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ABSTRACT

Intraoperative neurosurgical histopathologic disggsorely on evaluation of rapid tissue
preparations such as frozen sections and smedrganventional light microscopy. Though
useful, these techniques are time consuming amdftire unable to provide real-time
intraoperative feedbackna vivo molecular imaging techniques are emerging as noeghods
for generating real-time diagnostic histopatholagiages of tumors and their surrounding
tissues. These imaging techniques rely on congexst¢rated by exogenous fluorescent dyes,
autofluorescence of endogenous molecules, fluonescgecay of excited molecules, or light
scattering. Large molecular imaging instrumentsbaiag miniaturized for clinicah vivo use.
This review discusses pertinent imaging systentshiénze been developed for neurosurgical use
and imaging techniques currently under NADPH dgwelent for neurosurgical molecular
imaging.

INTRODUCTION

Enhancing the gross extent of resection for gliommasoves patient survival’ Extensive gross
resection of low-grade and high-grade lesions ntt significantly improves survival, but also
increases time to recurrenéelhe addition of gross fluorescent contrast agesutsh as 5-ALA

for the identification and resection of gliomaspydes further improvement in progression-free
survival for glioma patient§This improvement is attributed to the increasée od gross total
resection, approximately double, with the additifintraoperative tumor fluorescence contfast.

Increasing extent of resection must also aim tsgmes eloquent brain as new postoperative
neurological deficits are correlated with increapatient morbidity and decreased survival
rates>”’ With detailed preoperative planning, postoperatiearological morbidity may be
insignificant with respect to the extent of surgér{? The general consensus leads us to believe
that better techniques are required for improvedisal localization and removal of neoplastic
tissue, and avoidance of healthy tissue to maxithiedenefit of cytoreduction and risk
reduction.’

Intraoperative microscopic evaluation of tissuesuisently possible via frozen sections and
tissue smears. Though useful, these techniquegeequywhere from several minutes to
occasionally an hour or more for feedback and @anatje tissue, creating imaging artifatts?
Also, given the nature of neurological tissue aadrosurgery, it is challenging to view three-
dimensionally orient tissue biopsies in a practinahner for localization and complete removal
of tumor-positive areas. For this purpose, frozsetions and smears are typically used for their
diagnostic confirmatory purpose rather than guigdoc extent of resection.

This article reviews pertinent current peer-revidweanuscripts assessiimgvivo and molecular
imaging techniques with potential neurosurgicall@pgions. We expand on the hypotheses,



benefits, and limitations of the current technodsgfior their application in neurosurgery. This
review does not address functional brain imagingist or studies examining basic tumor
microenvironment and focuses on surgical oncolgplieations. The studies examining
application of imaging technology by studying apability in freshly resected are-vivo
specimens from brain tissues were also included.

Laser Scanning Confocal Endomicroscopy

Laser scanning confocal endomicroscopy (LSCE)nsranvasive imaging technique
permittingin vivo histologic imaging with miniaturized endoscopiolpes at cellular resolution.
Cellular detail may be visualized by applicatioregbgenous fluorescent contrast agents or by
label-free imaging approaches that generate cariesed on endogenous fluorophores or tissue
photon-scattering propertie¥:*® Currently, most diagnostic LSCE is conducted wisk of
exogenous contrast agents. Emerging label-freeoappes include tissue visualization via auto-
fluorescence, in which endogenous fluorophore®acéed to generate fluorescence contrast
and reflectance mode confocal microscopy whichaligas tissues based on the variable
refractory differences of microscopic structurgs.

One advantage confocal microscopy provides ovevarational microscopy is its ability
to optically section through thick tissues. To allfor optimum tissue contact, the microscope
can be introduced to the tissues endoscopicallgmcally via a miniaturized optical apparatus.
Alternatively, excitation light and images can Bsmitted to and from the tissues to the
microscope via a flexible imaging fiber-optic coitdihe clinical utility of confocal
endomicroscopy for histologic evaluation is welladtished for evaluation of the gastrointestinal
tract®'and is being extensively investigated for utilitymultiple other organ systems,
including the brain.

