexperienced personnel and providing timely information (17).

ICG angiography has been used for more than 50 years in the
clinical assessment of cardiovascular function, hepatic clearance,
and retinal angiography. Up to now, it is well-standardized and
the laser technologies as well as the analysis options have evolved
significantly. The ICG dye itself has proofed to be safe and it
features for assessing tissue perfusion have enabled to develop
other applications in various surgical procedures, especially in
plastic surgery (10).

Denneny et al. performed an experimental study in 1983 (8)
using neurovascular island flaps in rats which were transected
and re-anastomosed after flap harvesting. Hereafter Fluorescein
dye was injected and uptake and elimination of the dye was
visualized by a fiberoptic perfusion fluorometer. They stated
that this method provides reliable data about flap perfusion and
predicts viability. In recent years more studies concerning tissue
perfusion analysis were published (23-25). Especially in the field
of immediate alloplastic breast reconstruction the perfusion of
the mastectomy skin flap was evaluated using ICG angiography,
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because judgement of inadequate microcirculatory perfusion can
be difficult and may result in skin flap or fat necrosis and
reoperation. Nevertheless, for the application in free flap surgery
there is still a lack of literature.

As presented in our study the advantages of this method,
however, are obvious. ICG angiography offers a real-time
determination of tissue vascularity and perfusion, showing a high
sensitivity especially in the arterial phase of dye distribution
(13). The selected representative cases prove the reproducible
practicability for intraoperative perforasome definition in
perforator flaps and individualized flap tailoring as well as for the
judgement of muscle flaps or even the omentum majus flap.

In autologous breast reconstruction after mastectomy due
to breast cancer, microsurgically transplanted tissue from the
abdomen, the so-called DIEP- or muscle sparing TRAM flap,
represents the gold standard today. Particularly in obese patients
or in DIEP flaps where the perforator distribution and the
vascular pattern within the fat layer is not predictable, clinical
flap tailoring according to the zonal classification by Hartrampf
or Holm might be misleading (26, 27). As shown in case 3,
individual flap planning is possible by ICG angiography with a
high sensitivity for mal-perfused tissue parts. Therefore, partial
flap necrosis or fat necrosis can be reduced.

As we could observe in our patients, the initial phase of
dye uptake within the flap tissue can be defined as safely
perfused tissue. The method is independent of the investigator,
reproducible as well as contactless and with a high spatial and
temporal resolution. It is an external device and therefore the
use is not limited to the operating room. Due to the short
half-life, multiple measurements are possible at short intervals.
Additionally it can be applied for postoperative flap monitoring
in critical cases or if flap perfusion is not distinct by using
other methods.

The application possibilities in plastic reconstructive surgery
are manifold. Thus, ICG angiography can be applied not only
to assess skin or muscle flaps, but also to chimeric flaps, e.g.,
osteomyocutaneous as well as free vascularized bone grafts such
as the free medial femoral condyle bone graft or even after
finger replantation (28, 29). If the technique can also contribute
to judge flap autonomisation and further clarify the long term
vascular changes in transplanted flaps in the long term run seems
evident, but is not completely clear yet (30, 31). Further studies
are required to address this topic.

However, some inherent limitations regarding ICG
angiography need to be discussed also. It represents an
invasive procedure in which the intravenous application of
a dye is required. Throughout the years of experience with
ICG the incidence of adverse effects of the dye has been
infrequent and they have generally been of low severity (32, 33).
Relative contraindications such as iodide allergy or severe
renal failure have to be considered. In addition, the venous
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Objective: Newer technologies such as near-infrared (NIR) imaging of the fluorescent
dye indocyanine green (ICG) and daVinci Xi Surgical System have become promising
tools for sentinel lymph node (SLN) mapping. This meta-analysis was conducted
to comprehensively evaluate the diagnostic value of SLN in assessing lymph nodal
metastasis in pelvic malignancies, using ICG with NIR imaging in robotic-assisted surgery.

Materials and Methods: A literature search was conducted using PubMed for studies
in English before April 2019. The detection rate, sensitivity of SLN detection of metastatic
disease, and factors associated with successful mapping (sample size, study design,
mean age, mean body mass index, type of cancer) were synthesized for meta-analysis.

Results: Atotal of 17 articles including 1,059 patients were finally included. The reported
detection rates of SLN ranged from 76 to 100%, with a pooled average rate of 95% (95%
Cl: 93-97; 17 studies). The sensitivity of SLN detection of metastatic disease ranged from
50 to 100% and the pooled sensitivity was 86% (95% Cl: 75-94; 8 studies). There were
no complications related to ICG administration reported.

Conclusions: NIR imaging system using ICG in robotic-assisted surgery is a feasible
and safe method for SLN mapping. Due to its promising performance, it is considered
to be an alternative to a complete pelvic lymph node dissection.

Keywords: indocyanine green, robotic surgery, pelvic, sentinel lymph node, cancer
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INTRODUCTION

Pelvic lymphadenectomy (PLND), which remains the most
accurate procedure for the detection of lymph node metastasis
(LNM) in malignant pelvic tumors, plays an important role
in surgical management of endometrial and prostate cancers
(1, 2). However, the data from a prospective study suggests that
lymphadenectomy is associated with the increasing operative
time, blood loss and risk for surgical morbidity (e.g., blood vessel
and nerve damage, lymphedema, and lymphocyst formation)
(3, 4). Thus, novel nodal assessment techniques should be
developed to improve the accuracy of LNM detection with lower
surgical morbidity.

The biopsy of SLN which is defined as the first node to
receive the drainage from the primary tumor, has been described
by Canbanas in 1977 (5). The utility of SLN mapping can
avoid the unnecessary LND when the SLN turns out to be
negative (6). The different methods used in SLN mapping, such
as blue dye, technetium, and ICG with NIR imaging have been
investigated, among which ICG has been used clinically for
over two decades with an excellent safety profile (7). Also, as
one of four fluorochromes approved by US Food and Drug
Administration, ICG may be of significant use in pelvic surgery
due to its properties (8).

The NIR fluorescence imaging system in daVinci Xi
Surgical System (Intuitive Surgical, Sunnyvale, CA, USA) with
Firefly technology provides intraoperative ICG near-infrared
fluorescence, especially for ICG at low concentrations in
lymphatic mapping. While the high concentrations of ICG can
be seen directly in green in color on a background of a grayscale
image. Moreover, it brings surgeons great convenience to control
the scope completely which the infrared and visible light systems
are built in.

Nevertheless, although ICG-NIF imaging in SLN detection
appears to be superior, there are few studies of meta-analysis
on SLN mapping outcomes, and most of them focused on
specific one or two types of cancer, especially on endometrial
and cervical cancer. Thus, we performed this meta-analysis to
evaluate the detection rates and sensitivity of SLN mapping
in malignant pelvic tumors, including endometrial, cervical,
bladder and prostate cancers.

MATERIALS AND METHODS
Search Strategy

The literature search was conducted on PubMed, only English
language studies before April 2019 included. The search terms
used are as follow: (robotic OR robot) AND (indocyanine green
OR ICG) AND lymph. In addition, the references of included
studies were reviewed as supplement.

Inclusion and Exclusion Criteria

Studies were included with the following inclusion criteria: (1)
At least 10 patients diagnosed with pelvic malignancies; (2)
Robotic-assisted surgery as the surgical approach; (3) Pelvic

Abbreviations: SLN, sentinel lymph node; ICG, indocyanine green; NIR, near-
infrared; LND, lymph node dissection; PLND, pelvic lymphadenectomy; CI,
confidence interval.

with or without other lymph node dissection as reference
standard; (4) Pathological examination was taken, including
hematoxylin-eosin (H&E) staining, immunohistochemistry
(IHC) or ultrastaging; (5) ICG was used for SLN mapping; (6)
Reported detection rate of SLN. The studies published as reviews
and case reports were excluded.

Study Quality Assessment

The quality of enrolled studies was assessed using the QUADAS-
2 (Quality Assessment of Diagnostic Accuracy Studies-2) (9) tool
by two reviewers independently. The items are shown in the
Appendix Table 1 (Supplementary Material).

Data Extraction

The following items were collected from each article: (1) authors;
(2) year of publication; (3) sample size; (4) study design; (5) type
of cancer; (6) injection site; (7) reference standard; (8) pathology
assessment; (9) mean patient age and body mass index (BMI);
(10) available outcome data.

The overall detection rate was estimated as the proportion
of patients with at least 1 SLN identified among all the patients
going though PLND. When assessing sensitivity and specificity,
the patients who failed in SLN mapping were excluded, and
sensitivity is defined as the percentage of patients with positive
SLN divided by all patients with positive lymph nodes. The
specificity is defined as the percentage of patients with negative
SLN divided by all patients with negative lymph nodes. Studies
in which the calculation of sensitivity was based on the number
of removed node packets but not on the patients were excluded
during assessment.

Statistical Analysis

The Stata 15.0 and meta-disc were used to conduct all data
analysis. The overall detection rate was calculated using a
random-effects model under meta-analysis. The sensitivity of
detection rates of SLN was evaluated using summary receiver
operating characteristic curve (SROC). The 1? index was used to
detect the heterogeneity among the studies. The Funnel plots,
Egger’s regression intercepts were used for the evaluation of
publication bias. The univariate meta-regression was applied for
the association of SLN detection rate and study characteristics,
including sample size, study design, mean age, mean BMI, and
type of cancer.

RESULTS

Characteristics of Enrolled Studies

Of the 78 abstracts screened, 17 articles including 1,059
patients with pelvic malignancies were eligible for inclusion as
demonstrated in Figure 1. The sample size of each study ranged
from 10 to 197. SNL was evaluated for endometrial cancer
in 9 articles, cervical cancer in 1, prostate cancer in 3 and
bladder cancer in 1, with the other 3 articles dedicated in both
endometrial cancer, and cervical cancer (10-26) (Table 1).

An overall mean of 3.5 SLNs was removed per patient (13
studies). All the studies conducted PLND with or without para-
aortic LND, and the mean non-SLNs identified per person was
17.9 (5 studies). The mean age of 1,059 patients was 62 years (17
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Records identified through
Pubmed searching

(n=78) (n=0)

Additional records identified
through other sources

!

Recaords after duplicates removed (n=78) \

Records excluded after title and
Records screened (n=78) ’ abstract evaluation (n=29)

Records excluded (n=32)
Excluded study design - 12
Abstract only - 1

Case report- 7

Full-text articles assessed for eligibility (n=49) ’_. Review - 12

‘Studies included in qualitative synthesis (n=17) ’

FIGURE 1 | Flow diagram of studies identified, included, and excluded.

studies) and mean BMI was 31.1 kg/m2 (13 studies) (Table 1).
No complications, among all 17 articles, were described related
to ICG administration.

Data Analysis for the Detection Rate and

Diagnostic Accuracy of SLN Mapping

The detection rates of SLN ranged from 76 to 100%, with a pooled
average of 95% (95% CIL: 93-97; 17 studies) with heterogeneity
I?> = 56.2% (Figure 2). The funnel plot of the pooled overall
SLN detection rate is shown in Figure 3. The Egger’s regression
intercept was —4.65 (p = 0.000).

Sensitivity of SLN mapping ranged from 50 to 100%. The
pooled sensitivity of SLN detection of metastatic disease was 86%
(95% CI: 75-94; 8 studies) (Figure 4). The funnel plot of the
pooled sensitivity is shown in Figure 3. The Egger’s regression
intercept was found out to be —4.85 (p = 0.003). The pooled
specificity and diagnostic odds ratio were 1.00 (95%Cl: 0.99-1.00)
and 381.92 (95%Cl: 111.19-1311.85). The combined positive
likelihood ratio and negative likelihood ratio were 67.31 (95%
CI: 25.08-180.64) and 0.25 (95% CI: 0.15-0.40), respectively,
[Appendix Figure 1 (Supplementary Material)]. According to
SROC curve, AUC is found to be 0.9971 which is close to
1, showing the high value of ICG in diagnosing lymph node
metastasis in pelvic malignancies (Figure 5).

Test of Heterogeneity

Due to the heterogeneity I* was found to be 56.2% in detection
rate a sub-group analysis was conducted to find the reasons
for the observed heterogeneity. Univariate meta-regression of
SLN detection rate and study characteristics showed that study
size, study method, mean patient age, mean patient BMI, and
type of cancer were not significantly associated with detection
rates (Table 2).

DISCUSSION

SLN mapping has been the standard of care for breast cancer
and melanoma for a long time (27) and achieved success in
many other types of cancer. During the process of assessing the
value of SLN mapping, detection rate is taken into consideration
in the very first place. Most of meta-analyses on diagnostic
efficacy of SLN mapping were focused on uterine cancers, and
to our knowledge, this is the first meta-analysis of that in
pelvic malignancies.