Differences in morphologic appearance of tissuexidvo specimens with topically
applied fluorescent agents amdvivo specimens with injected agents must be notedctkge
sodium fluorescein highlights a fluorescent exthata background with nuclear cellularity
representing dark shadows. Strong fluorescencealsigisually demonstrated in tumor tissue
due to increased extravasation of the agent antl bemaorrhage$® Also, fluorescent vessels
appear bright and are simple to idenfityAnother issue witln vivo images obtained with
confocal systems is the motion artifact that coogiés image interpretation. Motion artifacts
during acquisition of images result from movemaitthe portable probe or of the tissue
because of pulsation and other movement. Thisase®the number of images needed to be
capturedn vivo compared withex vivo imaging before diagnosi%: Development of imaging
systems with higher frame rates will minimize matartifacts in future devices.

Although cellular and architectural detail is ofwufficient, diagnostic challenges may
result from the unconventional plane of sectionihgmost areas of the body, interpretation of
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the images is dependent to some extent on the pfarssue at imaging. LSCE provides en-face
sectioning of the tissue and can be contrary tatimyentional plane of sectioning for histology
and may make interpretation of small foci of ineasimore challenging?

Current FDA-approved diagnostic fluorescence cahtigents for neurosurgery include
fluorescein sodium (FNa), indocyanine green (IC&@minolevulinic acid (5ALA), and tumor
paint (BLZ-100). These agents are in various legéldinical testing and approval and have
been thoroughly reviewed in the literatuf&Fluorescein sodium and ICG are nonspecific agents
that provide cellular contrast between all struesuwithin the field of view. Fluorescein sodium
has the advantage of excitation and emission witiervisible wavelength, allowing real-time
macrofluorescent imaging when viewed through thesmf a surgical microscope. Indocyanine
green is an infrared fluorophore that allows imggnh deeper cellular structures; however, ICG
requires digital processing for viewing due to esi@e wavelength beyond what is detected by
the human eye. Five-aminolevulinic acid and BLZ-80€ specific fluorophores and selectively
label tumor cells within the brain. Their ability &xploit the selective labeling to safely enhance
extent of resection is currently in various phasfesinical review?*

Outside of neurosurgery, the most common fluoresoemtrast agents for clinical
applications are acriflavine hydrochloride 0.05%pfescein, and indocyanine green (IC&3?
When fluorescein and topical acriflavine are coredint is possible to calculate nuclear
cytoplasmic ratios, which are useful indicatorsdeliular differentiation. Simultaneous imaging
of multiple fluorophores is now possible with sealaslinical LSCE systems with multichannel
imaging capabilitied°

Flexible Probe Confocal Endomicroscopy: Images obtained utilizing a flexible probe
attached to a LSCE have an overall good qualityaaaccomparable to conventional histologic
images3 The flexible imaging fiber optic extends the imagfield by transmitting the image
through a bundle of optical fibers (Fig. 1a). E&ber acts to transmit light corresponding to the
light intensity of the area imaged. When multipkeefs are bundled together, each fiber acts as a
pixel; therefore the resolution of the imaging systdepends on the number and size of fibers
within a bundle®® The space between the individual optical fibefsesimposes a honeycomb
pattern over the image. Although the resolution quality of images is reduced because of the
honeycomb artifact, the fiber optic is very smaltldlexible compared with miniaturized or rigid
microscopes. This allows for intraoperative freedehen imaging?