It should be mentioned that in these previous meta-analyses,
studies using both robotic-assisted system and indocyanine green
fluorescence tracer in the meantime have not been analyzed
statistically before. Compared with prior meta-analyses which
studied on tracers including blue dye, ICG and/or 99mTc in
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TABLE 1 | Characteristics of included studies.

Author, year Sample  Study design Type of Injection Mean Mean BMI Mean Mean Reference standard Pathology Detection  Sensitivity
size cancer site age (kg/mz) number of number of assessment rate
SLNs non-SLNs
detected removed
Rossi et al. (10) 20 Prospective  Endometrium/  Cervical 61 31 4.5 23.5 Pelvic and para-aortic LND NR 85.0% 50.0%
cervix by guidelines
Holloway et al. (25) 35 Retrospective Endometrium  Cervical 63 33.1 NR NR Complete pelvic and H&E, IHC, 100.0% 90.0%
common-iliac LND, aortic  ultrastaging
LND in high-grade EC
Manny et al. (11) 50 Prospective  Prostate Prostate 66 NR NR NR Extended PLND NR 76.0% 100.0%
Jewell et al. (12) 197 Retrospective Endometrium/  Cervical 60 30.2 3 NR Pelvic and para-aortic LND H&E, 95.0% NR
cervix by guidelines ultrastaging
Manny et al. (26) 10 Prospective  Bladder Bladder 71 NR NR NR Complete pelvic and NR 90.0% 100.0%
peri-aortic LND
Sinno et al. (13) 38 Prospective ~ Endometrium  Cervical 65 31.1 4.8 NR Complete pelvic and H&E, 92.1% 100.0%
para-aortic LND if ultrastaging
preoperative grade 3
endometrioid, serous, clear
cell, or carcinosarcoma
Paley et al. (14) 123 Prospective ~ Endometrium Cervical 63 32 3 NR Pelvic and peri-aortic LND if H&E 96.7% 100.0%
high risk
Ehrisman et al. (15) 20 Retrospective Endometrium  Cervical 67 32.3 2 22 Complete pelvic LND or H&E 90.0% NR
Memorial Sloan Kettering
algorithm
Chennamsetty et al. 20 Prospective  Prostate Prostate 64 NR 5 NR Extended PLND NR 100.0% NR
(16)
Beavis et al. (17) 31 Retrospective  Cervix Cervical 43 26.5 4 14 Complete pelvic LND, H&E, IHC, 100.0% 100.0%
para-aortic LND at surgeon ultrastaging
discretion
Hagen et al. (18) 108 Prospective ~ Endometrium Cervical 66 27.5 NR NR Surgeon-discretion LND or H&E, 96.0% NR
Memorial Sloan Kettering  ultrastaging
algorithm
Erikssion et al. (19) 56 Retrospective Endometrium/  Cervical 62 30.6 3 NR Memorial Sloan Kettering ~ H&E, 95.0% NR
cervix algorithm ultrastaging
Mendivil et al. (20) 87 Retrospective Endometrium  Cervical 62 32.9 2 NR Complete pelvic LND, H&E 96.5% NR
para-aortic LND if at high
risk
Harke et al. (21) 59 Prospective  Prostate Prostate 64 NR 15 Extended PLND NR 94.9% 78.0%
Rajanbabu and 69 Prospective ~ Endometrium Cervical 60 27.9 NR Pelvic and para-aortic LND H&E 95.7% 70.0%
Agarwal (22) by guidelines
Renz et al. (23) 90 Retrospective Endometrium  Cervical 61 31 2 19 Complete pelvic LND, H&E 88.0% 83.3%
para-aortic LND by
guidelines
Rozenholc et al. (24) 46 Prospective ~ Endometrium Cervical 64 45 2.4 NR Pelvic and para-aortic LND H&E, 89.1% 100.0%

by guidelines

ultrastaging

NR, not reported; H&E, hematoxylin-eosin; IHC, immunohistochemistry; BMI, body mass index; LND, lymph node dissection; PLND, pelvic lymph node dissection.
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Study
ID

Rossi, 2011
Holloway,2012
Manny,2013

Jewell 2014
Manny,2014

Sinno, 2014
Paley,2016
Ehrisman,2016
Chennamsetty, 2016
Beavis, 2016

Hagen 2016
Eriksson, 2017
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FIGURE 3 | Funnel plot of pooled detection rate and sensitivity. (A) Funnel plot of pooled overall detection rate. (B) Funnel plot of pooled sensitivity.

endometrial cancer (28-30), this meta-analysis with only ICG
used as tracer shows higher detection rate of SLN mapping with
detection rate of 95% (95% CI: 93-97), and in study of Lin et al.
the detection rate was only 76% (95%: 71-81) with blue dye alone.
In their study, detection rates were of 93 and 86% in ICG and
99mTc combined with blue dye, respectively, (28). Moreover, in
study of Smith et al. detection rates were found higher of 90.3%

in ICG vs. 81% in blue dye (31).

Hybrid image-guided surgery technologies are increasingly
gaining interest, such as combined radio- and fluorescence-
guidance. In study of KleinJan et al. use of the hybrid tracer

ICG-99mTc-nancolloid was evaluated and the detection rate was
over 95% (32). Compared with the conventional radioguided
SN approach, the additional cost of ICG-99mTc-nancolloid is
negligible (33), and use of ICG involves only minor additional
costs (34). According to prior studies, the use of ICG also brings
several advantages, such as fewer adverse effects, less pain, and
quicker transcutaneous real-time visualization (35, 36).

In this meta-analysis, the pooled sensitivity of SLN detection
of lymph node metastasis was 86% (95% CI: 75-94). In study
of SLN mapping by Rossi et al. there were only two patients
with positive lymph nodes in those who had successful mapping
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and one of them showed negative SLN, leading to the lowest
sensitivity of 50% (10). In other 10 studies with available
data, 6 out of them showed the sensitivities of 100% and
all of them were over 70% [(11-14, 17, 21-24, 26); Table 1].
In previous meta-analyses by Lin et al. and Smith et al.
in uterine cancers with several tracers included, sensitivities
were found 91% (95% Cl: 87-95) and 96% (95% CI: 93-98),
respectively (28, 31).

In pilot meta-analysis, robotic-assisted surgery demonstrated
higher detection rates than other modalities. The pilot study
conducted by Lin et al. showed that robotic-assisted surgery led

to 86% detection rate, when laparoscopy and laparotomy got
that of 82 and 77%, respectively, in patients with endometrial
cancer (28). In the literature before, a higher BMI is linked to
lower detection rate of the SLN (13). However, in the study
by Rozenholc et al. there was no difference in the detection
rate between surgeries that were robotic (mean BMI 44.6) and
laparoscopic (mean BMI 29.4) (24). Moreover, when compared
with open surgery, robotic-assisted surgery results in fewer blood
transfusions and leads to a slightly shorter hospital stay (37).
However, due to the limitations of robotic-assisted surgery,
such as higher costs and the lack of haptic feedback, the current
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TABLE 2 | Univariate meta-regression of SLN detection rate and study
characteristics.

Characteristics Detection rate% (95% ClI) P-value
Sample size

<60 0.94 (0.91-0.97) 0.891
>60 0.95 (0.93-0.97)

Study design

Prospective 0.94 (0.91-0.97) 0.456
Retrospective 0.96 (0.93-0.99)

Mean age

<63 0.95 (0.92-0.998) 0.985
>63 0.95 (0.92-0.998)

Mean BMI

<32 kg/m? 0.95 (0.92-0.97) 0.475
>32 kg/m? 0.96 (0.94-0.99)

Type of cancer

Uterus 0.95 (0.94-0.97) 0.561
Urology 0.91 (0.82-1.00)

Cl, confidence interval; SLN, sentinel lymph node; BMI, body mass index.

robotic technology has not become the standard technique of
minimally invasive surgery worldwide. A single robotic surgical
system can set a hospital back by about $2 million, and that’s just
to get started. Some of the instruments are disposable and need to
be continually replaced. Additionally, the systems require regular
maintenance at rates that can exceed $100,000, which limits the
number of hospitals that can buy Da Vinci system (https://www.
drugwatch.com/davinci-surgery/).

In a survey of complications of ICG angiography in Japan, the
results indicated that indocyanine green was as safe as fluorescein
(38), which was reported only 0.05% frequency of severe
adverse reactions, such as circulatory shock, bronchospasm,
laryngospasm, cardiac arrest, myocardial infarction, and tonic
seizure (39).

Our systematic review and meta-analysis has limitations as
follow. First, we only included English studies, which may lead
to a potential language bias. Second, we didn’t have individual
patient data, such as age, BMI and so on. The results presented
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Background: Previous studies showed that confocal laser endomicroscopy (CLE)
images of brain tumors acquired by a first-generation (Gen1) CLE system using
fluorescein sodium (FNa) contrast yielded a diagnostic accuracy similar to frozen surgical
sections and histologic analysis. We investigated performance improvements of a
second-generation (Gen2) CLE system designed specifically for neurosurgical use.

Methods: Rodent glioma models were used for in vivo and rapid ex vivo CLE imaging.
FNa and 5-aminolevulinic acid were used as contrast agents. Gen1 and Gen2 CLE
images were compared to distinguish cytoarchitectural features of tumor mass and
margin and surrounding and normal brain regions. We assessed imaging parameters
(gain, laser power, brightness, scanning speed, imaging depth, and Z-stack [3D image
acquisition]) and evaluated optimal values for better neurosurgical imaging performance
with Gen2.

Results: Efficacy of Gen1 and Gen2 was similar in identifying normal brain tissue,
vasculature, and tumor cells in masses or at margins. Gen2 had smaller field of view, but
higher image resolution, and sharper, clearer images. Other advantages of the Gen2 were
auto-brightness correction, user interface, image metadata handling, and image transfer.
CLE imaging with FNa allowed identification of nuclear and cytoplasmic contours in tumor
cells. Injection of higher dosages of FNa (20 and 40 mg/kg vs. 0.1-8 mg/kg) resulted in
better image clarity and structural identification. When used with 5-aminolevulinic acid,
CLE was not able to detect individual glioma cells labeled with protoporphyrin IX, but
overall fluorescence intensity was higher (p < 0.01) than in the normal hemisphere. Gen2
Z-stack imaging allowed a unique 3D image volume presentation through the focal depth.

Conclusion: Compared with Gen1, advantages of Gen2 CLE included a more
responsive and intuitive user interface, collection of metadata with each image, automatic
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Z-stack imaging, sharper images, and a sterile sheath. Shortcomings of Gen2 were a
slightly slower maximal imaging speed and smaller field of view. Optimal Gen2 imaging
parameters to visualize brain tumor cytoarchitecture with FNa as a fluorescent contrast
were defined to aid further neurosurgical clinical in vivo and rapid ex vivo use. Further
validation of the Gen2 CLE for microscopic visualization and diagnosis of brain tumors

is ongoing.

Keywords: 5-ALA, brain tumor, confocal, endomicroscopy, fluorescein, fluorescence, glioma, imaging

INTRODUCTION

Intraoperative diagnosis in neurosurgery has traditionally relied
on frozen and formalin-fixed, paraffin-embedded section analysis
of biopsied tissue samples. Although this technique is considered
to be the “gold standard” for establishing a histopathologic
diagnosis, it entails a number of significant limitations. These
limitations include the time required for transferring, processing,
and interpreting the tissue (1); the presence of artifacts and
sampling errors (1-3); as well as the differences present when
comparing frozen and permanent sections that may lead to
misdiagnosis (1, 4). Rapid intraoperative diagnosis has become
possible with refinement and miniaturization of the research-
type confocal laser scanning microscope into a handheld
confocal laser endomicroscopy (CLE) system (5, 6). Combined
with appropriate fluorescent stains or labels, CLE provides
an imaging technique for real-time intraoperative in vivo
visualization of histopathologic features of suspected tumor and
healthy tissues.

Previous studies using a CLE system originally designed for
nonneurosurgical use (e.g., gastrointestinal luminal examination)
showed that a blinded review of CLE imaging of brain
gliomas and meningiomas by a neuropathologist yielded an
accuracy rate of 92.9%, similar to those previously reported
with frozen-section analysis (4, 7-9). In terms of analysis of
tumor margins, CLE has not yet been thoroughly investigated
in human brain tumors; however, in experimental animals, CLE
was able to visualize border regions of glioma (10, 11). In
humans, CLE was shown to increase accuracy of delineation
of margins in early gastric cancer (12). CLE may be used
as a diagnostic tool, but it also has the potential to aid in
optimizing surgical resection of brain tumors, including maximal
safe tumor resection, which is a strategy that would be expected
to have a positive impact on long-term neurosurgical patient
survival, especially among patients with invasive malignant
tumors (10, 13-18).