Charalampaki et al. studied the neurosurgicaltytif confocal laser endomicroscopy in
150 patients anex vivo specimens. Tumors examined using the microscopgedcafrom benign
and malignant primary brain tumors, to metastdsegeneral, both benign and malignant tumors
in the brain exhibited increased cellularity andatdarity. Vascular proliferation appears as dark
spots with topical application of most fluorescagénts and appears bright with intravascular
injection of fluorescent agenits vivo. **** The use of fluorescein as an injectable agerinfor
vivo diagnoses demonstrated the ability to differeatiairmal from abnormal tissu&.Five-



aminolevulinic acid injection resulted in imageattivere harder to interpréf. Large structural
formations were generally easy to identify in tissdes. Examples include psammoma bodies,
calcifications, Rosenthal fibers, palisading, asdyzlorosettes (Fig. 1b).

For the same reason, other studies found thaetigtiity of endomicroscopy in
diagnosing meningiomas with identifiable structuisash as psammoma bodies to be
significantly higher?* However, confocal endomicroscopy was unable tiedintiate high-
grade from low-grade meningiomas with a satisfactlegree of reproducibility and confidence.
31 This demonstrates one of the main limitationsofivo microscopy. It is apparent that it is
difficult to interpret cytologic features of pleonphism, nuclear cytoplasmic ratios, and general
atypia®® Also critical histologic features of mitosis, erbelial proliferation, and necrosis are
not readily identifiable®® Detection of some of these features is possibegusiniaturized
confocal endomicroscopy, as discussed later, dadlémonstrates the limitation of a fiber optic
in producing high-quality images.

Rigid Probe Confocal Endomicroscopy: Imaging devices composed of a confocal
microscope with an attached rod lens are avaitablée rod lens acts as a conduit for the
transfer of images from the tissue surface to tfeeascope objective. Although the glass lens is
not flexible, images produced using this method tenhave a better quality and are less
pixelated when compared with those of flexible fibptics>®

The EndoMAG1 is a confocal endomicroscope withgalrprobe that was investigated
for neuro-oncological applications. This microscépghnique achieves a resolution ahfand
has a field of view with a diameter of 308.3* Examination of the specimens using the rigid
probe confocal system generated images compablaeér confocal systerifsand allowed
differentiation between grey and white matter, meambs, and diagnosis of different tumor

types.

In certain tumors, the diagnostic information aghi with the microscope were
sufficient; for example, meningiomas with prominpsammoma bodies were readily visualized,
however, as with other confocal systems, interpicetaof other common histologic diagnostic
criteria was challengirf§ (Fig. 2). An interesting advantage of the EndoMAgehfocal system
imaging is that images produced after the addidoa contrast agent (methylene blue) were
similar to the results produced by imaging of natrain without the addition of a contrast
agent; this finding suggests the ability of thizrascope in detecting autofluorescence.

Miniaturized Confocal Microscopy: Miniaturization of the optical components of a
confocal microscope converts it into a hand-hed@rprobe with a diameter less than 10mm.
This tool provides portability and direct micros@aopnaging of tissues when integrated into
endoscopic and surgical procedute€ommercially available miniaturized confocal
microscopes such as the Optiscan are currentlyad@ifor clinical and research utility (Fig 3a).
The addition of fluorescent contrast agents sudtluasescein or acriflavine are usually required



for the production of interpretable images. Thedesproduced using the system are
theoretically superior to those obtained usindyarfptic or rigid rod lens conduit as there is no
deterioration in the image quality by the conduit.

In fact, one study demonstrated the ability of thisroscopy technique in detecting
subnuclear structures such as nucleoli with asiifeas a contrast agefit.Detection of mitoses
in vivo was also possible and was demonstrated within drigtie glioma&® In studies
examining the accuracy of the confocal system imggf ex vivo biopsies obtained from the
brain, or animals, strong discerning ability of theeroscope was demonstrated with cytological
and architectural detail comparable to histologgtdation of the transition zone between
neoplastic and healthy tissue was considered eagmafted glioma® (Fig. 3b). Additionally,
detection of single malignant cells distant frora thain tumor was possibi&.