Various CLE devices have been developed; the proximal
scanning fiber optic CLE (19, 20) and distal scanning CLE
(1) systems are the most advanced in terms of potential for
becoming adopted into wide clinical use (21). Importantly, each
CLE system has different pre-set, mostly unchangeable, imaging

Abbreviations: 5-ALA, 5-aminolevulinic acid; AF acriflavine; AO, acridine
orange; CLE, endomicroscopy; DAPI, 4'6-diamidino-2-
phenylindole; FNa, fluorescein sodium; FOV, field of view; Genl, first generation;
Gen2, second generation; H&E, hematoxylin and eosin; LSM, laser scanning
microscopy; PpIX, protoporphyrin.

confocal laser

parameters that may result in unique and different diagnostic
performance; therefore, meticulous independent assessment of
each microscope system is required. We previously evaluated the
diagnostic performance and other application parameters of a
handheld scanning CLE system (Optiscan Pty., Ltd., Mulgrave,
Australia), referred to in this report as the first-generation
(Genl1) device and designed for gastrointestinal use. This system
has recently served as the imaging platform for development
of a second-generation (Gen2) CLE system specifically aimed
at neurosurgery.

The Gen2 CLE device was designed to function specifically
for intraoperative application in neurosurgery and to integrate
with the robotic operating microscope visualization platform for
neurosurgery (22). The goals for this device in neurosurgery are
ultimately to increase the positive yield of biopsies and to serve as
a tool to microscopically explore, in portable and rapid fashion,
for tumor cells beyond the obvious margin of infiltrating tumors,
such as cells in and around the surgical resection bed, or to
define suspected tumor invasion within eloquent cortex. Previous
studies regarding in vivo investigation of distal scanning CLE in
human and animal model brain tumors were conducted using the
Genl device, which had several performance characteristics that
limited its use in neurosurgery. These included lack of a sterile
attachment cover sheath for the imaging probe, a different design
and function of the handheld probe that was not optimal for
the neurosurgeon’s usual hand position, and nonoptimal imaging
processing and display (1, 7, 10, 23-25). Therefore, this study was
designed to assess performance of the Gen2 CLE system, assess
differences in image quality or diagnostic accuracy of the Genl
and Gen?2 systems, and provide additional information on the
probe conformation, and optimal handling practices that were
designed to produce high-quality confocal intraoperative images
for neurosurgery on-the-fly.

Genl and Gen2 functionalities were compared using
fluorescein sodium (FNa), the primary fluorophore with which
they were designed to work, and with 5-aminolevulinic acid
(5-ALA)-induced protoporphyrin IX (PpIX) fluorescence.
Although the fluorescence signal from PpIX is not within the
optimal detection range for these CLE systems, 5-ALA is also
of interest in brain tumor surgery, especially for use in invasive
gliomas, and our preliminary studies suggested that the PpIX
signal may be faintly detected with the CLE systems. This
study aimed to expand on the current literature related to CLE
for brain tumor imaging, including further investigating the
relationship between FNa dosage and image quality, the ability
to differentiate cellular structures with CLE and FNa, and the
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FIGURE 1 | Study design flowchart. CLE, confocal laser endomicroscope; FNa, fluorescein sodium; Gen1, generation 1; Gen2, generation 2; 5-ALA, 5-aminolevulinic

utility of both generations of CLE with 5-ALA for the detection
of tumor tissue.

METHODS
Ethics Approval

All animal investigations were performed according to the
guidelines outlined by the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and with approval
from the Institutional Animal Care and Use Committee of the
Barrow Neurological Institute and St. Joseph’s Hospital and
Medical Center, Phoenix, Arizona. Animals were maintained
under approved veterinary care in the vivarium of St. Joseph’s
Hospital and Medical Center.

Patient tissues used for this project were acquired from
a prospective ongoing brain tumor clinical study. Patients
with preoperative diagnoses of brain masses requiring surgical
removal and for whom the decision was to use the assistance
of fluorescence surgical guidance with FNa were prospectively
enrolled. Extra biopsies from tumor tissue that would have to
be safely removed during the normal course of the surgery
were used. De-identified samples were placed on a wet telfa and
submitted for immediate ex vivo CLE analysis. The same samples
were then sent for routine histologic processing and review by a
neuropathologist. All patients gave voluntary informed consent
as a part of a study protocol approved by the Institutional Review
Board of the Barrow Neurological Institute, St. Joseph’s Hospital
and Medical Center, Phoenix, Arizona. A flowchart describing
the study protocol is presented in Figure 1.

Mouse Glioma Model

Ten-week-old female B6(Cg)-Ter_2]/] mice (albino variant
C57BL/6]J, The Jackson Laboratory, Bar Harbor, ME) weighing
20g (mean) were anesthetized and placed in a small-animal
stereotactic head frame. Glioma models were created according
to the previously described protocol (26). Briefly, 2 pL of
GL261-luc tumor cells (1.45 x 107 cells/mL; Division of Cancer
Treatment and Diagnosis, National Cancer Institute, Bethesda,
MD) were infused 2 mm lateral and 2 mm posterior to bregma at
adepth of 2.5 mm from the brain surface through a bur hole at the
targeted brain location after the syringe needle was withdrawn
0.5 mm to a total depth of 2 mm below the surface of the brain to
create a 0.5 mm pocket for the cells. The 2-pL cell suspension was
infused using a controllable microinjector (0.67 uL/min x 3 min
with the needle in place for 2 min afterward) (10).

A week prior to surgery, the mice were injected with 15
ng/kg of luciferin (PerkinElmer, Waltham, MA), anesthetized
using isoflurane in a 37°C chamber, and glioma growth was
confirmed using bioluminescence detection in the IVIS Spectrum
in vivo imaging system (PerkinElmer). Bioluminescence images
were examined and quantified in Living Image 4.3 software
(PerkinElmer) (26).

Drug Administration

CLE imaging was performed within the first 2h after FNa
injection. We used escalating dosages of FNa: 0.1 (n = 4), 1 (n
=7),2n=2),5(n=7),8(n=>5),20 (n =6), and 40 (n =
6) mg/kg. These doses approximate the doses of FNa that can be
used in humans, as we have previously used 5 mg/kg IV in clinical
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study. The 5-ALA (Clinical grade, NIOPIK, Moscow, Russia) was
injected intraperitoneally 2h before surgery at a dose of 5mg
dissolved in 200 pL of normal saline (n = 5). Chosen dosages
are similar to those previously used in comparable animal studies
with 5-ALA (27-29) and FNa (10, 30-32) and are similar to or
higher than those used in humans to compensate for differences
in metabolism.

Intraoperative CLE Imaging

After confirmation of tumor growth and size, on average 21
days after implantation, the mice underwent craniectomy. The
animals were anesthetized, and their oxygen supply and body
temperature were maintained throughout the procedure. An
operating microscope (Pentero 900, Carl Zeiss AG, Oberkochen,
Germany) was used to visualize the exposed surfaces of
both cerebral hemispheres. Brain tumors were identified
macroscopically in the right hemisphere of all mice, and the
CLE scanning was performed. After imaging was performed,
the anesthetized animals were euthanized according to protocol
guidelines. Brains were extracted, sliced fresh coronally (1 mm in
thickness) through the center of the tumor in a mouse brain slicer
matrix (ZIVIC Instruments, Pittsburgh, PA), and imaged rapidly
ex vivo with CLE again.

Genl (Optiscan 5.1, Carl Zeiss AG) and Gen2 CLE (Convivo,
Carl Zeiss AG) were compared in terms of intraoperative
fluorescence visualization using either FNa (n = 37), 5-ALA (n
= 5), or no dye injection (n = 4 control). This comparison
was completed initially using the Genl CLE in a designated
area. Once adequate images were acquired, the Gen2 CLE was
used to take further images at the same area. All scanning was
performed in vivo and then ex vivo within the 2-h interval
alternating Genl and Gen2 confocal microscopes targeting
multiple regions of interest. Further testing included evaluation
of Gen2 imaging with different available filters (green bandpass
or green longpass and red longpass) and with various gain,
laser intensity, brightness, acquisition speed, and zoom settings
controlling for image quality and noise levels. In 2 animals,
topical acridine orange was used for nuclear staining as described
elsewhere (10).

Operating Microscopy Fluorescence
Imaging

Gross FNa and protoporphyrin IX fluorescence in the brain
was assessed with the operating microscopes equipped with the
Yellow 560 and Blue 400 filters, respectively (Pentero 900 and
Kinevo 900, Carl Zeiss AG).

Benchtop Confocal Laser Microscopy

The benchtop laser scanning microscopy (LSM) imaging (LSM
710 DUO, Carl Zeiss AG) was performed with a C-Apochromat
40x/1.20 W Korr M27 objective. Sliced fresh brain samples were
imaged on 35-mm glass-bottom Petri dishes (MatTek, Ashland,
MA). For PpIX visualization, the excitation and detection
wavelengths used were 405 and 635-750nm, respectively.
Additionally, topical staining was performed with acridine
orange (AO), acriflavine (AF), Hoechst 33342 (ThermoFisher
Scientific, Waltham, MA), and 4’6-diamidino-2-phenylindole

(DAPI). The excitation wavelength was 488 nm for AO, AF, or
FNa, and 405nm for DAPI and Hoechst; and the detection
wavelength was 493-625nm for AO, AF, or FNa, and 410-
585 nm for DAPI and Hoechst. Examples of imaging modalities
are shown in Supplemental Figure 1.

Image Assessment and Statistical Analysis
Imaging analysis and cell and nuclei size measurements were
performed in FIJI software (open source software) (33). Statistical
analysis was completed in Excel (Microsoft, Redmond, WA).
Quality of CLE imaging was scored independently by 5
respondents trained in interpreting CLE images as bad (1),
average (2), good (3), or excellent (4), based on the ability to
visualize characteristic GL261 tumor histologic characteristics
and patterns. Grading was performed based on the assessment
of the best confocal images from each animal. Student f-test,
Mann-Whitney U test, and Kruskal-Wallis analysis of variance
(ANOVA) with significance set at p < 0.05 were used to
establish whether differences were statistically significant, and the
Spearman R-value was used to assess correlations.

RESULTS
Assessment of CLE Imaging Parameters

To produce clear images, several parameters were controlled in
both systems: gain, brightness level, laser power, scanning speed,
imaging depth, and Z-stack thickness (Gen2 only). Because
many imaging parameters were similar between Genl and Gen2
CLE, salient results are presented of observations for Gen2, and
are specifically mentioned when differences were observed with
Genl. Gen2 imaging parameters are summarized in Table 1.

Field of View

The field of view (FOV) of the Gen2 (475 x 267 m, 1980
pixels/line) was half the size of the Genl image (475 x
475 pum, 1080 pixels/line). Gen2 images were essentially twice the
resolution. Gen2 images appear sharper, but upon magnification,
they have a grainier appearance compared with Genl images.
This graininess is due to the raw image TIFF format of Gen2
images, compared to compressed and smoothing JPG formatting
of Genl images.

Gain

Specimens with grossly average fluorescence brightness produced
clear CLE images on Gen2 gain setting of 2,400 (Table1).
When the brain tumor appeared grossly intensely bright yellow,
lowering the gain allowed imaging with a CLE brightness level
within a 20-60% range, which produced optimal quality images
without oversaturated pixels and with low noise. However, in
specimens with low gross fluorescence intensity, the quality and
resolution of CLE images did not improve regardless of the
changes in imaging parameters. The increased level of black noise
with an increase of brightness level and laser power only lowered
image quality in dark images.

Scanning Speed
Scanning speed was critically important for time series imaging.
Comparison of imaging speed recorded for both generations of
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TABLE 1 | Confocal laser endomicroscopy (CLE) imaging parameters.