Meningiomas are generally among the tumors readigtifiable usingn vivo
microscopy given their architectural cytostructurea study examining grafted meningiomas in
mice using the miniaturized handheld confocal systeariable histologic variants were
demonstrablén vivo, including the ability of this microscope to demwate small foci of
invasion among aggressive meningiorfiz Although this imaging modality is able to identify
most other tumors studied, such as meningiomagasuiomas, epidermoid cysts and
craniopharyngiomag®3'it may require that multiple images be acquirefbtgean image with
enough data to make a diagnosis is captured.

The number of in-vivo images captured on averaderba diagnostic image is produced
is approximately 14" This requires a mean imaging time of a singledfisfl approximately 5.8
minutes, which is significantly shorter than thaeirequired for frozen section interpretatfon.
However, large area scanning of the tumor bed neapd time consuming and not practical, and
confocal imaging in general may be more usefuimaging suspicious foci within the tumor
bed? In the study by Martirosyan et &t the sensitivity (91% for gliomas and 97%
meningiomas) and specificity (91% for gliomas ai@&®of meningiomas) ah -vivo acquisition
were comparable to those of frozen sectfdns.

Advantages of L SCE

» Generates high quality of images with good nucéest subnuclear detail,
allowing for accurate diagnoses

» High accuracy for identifying various types of tursio

» Can be integrated into hand-held probes or fleXibler optics for practical
application during surgery

» Shows good visibility of vascularity and vasculaustures with injected
fluorescent agents

» Can be combined with confocal reflectance microgdop multimodal
microscopy



Disadvantages of L SCE

» Usually requires the addition of contrast agents

 Difficulty in identifying some histologic featurestich as mitoses and nuclear
pleomorphism

» Associated with significant motion artifaict vivo

Confocal Reflectance Microscopy

Confocal reflectance microscopy (CRM) is a low+gyeoptical imaging modality that
can rapidly assess tissue samples without physiaalpulation or application of exogenous
contrast agentS.CRM generates contrast based on tissue speciflsbatter and reflection of
photons.. CRM introduces a small fraction of enangg tissue compared with fluorescent
imaging techniques since it does not rely on flptiare excitation.

One of the main advantages of confocal reflectamceoscopy is that it generally does
not require preparation or staining of the tisfoesmaging, although acetic acid has been
shown to enhance nuclear contrddt Acetic acid causes compaction of nuclear chromatin
making them appear bright&.In xenograft and clinical biopsies, CRM have shauiility for
providing detailed histopathologic images of norimain and neoplastic brain (Fig. 7a(b)), (Fig.
7b(b)). Like confocal fluorescence microscopy, omal reflectance microscopy possesses the
ability to change the depth of imaging, creatingag sections within the tissue. However, since
the detected signal is a scattered signal, thehd#ptaging is limited to tissues with high
scattering.

Furthermore, work in ex-vivo and animal modelsgagis CRM can provide detailed
microscopic interrogation without alterations te tholecular integrity of the tissu&s* Since
CRM is a nondestructive technique, It may be usefdietermining cellular and viable tissues
prior to biobanking Further work is required to determine if #evivo imaging utility of
CRM can be translated fam vivo applications. Fiber optic probe integration wetinfocal
reflectance microscopes allowing for flexible enmysc imaging has been demonstrated, but
not yet customized for neurosurgical applicatitis.

Advantages of CRM

* Generates high-resolution images

» Delivers low energy to tissue

» Can optically section thick tissue

» No exogenous contrast agents required

» Does not disrupt tissue molecular integrity



Disadvantages of CRM

» Limited to imaging depth of 150 microns, depend®ntissue-scattering
properties

* Requires learning curve for image interpretation

* Technology has not been miniaturized for clinicairosurgical use

Raman Spectr oscopy

Raman spectroscopy is an analytical method thiasren scattering of light by vibration
of molecules within a given specimé&hThe vibrating molecules and bonds shift a smalttion
of the scattered photons into a new frequency. dbkh#ts correspond to the chemical
composition of the molecule. Fatty acids, for exlEmnproduce signature spectral shifts, allowing
their identification.