Parameter Gen1 Gen2 Comment
Laser 488 nm 488 nm Always the same
wavelength
Laser power Range: Range: Percentages correlate to the actual laser power. Fifty percent results in ~500 wm laser
0-1,000 pm 0-100% power; 10%, 100 um. TIFF image metadata records actual laser power in microwatts,
which may be used for further analysis
Depth Displayed only relative Range: Knowledge of depth position is crucial for understanding of imaging location and
value showing the arrow —50 to 200 pm; also adjustment of depth on the fly for optimal image quality. Awareness of depth helps to
position on the horizontal displayed as relative value avoid low-quality images by not imaging too deep into a tissue. The axial imaging
scale; not recorded on the vertical scale resolution is <4.5 pm
Brightness Range: Range: The brightness is the built-in adjustable proprietary setting parameter used during CLE
0-100% 0-100% imaging. Unlike the gain and laser power, the brightness could be adjusted during the
imaging. Knowledge of brightness is important to assess the true brightness of the
fluorescent staining
Gain Options: Range: Gain is an important parameter to consider, as it influences the image brightness. We
low, normal, high, max 1,800-3,000 mostly used the system with gain at the midlevel (normal or 2,400). We found it useful to
increase or reduce the gain for imaging of very bright and dark fluorescent samples
respectively
Speed Options: Options: Numbers represent the number of horizontal lines that the laser travels during image
(resolution) 1024 x 1024 wm 1,080 acquisition. Acquisition speed 1,080 results in a 1,920 x 1,080 pixel scan at <0.5um
475 x 475 pm 540 axial resolution; speed 540 results in a 1,920 x 540 pixel scan, etc. Scan area—aspect
270 ratio is kept the same as 16 x 9. Most images are taken in the “high-image quality
135 low-speed” mode (1,080). Higher speeds (270 and 135) are rarely used and do not
produce diagnostic-quality images. Higher speed might be adjusted for an initial search of
an optimal imaging position to quickly verify the presence of fluorescence. At the settings
window, the user can select two speeds that would be rapidly available to choose from on
the primary screen
Zoom Constant; changes not Options: Zoom is usually set at 1x giving a FOV size of 475 x 267 um (width/height). This FOV size
available 1x is 2x less compared to Gen1 system; however, with FNa Gen2 provides subjectively
1.4x similar appearing images to Gen1. We almost never use 2x zoom with FNa, as we feel
2x that a larger field of view is favorable for imaging with FNa. However, 1.4x and 2x zoom
are useful with other fluorophores like acridine orange or acriflavine, which bind to the
cellular structures and therefore result in more contrasted images
Filter Options: Options: Our experience with FNa is that the green longpass filter provides overall brighter images
Green fluoro (505-5685nm)  Gray filter than the green bandpass filter. The red bandpass filter may be unnecessary for the work
Green-red Green bandpass with FNa. We were not able to detect reliable PplX (peak emission~630 nm) signal with
fluoro (505-750 nm) Green longpass red or green longpass filters, which we believe is mostly due to the absence of an
Red filter appropriate excitation laser source (405 nm for PplX)
Z-stack Not available Start position offset, We find that for most cases +10 um and —15 pm offsets (total depth 25 wm) with the
range: minimally possible (3 wm) Z-step are the most optimal for 3-dimensional reconstruction of
—50to +47 um the Z-stack
End position offset, range:
—47 to +50 um
Step size, range: 3-20 um
Time stamp Not available on the image ~ 2017-04-14_12-39-20-34 Time stamp is critical for matching individual CLE images with the time on microscope and

navigation in order to track the optical biopsy location

FOV, field of view; FNa, fluorescein sodium; Gen1, first generation; GenZ2, second generation; PplX, protoporphyrin; TIFF, tagged image file format.

CLE:s is presented in Supplemental Table 1. Scanning speed of
Genl was 0.8 s per frame for a 1,024 x 512-pixel image and 1.2s
per frame fora 1,024 x 1,024-pixel image. The scanning speed for
Gen?2 ranged from 1.3 s per frame for the highest quality imaging
to 0.27s per frame for the lowest quality imaging. Despite the
difference in scanning speed, all images were recorded and stored
as 1,920 x 1,080-pixel red, green, blue (RGB) TIFF files.

Scanning Depth
Optimal imaging depth with FNa was within the first few microns
in depth from the surface of the imaged tissue. The CLE Z-stack

function (Gen2 only) resulted in a series of images, the first
of which was a central image from the current position on
the Z axis. A series of images were acquired starting from the
surface and ending at the deepest position, with the Z-step image
thickness selection to be between 3 and 20 wm. The interval
of the scanning depth could be chosen by selecting two offset
positions. The maximal range was obtained at the offsets from
—47 to +50, which resulted in a 97-um thick Z-stack. The
number of images per Z-stack was limited by the size of the Z-
step (3 wm minimum), which for the 97-um Z-stack resulted in
35 images. Higher ranges are not practically necessary, so the
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FIGURE 2 | Time series imaging to differentiate stationary and mobile cells using a Gen2 confocal laser endomicroscope. (A) Single frame from time-lapse image. (B)
Enlarged view of the vessel (left) and same image with moving cells labeled red and stationary cells labeled green (right). (C) Tracking of the selected cells shows
intravascular movement of individual blood cells. Particle tracking performed in FIJI. Scale bar is 50 um. Used with permission from Barrow Neurological Institute,
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available CLE Z-stack range is sufficient for use in human brain
tissue. Previous experiments have shown that the maximal depth
of brain tumor tissue (using FNa) for interrogation through Z-
stack imaging is 36 um in animal and 28 wm in human brain
tissue (34).

Probe movements during image capturing produced similar
artifacts in both Genl and Gen2 CLEs. Although free-hand probe
positioning yielded informative images, remaining in a steady
position for an optimal Z-stack was difficult for image series
acquisition. A semiflexible surgical probe holder was used to
decrease movement artifacts.

Time Series and Video Loops
Time series imaging (in both Genl and Gen2) allowed
observation of blood cell movements inside and outside the

vessels (Figure 2). Tumor cell movements seen with tissue
squeezing under the CLE lens were also noted during in vivo
imaging, which is not possible on fixed tissues. In contrast to the
static hematoxylin and eosin (H&E) slide, in vivo CLE revealed
histologic features of the living tumor cells and their behavior.
In animal gliomas, many tumor cells were actually moving
independently, squeezing and pushing each other, captivated
by the stream of oozing blood. Such tumor cells were flowing
independent of the tumor core, especially when they were at the
border of the brain slice. When imaged in vivo, GL261 glioma
cells were actually not tightly connected to one another, as they
appear on H&E slides, although they grow as relatively solid
tumors. CLE imaging revealed pericellular spaces that were filled
with FNa, which were not previously visualized well on H&E
stained slides.
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FIGURE 3 | Confocal laser endomicroscopy (CLE) images of normal mouse brain, GL261 brain glioma, visualized with and without fluorescein sodium (FNa), using (A)
generation 1 (Gen1) and (B) generation 2 (Gen2) CLE. Brain vasculature, brain parenchyma, and tumor staining patterns were observed with similar quality between
Gen1 and Gen2 systems. The insets show similarly magnified views from Gen1 and Gen2 systems. Additional hematoxylin and eosin (H&E) images are provided from
the regions of interest of normal brain and glioma areas scanned with Gen1 and Gen2 CLE. Scale bars are 50 pm. Used with permission from Barrow Neurological

Normal w/ FNa

Normal w/o FNa

Tumor w/o FNa

Histologic Features During CLE Imaging
With FNa (Gen1 and Gen2)

In no case was the tumor location uncertain based on CLE
images after successful intravenous FNa injection. When imaging
normal brain without tumor using CLE, FNa could be seen inside
blood vessels, and occasionally leaking from vessels because of
damage from surgery. Red blood cells could be visualized in these
vessels as dark moving objects. No FNa was seen in other areas
of the normal brain, other than intravascularly, except for sparse
autofluorescent cells. Ultimately, the area of the brain away from
the vessels appeared similar to the brain when FNa had not been

injected, with both generally lacking fluorescence, except for rare
autofluorescent cells and with limited fluorescence (Figure 3).
After FNa injection, tumor cells were seen as nonfluorescent cells
on a highlighted fluorescent background.

Abnormal tumor vasculature was seen in several tumor biopsy
spots (Supplemental Figure 2). A gradient of FNa in the tumor
was observed on images and may suggest proximity to the tumor
vessels (Supplemental Figure 3).

Average nuclei sizes measured on AO-stained tumor images
(11.9 £+ 2.5um) were not different (p = 0.10) from those
measured on FNa-contrasted CLE brain tumor images (11.6
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FIGURE 4 | (A,B) Comparison of the tumor cellular features visible on confocal laser endomicroscopy images with fluorescein sodium (FNa) and acridine orange (AQ).
AO staining of the same specimen shows true nuclei size. Gradient of FNa distribution delineates cell contours with bright gray, while cell nuclei may be visible in some
of the cells in a darker gray. (C) Comparison of the nuclei size measured on the images with AO staining to the nuclei size measured on the images with the FNa
staining (n = 106 cells measured with AO stain; n = 53 nuclei and n = 52 cell diameters were measured with FNa stain). The average nucleus size determined on the
FNa images was similar to the true average nucleus size based on the AO staining. Generation (Gen) 2 CLE image (B) shows anisocytosis, similar to (D) histologic
findings. Scale bar in (A) is 50 pm. Used with permission from Barrow Neurological Institute, Phoenix, Arizona.

4+ 2.5um), suggesting validity of identification of nuclei on ~FNa Doses for Optimal CLE Imaging
the FNa-based confocal images. The average nuclei size was  Different concentrations of intravenous FNa as a contrast for CLE
significantly smaller (p < 0.01) than the cell sizes (20.8 3.9 um)  imaging yielded variations in image appearance. Bolus injections
(Figure 4). Benchtop confocal LSM of fresh samples stained with  of higher concentrations of FNa resulted in brighter images of
FNa (in vivo, intravenous) and Hoechst (rapid ex vivo, topicallive ~ tumors with less noise, and an overall increase in the fraction
cell nuclear stain) showed images similar to CLE grayscale images  of diagnostic frames, compared to lower FNa concentrations (R
and provided additional confirmation regarding the dimensions = 0.5, p < 0.05) (Figure 7). The best working dosages were 20
of nuclei and cells observed with CLE (Figure 5). and 40 mg/kg and are in accordance with previous publications
The tumor margin was visible in the GL261 model with  [100 mg/kg (11); 8 mg/kg (24); 7.7 mg/kg (30)]. Based on our
both CLEs. The tumor border region appeared as a nonuniform  experience, imaging closer to the time of FNa injection produced
delineation between the area with low FNa signal that did not  images with greater contrast and overall higher quality compared
contain atypical cellular features (normal brain) and an area  with images obtained longer after the injection.
with high FNa signal containing silhouettes of the abnormal
tumor cells (Figure 6). Benchtop confocal microscopy of samples ~ Histologic Features During CLE Imaging
stained with FNa in vivo and rapidly counterstained ex vivo with ~ With 5-ALA (Gen1 and Gen2)
Hoechst suggested that FNa signal “followed” invasions of the  Neither Genl nor Gen2 CLE was reliably able to detect PpIX
tumor cells in the normal brain. It confirmed that many small cell  fluorescence in experimental tumors after 5-ALA administration.
contours visible with FNa are actually anuclear red blood cells. At the same time, Pentero 900 imaging with a dedicated Blue 400
A gradient of FNa distribution from the tumor into the normal  filter showed very bright red PpIX fluorescence with all tumor
brain was also visible with the higher FOV confocal microscopy.  masses. Gen2 CLE detected some signal in several tumor areas;
When normal brain tissue was injured, leaking FNa signal  however, this signal was not consistent in different locations
was visible. Brain regions of injury without tumor could be  imaged over the tumor area. Most imaging of the tumor showed
differentiated from regions of brain with tumor on CLE images  dark images without visible signal. In all 5 animals interrogated
by small and nonvariable red blood cells being present, rather  with both Genl and Gen2, reliable histologic features of tumor
than large, numerous, and variable tumor cells (32). or normal brain were not discernible with PpIX fluorescence.
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Hoechst

FIGURE 5 | Confocal laser endomicroscopy (CLE) patterns of GL261 glioma core. In vivo Gen2 CLE and rapid ex vivo laser scanning microscopy (LSM) images show
higher fluorescein sodium (FNa) signal in the tumor area and visible contours of the tumor cells. Overall tissue architecture presents similarly in CLE and LSM images.
(A) Most often tumor cells appeared darker than the background (arrows), while in some areas (B,C) tumor cells absorbed FNa and appeared bright. (D) Red blood
cells, which were not stained by the Hoechst dye, are visible on a bright FNa background (yellow arrows). Scale bars are 50 wm. Used with permission from Barrow
Neurological Institute, Phoenix, Arizona.

However, sparse fluorescent spots were observed in normal  Influence of Imaging Parameters on the

brain and tumor in experimental animals and were likely Image Quality (Gen2 System)

autofluorescence (35). When the overall image intensities of  |maging Filter

normal brain and tumor areas, acquired with similar parameters, Imaging using green bandpass or green longpass filters was
were compared, they differed significantly (p < 0.01) (Figure 8).  compared on both systems to visualize FNa in mouse glioma
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A Gen2

Cc Gen1

FIGURE 6 | Tumor border 1 h after intravenous fluorescein sodium (FNa) injection. (A) Generation 2 (Gen2) and (C) generation 1 (Gen1) confocal laser
endomicroscopy images show a similar cellular architecture pattern of the GL261 glioma border region. (B) Hematoxylin and eosin (H&E) image of the tumor border
from a matched sample. (D) Larger field of view ex vivo benchtop confocal image shows gradient of fluorescein diffusion from the tumor to the normal brain. Arrows
indicate invading tumor cell groups. LUT, look-up table. Scale bars are 50 um. Used with permission from Barrow Neurological Institute, Phoenix, Arizona.

H&E

Normal

—

models. Images acquired with the longpass filter appeared
brighter. At the same time, quantitative analysis showed that
the bandpass filter resulted in significantly better-contrasted
images (Figure 9). With autobrightness function on, some Gen2
images (using FNa or AO as a contrast) appeared subjectively
dark. However, adjusting the brightness during post-processing
resulted in significantly better-contrasted images than when
using the longpass filter. The red longpass filter was not useful for
FNa imaging; however, scant cells and structures emitted light in
the red spectrum within normal brain and tumor areas.

Detector Gain

When FNa was used, images were acquired mainly with a gain at
the mid-position (2,400). Very bright fluorescent specimens (10—
40 mg/kg FNa) required gain adjustments on only rare occasions,
as control was usually possible for oversaturated pixels and image
quality by lowering the laser power and brightness (Figure 10).

Laser Power
For FNa imaging, the laser power was usually at 50% (500 pwm).
In locations that produced dark images (low FNa or bleached

areas), increasing the laser intensity improved image quality and
brightness to some extent, but further increases in laser power
did not result in quality improvement. The functioning of laser
power control was not different between Genl and Gen?2 systems.
Opverall, grossly bright fluorescent samples resulted in excellent
contrast and quality at 50% laser power and gain position in the
midpoint range (2,400) (Figure 11).

Image Brightness and Noise

The autobrightness function auto-adjusts the brightness of the
image on the fly during continuous imaging based on the
brightness histogram of the precedent image, independently
from the gain and laser power settings. With one exception,
the autobrightness function of the Gen2 was advantageous for
rapid image and optimal brightness display, contrasting with the
Genl that lacked this function and required frequent manual
adjustments. The exception occurred when the image had
abnormally bright artifacts. In such situations, the autobrightness
function decreased the overall image brightness, with the FNa
signal in the tumor interstitium becoming low and barely
detectable—this was observed both qualitatively in real time and
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2 mg/kg FNa

40 mg/kg FNa

FIGURE 7 | Higher concentrations of fluorescein sodium (FNa) produces images with less noise on a generation 2 confocal laser endomicroscope. Images acquired
with a low dose of FNa (A) could be post-processed to improve brightness (B), so they appear similar to higher FNa dose images (C). Comparison of the enlarged
regions in (A-C) shows that cell contours are distinguished on all images; however, noise level [diagrams in (A=C)] is less with a higher FNa concentration. (D)
Subjective grading of overall CLE imaging quality is presented as a mean of all grades from 5 independent raters. The image quality is significantly better with higher
FNa dosages (Panova = 0.002). Scale bars are 50 pm. Used with permission from Barrow Neurological Institute, Phoenix, Arizona.
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quantitatively during post-processing. In such situations, manual
brightness setup was used to obtain better overall image quality.

When the autobrightness function was on, the increase in
gain resulted in a proportional decrease in automatic brightness
level. Brightness values can be indicative of noise level. Brightness
levels below 80% were the most optimal with less black noise,
compared to a brightness level of 80% and above. The brightness
values were maintained below 80% to keep the noise levels
low (Figure 12).

Background noise levels were further studied to assess the
effects of Gen2 imaging parameters on image quality. Imaging
of normal brain with various manually set brightness levels
revealed that mean image intensity and standard deviation of the
individual pixels had a positive correlation with brightness level
(Figure 13). Ata brightness of 91%, laser power of 50% (505 pm),
speed of 1080 pixels (~1.26 seconds per frame), and gain of 2400,
the average pixel intensity from a normal brain (black color) was
53.5 arbitrary units, corresponding to about 20% saturation of the
8-bit image.

Image Acquisition Speed

Most images were acquired at a speed setting of 1080 pixels
(~1.26 seconds per frame), which resulted in the best image
quality (Table 1). Faster scanning at speeds of 135 pixels (~0.26
seconds per frame) and 270 pixels (~0.4 seconds per frame)
were useful for rapid scanning of large areas to determine the
presence or absence of an FNa signal or for blood flow imaging
(Figure 14). Some gross tumor tissue structures were visible at
speeds of 135 and 270 but appeared overly pixelated on the
CLE display. Image quality and contrast were significantly better
at 1080 pixels (~1.26 seconds per frame), especially in areas

with small vessels contrasted with FNa or when using nuclear
stains (AO, AF).

DISCUSSION

The Gen2 CLE system is compatible with the specific demands
of neurosurgical use. With the disposable sterile sheath that
includes a coverslip, the Gen2 CLE can now be safely used
on the human brain during surgery without the need for
a complex sterilization procedure after surgery, as was the
case with the Genl system (Supplemental Figure4). The
ergonomics of the probe conformation are such that it
resembles a curved, lightweight neurosurgical suction device
that will lie comfortably in the hand, grasped by the first few
fingers, in a fashion that allows smooth, stabilized movement
as a neurosurgeon is used to for surgical instruments. In
this study, we performed a preclinical investigation of the
Gen2 CLE and characterized its operation, capabilities, and
limitations, and compared its performance to the Genl
CLE system.

Image Quality Comparison (Gen1 vs. Gen2)
Imaging Parameters (Gen1 and Gen2)

Multiple imaging parameters can be adjusted in both Genl and
Gen2 systems making them flexible and capable of detecting a
single-channel fluorescent signal over a broad range of intensity
values. Gen2 is more adjustable, as it allows for changing most
parameters rapidly during scanning, while with the Genl, the
user is required to create a new imaging session using the
operating software interface to change the gain or filter. Another
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FIGURE 8 | Confocal laser endomicroscopy (CLE) imaging of GL261 glioma with 5-aminolevulenic acid (5-ALA). (A) Representative image of a coronal brain slice with
a tumor viewed through the Pentero 900 operative microscope in Blue 400 mode shows bright red fluorescence from the tumor. (B) The best representative
generation 1 (Gen1) and generation 2 (Gen2) CLE images of tumor (rows are 5 separate animals) and normal brain 2 h after intraperitoneal 5-ALA administration.
Normal brain shows no fluorescent signal in any of the cases. Fluorescent signal from tumor is very low, visible from only a few areas, and is not consistent across the
biopsy locations and across the animals imaged. (C) Hematoxylin and eosin (H&E) coronal slice of the brain with a tumor shows hypercellular tumor in the areas from
which CLE imaging was performed. (D) Laser scanning microscopy (LSM) image at the tumor margin shows the protoporphyrin signal localized to tumor cell
cytoplasm. The image displayed in gray scale and size is similar to Gen2 CLE. (Image acquired with 40x 1.2 W objective; 405 nm excitation; 598-740 nm detection
range.) (E) Gen1 CLE imaging of GL261 gliomas and contralateral normal brain as a control with 5-ALA. Quantification of the images (n = 54 control; n = 59 tumor
images from 5 animals) showed minimal but significant difference in the overall pixel intensities of the images taken from the tumor vs. normal brain. Groups were
compared using Student t-tests; an asterisk indicates p < 0.01. (F) Quantification of the Gen2 CLE images (n = 5 control; n = 4 tumor) showed minimal but
significant differences in the overall pixel intensities of the selected best images taken from the tumor and normal brain. Groups were compared using Student t-tests;

an asterisk indicates p < 0.01. Selected images were acquired with similar CLE settings. Scale bars are 50 pm. AU, arbitrary unit. Used with permission from Barrow
Neurological Institute, Phoenix, Arizona.
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FIGURE 9 | Generation 2 confocal laser endomicroscope (CLE) imaging with various filters. Comparison of the CLE images taken from the same regions of interest
with green bandpass (A,D), green longpass (B,E), and red (F) optical filters. Human glioma samples (patients were injected with FNa intraoperatively) were used for
analysis and illustration. Thick arrows signify post-processing in FIJI, which includes despeckling and maximum brightness adjustment. (C) Matching regions of
interest (ROI) were selected in FIJI to compare contrast between various structures in longpass and bandpass filters. ROIs were manually drawn over the brightest
structures (n = 5), over the surrounding gray background (n = 3), and on the dark round structures (n = 5). Paired Student t-tests were used for comparison. (D-F)
Green bandpass (D), green longpass (E), and red longpass (F) filter images obtained at the same location. Scale bars are 50 um. Used with permission from Barrow
Neurological Institute, Phoenix, Arizona.

B Gain: 2860; Brightness: 39

D Gain: 3000; Brightness: 32

A Gain: 2400; Brightness: 87

FIGURE 10 | Balanced generation 2 (Gen2) confocal laser endomicroscope (CLE) images with different gain results in comparable image quality. (A-D) Comparison
of the CLE images taken with various gain setup. Human meningioma (A,B) and glioblastoma (C,D) samples scanned ex vivo 2 h after fluorescein sodium (2-mg/kg)
injection are used for analysis and illustration. Increase in the gain requires reciprocal adjustments in the brightness. Overall, the resulting images have comparable
quality. (A,B) are visualized from one patient, while (C,D) are visualized from a different patient. Thick arrows signify post-processing in FIJI, which includes
despeckling and maximum brightness adjustment. Scale bars are 50 wm. Used with permission from Barrow Neurological Institute, Phoenix, Arizona.
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Laser: 500; Brightness: 78

processing

Barrow Neurological Institute, Phoenix, Arizona.

FIGURE 11 | Generation 2 confocal laser endomicroscope images taken at different laser intensity values. A human meningioma sample is used for analysis and
illustration. Brightness was kept at a similar level during image acquisition. Increase in the laser intensity from 500 wm (upper left) to 600 pm (upper right) leads to a
brighter overall image. Further increase in laser power does not improve contrast. Thick arrows signify post-processing in FIJI, which includes despeckling and
maximum brightness adjustment. There are no subjective differences in images after post-processing (lower row). Scale bars are 50 pm. Used with permission from

Laser: 600; Brightness: 77

processing

convenient advantage is that, unlike the Genl, the Gen2 imaging
parameters are recorded as part of the file properties. Having
access to these parameters is important for quantitative analysis
and comparison among various images, especially to evaluate
fluorophore signal intensity in the image, which correlates with
the concentration of the fluorophore in the sample. For FNa-
guided optical biopsy in brain tumors, such information may
be used to assess the degree of blood-brain barrier disruption,
to eliminate imaging artifacts, to identify potential causes of
suboptimal images, or to improve images in post-processing.

Still Images (Gen1 and Gen2)

While continuous imaging occurs at a chosen speed in both
CLE systems, the recording options are different. Both systems
have the option to record a single still image and time series,
while the Gen2 can also automatically record Z-stacks. Still
image recordings were used when the sample quality was perfect
and when there was no concern about having only a few
selected imaging frames recorded while interrogating the tissue.
However, in most cases, continuous recording was preferred and
advantageous, which is discussed later. Finding the exact same
position again is nearly impossible with a CLE system due to the
minute dimensions on the order of fractions of a millimeter (475
x 475um for Genl; 475 x 267 um for Gen2), contact probe
design, and pliable nature of unfixed brain tissue. Thus, there
was always a concern about not being able to return the CLE
to the previous imaging plane. Therefore, still recordings were
used less frequently than Z-stacks or time series. Incorporation
and registration of the probe into an image-guided surgery
navigation system would allow improvement in reassessing tissue
imaging location.

Z-Stack Function (Gen2 Only)

A Z-stack is a series of images taken in rapid succession at
different depths and a constant position (34). The “Z-step” is
the depth distance between images and is a novel feature for
handheld CLE imaging with the Gen2 CLE system. The range of
the Z-stack can be set by the user, and the Z-step is a constant
3 wm, resulting in 2-35 images per stack. At least several slices
(maximum 10-13) from the Z-stack were acquired at optimal
Z positions that were in focus, usable, and diagnostic (36).
Informative images from a Z-stack can be easily processed into
video loops or semitransparent volumetric images for detailed
assessment and further interpretation.

It is also worth mentioning that the size of objects becomes
larger when they are imaged out of focus and deeper within
the tissue. This could potentially make small red blood cells
look larger than they are, thus imposing a minor potential for
misdiagnosing small cells as tumor cells.