Microscopy technigues that rely on Raman scatjemay be direct, in which a shift
characteristic for a molecule could be used to itsagistribution within an area of tissue.
Alternatively, thousands of Raman spectra can berded from different spots within a
microscopic field and an image is generated basdti@aggregate compositions within the
area. Several imaging techniques based on the Reomaept have evolved and have been
studied in several areas of the body, includingottaen.

Earlier spectroscopic studies of excised humamgls and other brain tumors showed
that spectroscopy can differentiate grey from whittef® and necrotic (cholesterol rich) from
viable tissues'® These distinctions are possible because of sigmifidifferences in lipid
compositions of these compartments. Unfortunatblmethod lacks sufficient sensitivity to
differentiate tumor from normal brain tisstleGliomas (grades Il — 1V), studied in early
spectroscopy studies, showed spectra identicaltp matter® Further developments using near
infra-red spectroscopy allow discrimination betw&emor and normal braifi->?In addition to
its discriminatory advantage, the use of near irdhRaman spectroscopy of the brain reduces
the risk of tissue damage.

Unlike fluorescence microscopy, Raman spectrosamplymicroscopy do not require the
addition of exogenous contrast agents. Other adgastinclude the ability to transmit the
measurements through a fiber optic hand held patibeing for intraoperative usé®>° (Fig.
4a). Perhaps the main drawback of the conventgp@itaneous Raman scattering in the brain is
lack of satisfactory sensitivity to detect minutarfRan shifts necessary for tumor diagnosis. This
results in decreased discriminatory ability andyleequisition time which may result in tissue
damage.

Coherent Raman spectroscopy (CRS) has significanfiroved Raman spectroscopy
sensitivity. CRS typically uses two pulsed laserrses and drives the Raman signal collected
toward an easier-to-detect spectrum (away fromrfertence with emitted fluorescence noise).



This allows considerable isolation and magnificatd the signal, thus increasing sensitivity.
The two major methodologies of CRS studied in ttaérbare coherent anti-stokes Raman
scattering (CARS) and stimulated Raman scatte@®RfS). Stimulated Raman spectroscopy
mapped to graphical representation demonstratestioiiigures along with detailed cytological
and architectural features (Fig. 4b). CRS techrsqigo improve the quality of the signals
collected by measuring the spectra within a thicesbf tissue, as opposed to collecting
aggregated spectra from depths of up to Ithm.

With a high specificity (91%) and sensitivity (93%d¢rmyn et al. demonstrated the powerful
ability and accuracy of SRS in identifying maligh&issues intraoperatively in human brain.
In addition to the ability of identifying denselyafignant and normal tissues, the SRS probe has
the ability of detecting normal brain infiltratedtivas few as 17 cancer cells per 0.0625.

Advantages of Raman Spectroscopy

» Can accurately detect brain tumors, including gasr(grades 2-4)

» Coherent Raman methods provide high sensitivityraadlution for detecting
single malignant cells

* No contrast agent is required for brain imaging

» Can be integrated in endoscopic or hand-held probes

Disadvantages of Raman Spectr oscopy

» Limited to imaging depth of 150 microns

* Interference from extraneous operative light mayne that operative room
lights be turned off during analysis

* Blood in the operating field and debris may integfith spectroscopy

Optical Coherence Tomography

Optical coherence tomography (OCT) is a well-dsthbd medical imaging technique
for obtaining cross-sectional microscopic imagebiofogical tissues such as the retina. Its use
has been rigorously investigated in several medis&iplines, including ophthalmology,
dermatology, gastroenterology, and others. Thetigedity of obtaining high-resolution cross
sectional images with no risk of tissue damagenmade its use in ophthalmology routine for
evaluation of the retina at a microscopic s¢afé.lts functional and imaging concepts are
similar to an ultrasound, with the difference beihagt it uses light instead of sound reflection to
visualize structures at varying depths in the gssu

Unlike other methods that offer optical slicesiplane parallel to the tissue (en-face),
the attractiveness of this method lies in its iehé@bility to provide deep cross-sections of the



tissue (1-2mm§? This is achieved by using long wavelength lighttsas infrared light for
imaging. OCT also does not require the additionarftrast material or preparation of the tissues
because it uses the native refractive propertieéseofissue. Unfortunately, standard OCT
produces images at a resolution of roughly 10 migravhich is not sufficient for adequate
cellular detail, but can offer information suchdésruption of myelinated axons at areas of
malignant invasion, or identification of sheetswhor cells versus normal brdih.