Time Series Recording and Video Loops (Gen1

and Gen2)

Time series (or “cine”-series) recordings were used extensively for
post-processing and creation of video loops. Continuous nonstop
recording during Genl or Gen2 CLE interrogation of the sample
was helpful compared with “on-demand” snapshot recording
because with the latter technique, some locations were bleached
out before the image was recorded. Gradual photobleaching was
observed, but with practice, minimizing the scan time avoided
this problem. We did not investigate whether laser interrogation
results in tissue damage. Although tissue damage is unlikely,
we are conducting an ongoing investigation of the potential
phototoxicity of CLE scanning. Additionally, minute tissue shifts
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A Brightness: 85

C Brightness: 50

B Brightness: 92 (auto)

D Brightness: 72

E Brightness: 99

FIGURE 12 | Generation 2 confocal laser endomicroscope (CLE) images taken with different brightness setup. (A-E) Comparison of the CLE images taken with
various brightness settings. The same fields of view of meningioma (A-C) and low-grade glioma (D,E) human samples are used for analysis and illustration.
Brightness is in the automatic position for (B); in all other figures, brightness is set manually. Increase in brightness higher than automatic position does not increase
image quality quantitatively (C). Thick arrows signify post-processing in FIJI, which includes despeckling and maximum brightness adjustment, except for (C) in which

brightness is decreased with post-processing. Scale bars are 50 pm. Used with permission from Barrow Neurological Institute, Phoenix, Arizona.

changed the observed image before taking a picture, and the
probe often could not be returned to the desired location
because of the pliable nature of unfixed brain tissue. Z-position,
brightness, and laser power can be adjusted during the time series
imaging to record optimal quality images.

Notably, time series imaging revealed a “movement” feature
of the tissue and supplemented visual information gained
from still images. This feature is useful in several aspects for
tissue histologic characteristics and CLE image interpretation.
Primarily, differentiation of freely moving red blood cells from
other moving or stationary cells becomes much easier and thus
fosters the diagnostic accuracy of image and tissue interpretation.
Additionally, it becomes easier to differentiate real signal from
noise. By viewing time series, differentiation is possible between
what is meaningful and what is merely stochastic noise. Such
judgment is usually difficult on still images because of the
nature of FNa. FNa is a nonspecific dye that is not bound to
any structure, but rather provides a bright background (i.e.,
a silhouetted appearance) on which to observe, contrast, and

differentiate structures. Noise is an inherent limitation of FNa.
In vivo CLE demonstrated dynamics of the glioma environment
for the first time, something that is not possible in fixed
brain tissue.

It should also be noted that CLE allowed for in vivo tracking
of blood flow in vessels. Tracking of individual blood cells is
not always possible because of fast movements that require high-
speed scanning confocal imaging systems, such as spinning disk
confocal microscopes (37-39).

Histologic Pictures Visualized by CLE With FNa

(Gen1 and Gen2)

The use of FNa with both distal scanning CLE systems was
effective to visualize brain vasculature, red blood cells, silhouettes
of neoplastic cells, nuclear and cell dimensions, GL261 glioma
border, and brain injury. FNa aided detection of normal and
tumor vessels and did not significantly highlight normal brain
tissue. Cell nuclei and cytoplasm may be distinguished in
some of the cells by a gradient of FNa penetration through
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FIGURE 13 | Image brightness and background noise level with the generation 1 (Gen1) and generation 2 (Gen2) confocal laser endomicroscope (CLE). Image
brightness and background noise level depend on the laser power and image brightness set up of the CLE. (A) Graph showing observed image intensity in arbitrary
units (AU) (y axis) at the various brightness positions, while imaging normal brain area. This value represents “black” noise. Brightness setting above 80% results in a
significant increase of black noise, which may decrease image quality. Therefore, when imaging, one should aim at getting a picture at a brightness level below 80%.

(B) Unprocessed Gen 2 CLE images taken at various indicated brightness levels (%) that are set manually. Scale bars are 50 wm. Used with permission from Barrow
Neurological Institute, Phoenix, Arizona.

Speed: 135; 3.8 fps

Speed: 270; 2.5 fps

Speed: 1080; 0.78 fps

FIGURE 14 | Generation 2 confocal laser endomicroscope (CLE) images taken at different speeds. Comparison of CLE images taken with 3 various acquisition speed
settings: (A) 135, (B,D) 1,080, and (C) 270. Images acquired at an intermediate speed setting (C) of 270 (calculated mean 2.5 frames per second) are of average
quality and are able to resolve more structural details than images taken at the faster speed of 135 (A). Significant improvement in image quality at the slower speed of
1,080 (B,D) is mostly apparent in the areas with high contrast, such as small vessels when fluorescein sodium is used. When viewed as smaller pictures, the
differences are less pronounced. However, on a large high-definition display, the image quality at different speeds differs substantially. Scale bars are 50 pm. Used with
permission from Barrow Neurological Institute, Phoenix, Arizona.

different biological membranes (Supplemental Figure5). FNa  on CLE (32). It is worth noting that individual fluorescent
extravasation due to injury can be differentiated from the FNa  cells were frequently observed in both tumor and normal
diffusion in the tumor using characteristic histologic patterns  brain (Supplemental Figure 6). This phenomenon had various
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patterns and was observed more frequently with increased
imaging time after FNa injection. Singular and multiple cells were
observed that took up FNa on the cut surface of the tumors. Even
though such images did not represent a characteristic CLE image
of the tumor, they were helpful to assess the cell morphology,
tissue architecture, and cytoplasm-to-nucleus ratio. The reason
for such FNa uptake by some cells is still unknown because
tumor cells do not show FNa uptake in vitro (30). However, it
might be due to cell membrane disruption caused by injury, as
such findings were seen mostly in ex vivo samples. Additionally,
large singular cells that took up FNa seen in the tumor may
be macrophages.

When considering FNa imaging strategies, continuous cine-
like time series image recordings and Z-stacks were the most
useful and productive. Continuous recordings were used to
identify red blood cells and better appreciate cell morphology
based on cell movement while reformatted volume views of Z-
stacks provided an improved understanding of the 3-dimensional
structure of the tissue.

Histologic Pictures Visualized by CLE With 5-ALA
(Gen1 and Gen2)

The combination of metabolic dye 5-ALA with either Genl or
Gen2 was not a reliable method for identification of tumor in
our observations, as characteristic histologic features could not
be identified. The laser wavelength of both systems (488 nm) is
not optimally tuned for excitation of PpIX, and CLE images did
not show specific information. CLE images did not reproduce
findings when LSM with the appropriate excitation laser was used
to image PpIX in the same mouse glioma model (40).

While it was possible to differentiate glioma from normal
brain tissue by comparing overall average image intensity, this
charcteristic was not deemed useful. Similar “fluorescence
intensity” sampling has been shown previously using
spectrophotometric methods (41-43). Of note, sparse fluorescent
“spots” seen using the Gen2 CLE with 5-ALA were consistent
with the previous intraoperative observations of patients
with brain tumors with the Genl CLE, although the exact
identification of these PpIX fluorescent signals is not confirmed
(25). These structures are likely autofluorescent due to lipofuscin
(35). Imaging of histologic patterns created by 5-ALA-induced
PpIX in brain tumors remains limited to benchtop confocal
microscopes, or hand-held fluorescence microscopes specifically
designed for PpIX excitation and detection, such as a dual
axis confocal microscope (44) or a scanning fiber endoscope
system (40).

CLE Parameters for Best Image Quality

With FNa (Gen2 Only)

Filter

The first parameter to consider during CLE imaging is the filter.
Between the two types of green filters (i.e., the longpass filter
and bandpass filter), the longpass filter produced brighter images.
Although images with such longpass filters may look more
pleasing, they include nonspecific light from the background that
attenuates FNa-induced contrast. Ultimately, the bandpass filter
produced images with higher contrast and was preferable for
obtaining better quality and interpretable images.

Gain

Unlike in the benchtop confocal microscope, where the gain is
fine-tuned during the constant image capturing, with the Gen2
CLE the gain control is located in a separate window and is not
available for rapid adjustments on the fly. However, adjustments
of brightness and laser power were enough to obtain quality
images in most cases without the need to adjust the gain. Only
in a few very bright or very dim specimens was there a need to
adjust the gain for optimal image quality.

Laser Power

Laser power at mid-range (50% or 500 pwm) was generally
optimal for imaging, with increasing intensity providing some
improvements in image quality. Lack of significant improvement
in image quality with increasing laser power is mainly
explained by the nature of FNa, which, after extravasation, is
diffused through almost all tissue thickness. Therefore, increased
excitation results in increased emission in all image regions,
including background and cells. Moreover, autofluorescence and
noise begin to be visible at higher laser settings. This association
of laser power and gain with contrast and autofluorescence is
shown schematically in Supplemental Figure 7. Compared with
targeted fluorophores or reflectance imaging (45), imaging of
FNa is always associated with higher levels of noise.

Brightness

The brightness is the built-in adjustable proprietary setting
parameter used during CLE imaging. It has a range of settings
from 0 to 100% and, unlike the gain and laser power settings,
could be adjusted during the imaging. Brightness was a primary
setting of both CLE systems. Autobrightness is a new Gen2
function that saved time and made imaging process faster.
Images acquired in autobrightness mode had good quality,
comparable with the quality of images acquired at manually
set brightness levels. Additionally, an optimal brightness level,
or even pseudocoloring, can be applied later during post-
processing (34).

Speed

The speed of image acquisition was inversely correlated with
image quality. This relationship illustrates the tradeoff of the
convenience of using high-speed imaging to locate informative
structures quickly within a large area with little detail versus
taking more time to look at higher resolution images in greater
detail. For areas of high contrast, such as intact vessels with
FNa within the normal brain, or pronounced hypercellular
tumor areas with bright FNa nearby, high-speed imaging was
able to resolve structures well. However, in most cases, fast
scanning was not able to resolve red blood cells and fine
cellular details.

Zoom

Although the FOV of Gen2 images is about half the size of Genl
images, it was sufficient to obtain similar image interpretation for
corresponding histological structures. Subjective image quality
appraisal between the systems is dependent on the display size.
The Gen2 is capable of increasing optical zoom by a factor
of two, but this results in a corresponding decrease in FOV
size, which is not particularly helpful for the identification
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of cell or tissue architecture using FNa imaging. However,
a zoom function might be advantageous for dyes such as
AO or AF (Supplemental Figure 8). Unlike benchtop confocal
scanning microscope systems, where zoom can be adjusted
in real time (45, 46), handheld CLE systems are limited to
a preset zoom because of limitations in miniature design
and construction.

Because of the inherent cellular composition of different
tumor types, including cellular and regional tissue architectural
heterogeneity, CLE system functionality may benefit the surgeon
or pathologist by use of a lower resolution and larger FOV
image assessment. This situation would allow a closer match
to the lower power magnification of a conventional pathology
microscope, which would allow the surgeon a larger FOV for
scanning the tissue surface (40). However, the portability and
capability to move the CLE probe compensate for the smaller
FOV, along with Z-stack functionality. Combining multiple
small FOV frames together using mosaicking computational
algorithms has been shown to yield a larger reconstructed
FOV (47).

Different Concentrations and Timing of

FNa Administration

FNa doses in animals are higher than human doses used in brain
tumor surgery either with epifluorescence guidance using the
operating microscope with a dedicated filter [2-20 mg/kg (48)]
or previously used with CLE [5 mg/kg (1)], which most likely is
due to faster metabolism of such fluorophores in rodents. CLE
imaging likely requires similar or higher, but not lower, dosages
than epifluorescent imaging to obtain informative images. CLE
imaging was performed within a period of 5 min to 2 h after FNa
injection. This timing was chosen to approximate the duration
of tumor surgery in humans and complements the previous
data on the biodistribution of FNa in a rodent model (30).
Overall, the shorter time periods produced a higher number of
diagnostic frames, while imaging at longer time periods produced
less contrasted images, which corresponds to the findings
by Folaron et al. (31).

Limitations

The current study was performed using a mouse GL261 glioma
model. Histologic patterns and the feasibility of FNa imaging
with CLE in other experimental tumor models were not
addressed in this project. However, clinical experience (1, 7) and
the available literature indicate the general feasibility of such an
approach for intraoperative brain tumor imaging. The limitations
that have not been addressed in this discussion include the need
for the development of remote access to the system by another
surgeon or neuropathologist or the ability to push images out to
cellular devices for rapid assessment or consultation. In addition,
the number of images acquired during a case can be very high—
in the thousands—and the number of images with artifact caused
by motion or other distortions causing them to be unusable is
high. Thus, image stabilization control and associated software
built into system would be beneficial for quick informative image
selection, identification, review, and optimization (49-51).

CONCLUSIONS

Functionality and parameters were assessed for a CLE system
(Gen2) designed specifically to perform to the demands and
progress of neurosurgery to potentially assist in managing
invasive brain tumors in a preclinical setting. Experimental brain
tumor models (in vivo) and human tumor samples (ex vivo) were
employed to discern and describe optimal imaging parameters
for microscopic histologic visualization with a clinical-grade
CLE system and intravenous FNa as a contrast fluorophore.
Visualized histologic patterns and pixel intensity values were of
comparable quality on Genl and Gen2 systems, if not improved
with the Gen2 system. The Gen2 had a limitation of a smaller
FOV, while having higher resolution, clearer images, and a more
responsive user interface, including an autobrightness function
and volumetric Z-stack image acquisition that enrich diagnostic
possibilities and imaging functionality.

Such portable CLE systems are designed ultimately for in vivo
use. CLE systems cannot replace the extensive functionality
of benchtop confocal scanning microscopes, and they are not
designed to accomplish such tasks. CLE systems depend on their
specificity, rapid applicability, and portability; their functions,
ergonomics, and employment depend on the demands of the
surgical or diagnostic specialty. Additionally, the properties of the
emitted and detected light range and concomitant fluorophores
have a critical impact on use and efficacy.

The CLE provides the neurosurgeon with real-time
intraoperative image resolution at the cellular level that is
the critical basis of the potential for cell-precision surgery
(although neurosurgical instrumentation does not yet provide
for precision maneuvers at the cellular level). Although CLE has
been used routinely in other medical and surgical specialties,
such as for gastrointestinal diagnosis, neurosurgery is in its
infancy with respect to CLE use. CLE technology does appear
to be responding to the demands of neurosurgeons and
neuropathologists for practical introduction into the operating
room as an aid in surgery for invasive brain tumors after nearly a
decade of developmental exploration and testing.

Concepts for CLE use that must be considered are those
that will make the system meaningful in a surgical setting. CLE
usefulness to neurosurgery must be proven by being shown
to provide a measurable ability to discriminate and guide
removal of tumor invasion, thereby extending or optimizing the
resection. As much as CLE may provide precise information on
where to biopsy or remove tissue, it may be just as crucially
used to inform the neurosurgeon where to stop the resection.
Further clinical investigation of the diagnostic value of the
Gen2 CLE system in fluorescence-guided brain tumor surgery
is ongoing.
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Low-power fluorescence microscopy of 5-ALA-induced PplX has emerged as a
valuable intraoperative imaging technology for improving the resection of malignant
gliomas. However, current fluorescence imaging tools are not highly sensitive nor
quantitative, which limits their effectiveness for optimizing operative decisions near
the surgical margins of gliomas, in particular non-enhancing low-grade gliomas.
Intraoperative high-resolution optical-sectioning microscopy can potentially serve as a
valuable complement to low-power fluorescence microscopy by providing reproducible
quantification of tumor parameters at the infiltrative margins of diffuse gliomas. In this
forward-looking perspective article, we provide a brief discussion of recent technical
advancements, pilot clinical studies, and our vision of the future adoption of handheld
optical-sectioning microscopy at the final stages of glioma surgeries to enhance the
extent of resection. We list a number of challenges for clinical acceptance, as well as
potential strategies to overcome such obstacles for the surgical implementation of these
in vivo microscopy techniques.
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INTRODUCTION

Gliomas are the most common primary malignant brain tumors, with ~20,000 new cases each year
in the United States (1). As the standard-of-care for all grades of gliomas, patients generally receive
surgery as a first-line treatment. The goal of this “debulking” surgery is to maximize the extent
of resection (EOR) while avoiding neurological damage. Mounting evidence suggests that more-
extensive EOR is associated with increased overall survival and progression-free survival for both
low- and high-grade gliomas patients (2-11). Unfortunately, optimal EOR is not achieved in many
patients due to the lack of effective technologies to delineate tumor margins intraoperatively, with
reported rates of gross-total resection (GTR) for high-grade gliomas (HGGs) ranging from 33 to
76% (12-19) and for low-grade gliomas (LGGs) ranging from 14 to 46% (7-9, 20, 21).

In recent years, numerous reports have detailed the benefits of using 5-aminolevulinic acid
(5-ALA) for guiding HGG resections (22-38). In brief, 5-ALA is a non-fluorescent prodrug that
is orally administered to patients several hours prior to surgery. 5-ALA is then intra-cellularly
metabolized to form a fluorescent byproduct, protoporphyrin IX (PpIX), a heme-synthesis pathway

Frontiers in Oncology | www.frontiersin.org

142 July 2019 | Volume 9 | Article 592


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2019.00592
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2019.00592&domain=pdf&date_stamp=2019-07-03
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:jonliu@uw.edu
https://doi.org/10.3389/fonc.2019.00592
https://www.frontiersin.org/articles/10.3389/fonc.2019.00592/full
http://loop.frontiersin.org/people/708713/overview
http://loop.frontiersin.org/people/742535/overview
http://loop.frontiersin.org/people/217433/overview

Wei et al.

Quantitative PpIX With High-Resolution Microscopy

substrate that accumulates preferentially in glioma cells due to
metabolic dysregulation (39-43). In most cases, after 5-ALA
administration, the bulk of a HGG tumor emits visible red
fluorescence (~630nm) when excited with blue (~405nm)
illumination, as viewed by the unassisted eye or with a wide-field
fluorescence surgical microscope. A landmark phase III trial in
Europe by Stummer et al. demonstrated that the use of this
technique resulted in higher rates of GTR (65 vs. 36%) and
6-month progression-free survival (41 vs. 21.1%) compared to
control patients (37). Intraoperative 5-ALA-induced fluorescence
has since emerged as a valuable adjunct for HGG surgeries (22,
35-38), and has recently been approved by the US Food and Drug
Administration (FDA) for neurosurgical guidance in 2017 (44).

In spite of its clear benefits, 5-ALA-based fluorescence-guided
surgery (FGS) suffers from a number of shortcomings. First, it
remains ineffective for guiding the resections of most LGGs and
at the infiltrative margins of all diffuse gliomas (low- and high-
grade) due to the fact that PpIX accumulation in these tissues
is typically below the detection limit of conventional low-power
wide-field surgical microscopes. Second, the visible fluorescence
generated by PpIX is interpreted subjectively (45) and is difficult
to quantify. This is 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 (46, 47). In light of these
concerns, spectroscopy-based methods have been developed to
provide a more accurate and reproducible measurement of the
absolute concentration of PpIX expression in tissue, in which
mathematical models are used to correct for the aforementioned
confounding effects (22, 48-51). These quantitative detection
methods should enable more-objective decision-making during
tumor resection since the degree of PpIX accumulation has
been shown to correlate with proliferative index, mitochondrial
content, and other clinicopathologic metrics (22, 23, 40, 52, 53).
However, while probe-based spectroscopy can provide improved
sensitivity to detect weak PpIX fluorescence (i.e., in LGGs or at
the tumor margins of all gliomas) in comparison to conventional
wide-field surgical microscopy (54), spectroscopic approaches
are typically limited to sampling localized points of tissue at
low spatial resolution rather than generating an image over an
extended field of view (FOV).

As a high-resolution, high-contrast imaging technique,
handheld confocal microscopy has been explored as an
alternative solution to guide the resection of both LGGs and
HGGs. In 2011, a pilot study by Sanai et al. first demonstrated
the feasibility of using a handheld in vivo confocal microscope
to detect PpIX expression in LGGs (55), in which conventional
wide-field surgical microscopy lacked the sensitivity to detect
the PpIX fluorescence. Although the raw intensity of PpIX
fluorescence, as previously mentioned, is subjective and cannot
be reliably quantified, the spatial distribution (e.g., size, density,
localization, etc.) of the signal can potentially serve as a
reproducible tumor biomarker (56). Most recently, high-
speed handheld confocal microscopy with video-mosaicking
capabilities have also been developed and are continuing to be
refined for 5-ALA-based FGS (57). In this perspective article,
we outline a vision for a clinical workflow in which quantitative

high-resolution microscopy is implemented to achieve optimal
EOR for the ultimate benefit of patients suffering from LGGs
and HGGs. We also describe key challenges to overcome and
potential strategies to facilitate the clinical acceptance of these
new technologies.

QUANTITATIVE PPIX VISUALIZATION WITH
OPTICAL-SECTIONING MICROSCOPY

Optical-sectioning ~ microscopy  enables  cross-sectional
imaging of intact tissue at shallow depths (<0.5mm deep)
by removing the background “haze” due to out-of-focus
and multiply-scattered photons. A technical description of
various optical-sectioning approaches has been provided in
previous review articles (58-61). In general, optical-sectioning
microscopy provides the superior image contrast and spatial
resolution that is necessary to detect the weak and sparse
PpIX fluorescence generated by LGGs and at the infiltrative
margins of all diffuse gliomas (55). An increasing number
of studies have showcased the feasibility to examine PpIX
expression in human gliomas at the microscopic level using
optical-sectioning techniques (55, 56, 62, 63). Microscopic
PpIX expression in gliomas is manifested as localized
subcellular foci of fluorescence, a pattern that is consistent
with our current biological understanding of subcellular
PpIX generation by mitochondria (43). Quantification of
microscopic PpIX expression based on a tabletop line-scanned
dual-axis-confocal ~ (LS-DAC) microscopy—a high-speed,
high-contrast optical-sectioning technique—has been shown to
agree with conventional fluorescence histology (56), suggesting
that a miniature LS-DAC device could serve as a real-time
non-invasive alternative to slide-based histopathology. As
detailed in a recent review (47) and summarized in Figure 1, the
main trade-off for high-resolution microscopy is a limited FOV
that can lead to sampling bias in glioma tissues that are often
spatially heterogeneous. To mitigate this problem, handheld
confocal microscopy with video-mosaicking (i.e., stitching
overlapping video frames to create an extended FOV over time
using image processing algorithms) have been developed to
sample a tissue region comparable in size to a physical biopsy
specimen (several millimeters in scale) while maintaining high
resolution and contrast (57, 64-68).

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
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FIGURE 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:

Size of biopsy

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 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 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 (69-73).

(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 devices (microscope, suction
catheters, etc.) to ensure good co-registration between iterative
rounds of imaging and resection.

CHALLENGES AND FUTURE STEPS

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 (52, 74,
75), including a general correlation between PpIX concentrations
and proliferative score as well as World Health Organization
(WHO) histologic score (52). Preliminary studies [e.g., using
high-resolution in vivo microscopy (55), 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
(63)] 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 precision of current surgical tools (typically
several millimeters in scale). While it is technically challenging
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FIGURE 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 PplX fluorescence is visible at the central portions of most HGGs, but not at the infiltrative
margins. (C) Example low-power fluorescence microscopy image of PplX expression from a bulk HGG region. The margins of the tumor are subjectively delineated
and ambiguous. (D) Debulking guided by macroscopic PplX 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
resection. (G) Example image of microscopic PplIX 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.
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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 (57, 64-68).

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 (76-78) are
beyond the scope of this perspective paper. 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
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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 summary, the recent FDA approval of 5-ALA-based FGS
and the advancement of fluorescence imaging technologies have
provided a unique opportunity to improve glioma surgeries.
We believe that handheld video-mosaicked optical-sectioning
microscopy has 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.
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5-Aminolevulinic acid (5-ALA) induced fluorescence to augment surgical resection for
high grade glioma has become a standard of care. Protoporphyrin IX (PplX) visibility is
however subject to the variability of the single tumor expression and to the interobserver
interpretation. We therefore hypothesized that in different glioma cell lines with variable
5-ALA induced fluorescence, the signal can be pharmacologically increased. We
therefore analyzed in three different GBM cell lines, with different expression of epidermal
growth factor receptor (EGFR), the variability of 5-ALA induced PplX fluorescence after
the pharmacological blockade at different steps of PplX breakdown and influencing
the outbound transport of PplX. Using flow cytometry, fluorescence microplate reader,
and confocal microscopy the PplX fluorescence was analyzed after exposure to
tin protoporphyrin IX (SnPP), deferoxamine (DFO), and genistein. We furthermore
constructed a microscope (Qp9-microscope) being able to measure quantitatively the
concentration of PpIX. These values were compared with the extraction of PplX in
tumor biopsy taken during the GBM surgery. Although all three cell lines showed an
increase to 5-ALA induced fluorescence their baseline activity was different. Treatment
with either SnPP, DFO and genistein was able to increase 5-ALA induced fluorescence.
Qp9-microscopy of tumor sample produced a color coded PplX concentration map
which was overlaid on the tumor image. The PplX extraction from tumor sample analyzed
using the plate reader gave lower values of the concentration, as compared to the
expected values of the Qp9-microscope, however still in the same decimal range of
pg/mL. This may be due to homogenization of the values during extraction and cell
disaggregation. In conclusion pharmacological augmentation in GBM cell lines of PpIX
signal is possible. A quantitative PplX map for surgery is feasible and may help refine
surgical excision. Further correlations of tumor tissue samples and Qp9-microscopy is
needed, prior to develop an intraoperative surgical adjunct to the already existing 5-ALA
induced surgery.

Keywords: GBM—glioblastoma multiforme, 5-ALA=5-aminolevulinic acid, protoporphyin IX, quantification,
breakdown, visualization, microscope
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Reinert et al.

Enhanced Glioma Visualization

INTRODUCTION

It is widely accepted that the extent of surgical resection plays
an important role in overall survival in patients with glioma,
both in IDH wild type and IDH mutated, and both in high
grade and low-grade glioma (1, 2). In high-grade glioma, the
extent of resection is guided by MRI and directed to the contrast-
enhancing portion of the lesion, while in low-grade glioma the
resection is decided based on the tumor infiltration shown by
T2 sequence alteration (3, 4). New techniques as fluorescence
have become a standard of care for intraoperative resection of
high grade glioma (4). Nowadays, however, growing evidence
support the use of these detection techniques also in low grade
glioma (5). PpIX fluorescence and its concentration in tumor
cells depends on the balance between its synthesis, catabolism
and outflow. The amount of PpIX in tumor cells is favored by
both the activity of cytosolic porphobilinogen deaminase (PBGD)
during the replication phase, and by the down-regulation of
ferrochelatase (FECH) (6). However, other factors such as protein
transporters, tyrosine kinase activity and its downstream effect
on hemoxygenase-1 (HO-1), availability of free Fe? " -ions and its
effect on FECH, are related with PpIX fluorescence (7, 8). Because
of the above mentioned factors, the final enhancing results are
highly variable and difficult to predict both in clinical and
laboratory setting, and might also depend on EGFR expression
status in glioma cell lines (7). Proteins transporters such as
ATP-binding cassette subfamily G member 2 (ABCG2) regulate
intracellular concentration of PpIX. These proteins may also be
differently expressed or activated in relation with the epigenetic
status of GBM (9) (Figure 1).

Further well-known factors such as 5-ALA patient
administration concentration, exposure time and tumor
cell concentration influence the concentration of PpIX at
the local level (4, 10). Furthermore, fading requires also
consideration during light exposure. Also, 5-ALA fluorescence
may vary spatially from one area to another of GBM (11).
Lastly, two further factor that limit the validation of PpIX
fluorescence consist in the inter-observer variability and in
the different signal imaging obtained by the microscopic
view or by the video screen. Based on all above mentioned
limitations, there is an urgent need to go beyond the visual
capacity of the human eye by measuring more accurately
the tumor borders with quantitative pixel based method,
and possibly by establishing a definite threshold for tumor
activity presence.

The overall purpose of the study was to better understand
the metabolic pathway of PpIX, and thereafter to augment
pharmacologically its signal in different GBM cell lines in order
to increase its visibility. This achievement might be exploited
in the future also in photodynamic therapy. We thus selected
three compounds: tin protoporphyrin IX (SnPP) a HO-1 blocker,
deferoxamine (DFO) an iron chelator, and genistein. Genistein
is a natural product (Isoflavone) (12), known as an angiogenesis
inhibitor and as an inhibitor of ABCG2 transporter protein, thus
influencing the outbound cell traffic of PpIX. All compounds
are either FDA approved or previously described in human use.
In order to avoid the limit of inter-observer variability and to

capture also low concentrations of fluorescence tracer, barely
visible by naked eye, a quantification of PpIX during surgical
resection is required. We therefore developed a quantitative
PpIX microscope (Qp9) according to previously described setup
(13-15) aiming to correlate, for the first time, the color coded
matrix images with the effective concentration of PpIX is
to correlate these matrix images with the effective extraction
concentration of PpIX.

METHODS

Cell Culture

Human GBM cell line U87MG obtained from American
Type Culture Collection (89081402-1VL, Sigma-Aldrich) was
maintained in Dulbecco’s Modified Eagle Medium (DMEM,
61965, Gibeo® Life technologies Europe), GlutaMAX cell culture
medium supplemented with 10% fetal bovine serum (FBS, 10270,
Gibeo® Life technologies Europe), 1% non-essential amino
acids (MEM NEAA, 11140, Gibco® Life technologies Europe),
1 mM sodium pyruvate (58636, Sigma-Aldrich), penicillin 10,000
units/mL and streptomycin 10,000 p.g/mL (15140, Gibco™ Life
technologies Europe).

The human GBM cell line U87wtEGFR overexpressing the
EGFR gene, was generously provided by Prof. Dr. Frank Furnari
(Laboratory of Tumor Biology, Ludwig Institute for Cancer
Research, University of California-San Diego) and was cultured
in DMEM GlutaMAX, 10% FBS and 1% penicillin-streptomycin,
supplemented with 100 pg/mL of G418 disulfate salt (A1720,
Sigma-Aldrich). U87MG VIII 4.12 cells stably expresses high level
of the mutant EGFR variant III (deletion of exons 2-7) (CL
01004-CLTH, Tebu-bio) were maintained in DMEM GlutaMAX,
10% FBS, 1% penicillin-streptomycin and 0.2% of gentamicin 10
mg/mL (15710049, Thermo Fisher Scientific, Life Technologies
Europe), enriched with 100 pg/mL of G418. All cells were kept
at 37°C, 5% CO, atmosphere, in static conditions. Cells were
harvested by incubation for 5 min at 37°C with 500 pL TrypLE™
Express Enzyme (1X), no phenol red (12604021, Gibco ™ Life
technologies Europe) and blocked with DMEM supplemented
with 10% FBS. During the time of the experiment, the cells were
plated and after 24 h the medium was replaced with serum-free
DMEM, high glucose, HEPES, no phenol red (21063045, Gibeo®
Life technologies Europe) for at least 24 h before starting the
treatment (16).

Drug Treatment

5-ALA (Fagron DAC 2011), was freshly dissolved in milli-
Q water at an intermediate concentration of 1M and then
diluted in serum free medium at a final concentration of 1 mM.
DMSO 0.5% (vol/vol) (D2650, Sigma-Aldrich), was added to
5-ALA to increase its permeability into the cells as previously
demonstrated by Lawrence et al. (17). Deferoxamine mesylate
(492880, Desferal®, DFO, Novartis) was dissolved in milli-Q
water. SnPP (sc-203452, Santa Cruz Biotech) and genistein (sc-
3515, Santa Cruz Biotechnology) were dissolved in DMSO (16).
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FIGURE 1 | PpIX metabolism. Exogenous 5-aminolevulinic acid (5-ALA) is internalized by tumor cells through the peptide transporter 1 and 2 (PEPT1/2), it is then
converted into the fluorescent tracer protoporphyrin IX (PplX) inside the mitochondrion. The accumulation of PplX is antagonized by its active conversion through
ferrochelatase (FECH) and heme oxygenase-1 (HO-1) and its efflux through ATP-binding cassette sub-family G member 2 (ABCG2). These proteins could be blocked

PplX Evaluation by Flow

Cytometric Analysis

U87 cells were plated in a 6-well plate and treated with
DFO 100 M, SnPP 100 uM, or genistein 25 M alone or in
combination with 5-ALA at 1 mM or with all combinations of
these treatments. After 8h of treatment, cells were harvested,
washed twice with phosphate buffered saline (PBS, 10010056,
Gibco® Life technologies Europe) and centrifuged at 2,000
rpm for 5min. The pellet was resuspended in 100 pL of
PBS and the single cells suspension was analyzed by flow
cytometry (excitation 408 and emission 630/38; CytoFLEX S, flow
cytometry-Beckman Coulter) (16).

Confocal Microscopy

Cells were plated into Ibidi ju-slides VI0.4 (80606, Ibidi). After
24 h in FBS-free medium, cells were treated with DFO 100 uM,
SnPP 100 wM, or genistein 25 WM alone or in combination with
5-ALA at 1 mM or with all combinations of these treatments.
After 8h of treatment, cells were washed twice with PBS, fixed
with 4% paraformaldehyde for 10 min, washed with PBS. Slides
were examined with a confocal line scanning microscope (LSM)
Leica TCS SP5 equipped with the objective HCX PL APO lambda
blue 40.0 x 1.25 OIL UV and an excitation of 405nm and an
emission of 620-650 nm (16).

Operative Microscope and Quantitative
PpIX Microscope

For our tumor resection and cryosectioned slice of GBM
xenograft mouse model, an operating microscope (OPMI)
Pentero 900 (Carl Zeiss Meditec, AG, Oberkochen, Germany)
with a BLUE-400 mode was used for imaging (8-bit RGB, 1,920 x
1,080 pixels) at a 20-cm distance from the target (18). Operative
video was registered on BrainLab Buzz for later analysis
(Figure 4, Video S1). For the quantification of the tumor samples
taken during the surgery we constructed our custom-made
microscope (Qp9) (Figure 2) its basic functionality described
previously by Valdes et al. (13-15). The Qp9 microscope was
calibrated to brain tissue mimicking phantoms with different
known PpIX concentrations. The tumor samples were taken
(Video S1) and then frozen at —80°C for later analysis with color
matrix images obtained with Qp9. The sample was processed to
trypLE lysis for cell disaggregation, as previously described in cell
culture section, and then PpIX was extracted for TECAN analysis,
for comparison with the Qp9 microscope.

Qp9 Microscope Setup

Tissue samples and cell cultures are imaged with a hyperspectral
camera setup and a color camera attached to a microscope
(OPMI pico, Carl Zeiss Meditec) with a fixed working distance
of 200 mm. The image is divided by a beam splitter between the
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FIGURE 2 | Quantitative PpIX microscope. A tissue sample or cell culture is
illuminated by a LED light source with white light or light at 405 nm. The
microscope collects the reflected and fluorescent light with an objective lens
with f = 200 mm. A beam splitter (BS) splits the light into two paths. One path
is imaged with a hyperspectral camera setup. For an overview the second path
is imaged on a color camera (RGB camera). The hyperspectral setup consists
of a scientific CMOS camera (SCMOS) and a liquid crystal tunable filter (LCTF).

two imaging paths. The LED light source is capable to produce
white light and violet light (405 nm) with an intensity of up to 30
mW/cm? at the sample.

The hyperspectral setup consists (13) of a scientific CMOS
(pco.edge 4.2, PCO AG) camera and a liquid crystal tunable filter
(LCTE Meadowlark Optics, Inc.) (13-15).

The LCTF can be tuned between 420 and 730 nm in one
nanometer steps. A typical full width at half maximum (FWHM)
of a passband is 12 nm with a transmittance in the range of 5-
30%. Outside the passband the transmittance is smaller than 1%.

A standard color camera (uEye CP with IMX252, IDS imaging
GmbH) is connected to generate overview images.

With the hyperspectral setup one can record hyperspectral
image stacks. The reflectance of the sample can be recorded
using white light from the LED light source and fluorescence
hyperspectral image stacks can be recorded using 405 nm light
from the LED light source. For each pixel a white light reflectance
and fluorescence spectrum is available.

These spectra are used to calculate absolute PpIX
concentrations (15). So far, the system is calibrated to PpIX
brain mimicking phantoms. The fluorescence spectrum is
spectrally unmixed, so the pure PpIX signal can be separated
from autofluorescence and other background signals such
as ambient light. Then the white light spectrum is used to
normalize for different tissue properties (different scattering and
absorption). We get a PpIX concentration map of the measured
samples overlaid on the image of the sample.

Calibration

For calibrating the system, tissue phantoms with defined optical
properties were created to mimic brain tissue (19). PpIX was
dissolved in dimethyl sulfoxide to get different concentrations
(10 ng/ml—>5 pg/ml), intralipid and yellow food colorant were
used to generate varying scattering (reduced scattering coefficient
at 635nm, ey = 8.7-14.5 cm™!) and absorption properties
(absorption coefficient at 405 nm, L, = 20-60 cm™!). The lower
detection limit of the system at one second integration time is
10 ng/ml of PpIX.

RESULTS

Inhibition of PpIX Metabolism of HO-1 by
Tin Protoporphyrin IX (SnPP)

Having previously established the final concentration of 5-ALA at
1 mM for 8 h as the optimal conditions for 5-ALA treatment and
quantification of PpIX fluorescence (16), we then proceeded to
study the effect of drugs that modulate proteins involved in PpIX
conversion into non-fluorescent metabolites. Dose response and
cytotoxicity analysis for SnPP showed that the best compromise
between PpIX accumulation and cytotoxicity is a concentration
of SnPP at 100 uM (16). So, we treated 2 x 10° adherent cells/well
with SnPP at 100 wM alone or in combination with 5-ALA for 8 h
and then determined the mean cellular PpIX fluorescence by flow
cytometry for biological duplicates. Based on two independent
experiments performed by flow cytometry, we showed that the
HO-1 inhibitor SnPP is able to significantly improve 5-ALA-
induced PpIX fluorescence in U87MG and U87VIII, alone or
in combination with 5-ALA. SnPP and 5-ALA co-treatment
augmented the mean PpIX fluorescence by 81% for<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>