Studies investigating the utility of OCT in theabr showed the ability of spectral-domain
OCT imaging to delineate gliomas (low and high @jatom normal braifi?* Multiple studies
have also demonstrated the ability of OCT equiprteirhage tissue at a far working distance,
allowing their integration into the optical pathsafrgical microscope$:°*OCT may also be
integrated in neuroendoscopic probes for microscimpaging during neuroendoscof$.
Although most OCT methods demonstrated their ghitidentify tumors (including low-grade
and high-grade gliomas), they lacked sufficienohason for identification of the normal brain
infiltrated by individual malignant cells at thegess of the tumor cavity?**However, detection
of small areas of residual tumor at the edgesmbticavity is possible using continuous
imaging by integrating the OCT in the optical patithe surgical microscope for non-contact
imaging®®

Nonetheless, tumoral hemorrhage can compromisiatieretability of this modalit§®
Further studies are required to study the effenttgs of this method. The advantage of OCT
over other methodologies is its ability to imagel@pths greater than 1mm. It has been shown
that OCT may be used to identify subsurface foechefastatic tumor (such as melanomégig.
5). Current developments in optical coherence taayyy have allowed for improved imaging
resolution®® and expanded the area of imaged surf&é&&Further OCT advances include the
refinement of micro OCT technologies that allow itneging of subcellular structurés.

Advantages of OCT:

* Provides cross-sectional morphologic assessmentesiolution of 10microns

» Does not require addition of contrast materials

» Utilizes near infrared or infrared light source twito risk of tissue damage

» Performs images at a distance and can thereforgdgrated into surgical
microscopes

» Similarly, may also be integrated into rigid endmsic probes

* Imaging depths of more that 1mm exceed those ofdlkcent methods

* Automated OCT and full-field OCT allow for scanniofjlarge fields of view at a
microscopic level

Disadvantages of OCT
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» Lacks sufficient cellular detail for detection ofiltrating malignant tumor cells
at tumor margins

* Interference from extraneous operative light capioblematic

» Cannot visualize optically opaque tissues or tisheyond an opaque barrier

Multiphoton Microscopy

Multiphoton imaging, including two photon imaginbas the advantages of imaging
tissue at greater depths than traditional conf@liredar) microscopy and the ability to excite
endogenous fluorophores with a fraction of the gpeompared with standard fluorescence
imaging modalitie$® Fluorescence imaging of brain tissue without theition of contrast
agents is possible with the aid of endogenous diploores such as NADPH, porphyrins, flavins,
collagen, elastin, and lipofuscin. The inheremitiation of using endogenous autofluorescence
is that the endogenous fluorophores are preseatadively low concentrations and require high-
intensity fluorescence excitation for imaging. Atk high-intensity requirement, traditional
fluorescence microscopy using a continuous liglainienay result in tissue damage.

Multiphoton imaging utilizes femtosecond-pulseselis. Using short pulses of lasers
maximizes the intensity of light used without impiag cell viability. These devices have
excellent resolving power in normal and abnormalrbtissue without the addition of
exogenous contrast materfal& (Fig 6b). In a study by Leppert et aix vivo multiphoton
imaging provided identification of single malignar@ls permeating normal brain at the tumor
margins (Fig 6a). This imaging modality has beeénigturized and incorporated into prototype
endoscopes currently being evaluated in the ba@ases. Though not yet studied in briain
vivo, these endoscopes have potential for neurosungidiay. ">

Advantages of multiphoton microscopy:

» High sensitivity and specificity with good discrinatory ability in the brain and
high cellular resolution

» Allows delivery of high-intensity excitation pulsesthout photodamage

* Allows fluorescent imaging of endogenous fluoro@sofautofluorescence),
therefore no exogenous contrast material needed

» Can be integrated with other imaging modalitieshsas fluorescent lifetime
microscopy to increase imaging specificity and gty

» Can be integrated in endoscopic and hand-held probe

Limitations of multiphoton microscopy:

» Technically demanding microscopy method that maybeceasily integrated in
neurosurgical equipment
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» Slower imaging acquisition rate
» limited by movements such as pulsation that intoedmotion artifacts

Fluor escence lifetime microscopy (FLIM)

Traditional fluorescence imaging observations mesaproperties such as fluorescent
intensity and frequency. An additional observabieahsion is fluorescence lifetime and may
add valuable information about molecular compositi&luorescence lifetime is the average
amount of fluorescence decay once a fluorophoegdéged, and typically occurs within 100
nanoseconds. This lifetime is proportional to tbhargity of excited fluorophores. The advantage
of measuring fluorescence lifetime instead of fagmence intensity is that two different
molecules at different concentrations may emitstiime fluorescence intensity; however, one
may have a longer lifetime and can therefore betified.

In order to measure the fluorescence lifetimasat pulse excites the specimen and starts
a “stopwatch”. Contrast is generated by analysgeafy times within sampled areas, allowing
for spatial mapping and image construction. FLINeoS high sensitivity with only a few
fluorophore molecules required for detection. Taliews for low excitation intensity, preserving
viability of specimens under lengthy observatidfisM may therefore be added to complement
most fluorescence modalities, including confocal amultiphoton microscopy and macroscopic
fluorescent imaging. FLIM has been miniaturizeddondoscopic large area imaging with
development of a clinical instrument on the horiZon

FLIM has been utilized reliably to differentiatiogna cell lines based on distinct
endogenous fluorophore lifetime profiles comparéith wther tumor cell line§* Importantly,
FLIM offers good delineation between gliomas andched brain with the ability to resolve
single malignant cells in the background of norbrain at the diffuse edges of glioma without
the addition of any exogenous contrast matefial.

FLIM combined with multiphoton imaging generatesliidnal contrast between normal and
neoplastic brain. The pulsed light sources utiliftrdmultiphoton imaging allow integration of
fluorescent lifetime measurement as a fourth amtitiadal dimensior>"*"®This provides
additional contrast between tumor and normal bfaamd may be utilized to improve the
contrast of exogenous fluorophores such as propbyyein 1X. “©

Advantagesof FLIM:

» High-resolution imaging in combination with multipton and confocal imaging

* Does not require the addition of contrast materials

* Low energy delivered to tissue

» May generate contrast between cancer-specific mi@sthat may be overlooked
via standard fluorescence
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» Combination with conventional macroscopic fluoresmeimaging and
endoscopy allows for FLIM imaging of large areasisfues.

Disadvantages of FLIM

» High cost of instrumentation
» Slow image-acquisition rate
» Commercial device not currently available

M ass Spectrometry

Mass spectrometry is an analytical techniquegbes ions and small molecules based on
their charge and ma$5Different mass spectrometry techniques have bpplied
intraoperatively to guide surgical resection of tusm These methods rely on the analysis of
ionized gas produced from the electro-dissectiolaser ablation; different signature patterns of
molecular composition between normal and abnorissiiés are then determined.

The utility of mass spectrometry in tumor resettias been demonstrated in oncologic
surgery.”®’® In one study, a vacuum is integrated with thetededissection instrument to allow
a constant stream of vaporized gas to be analyeeshi-time. The premise of its use in the brain
is based on the fact that certain onco-metabdited as 2-hydroxyglutarate (2-HG) are
produced by the tumor cells and are otherwise @aé®mrely low concentrations within normal
tissues® Of note, 2-HG is also a surrogate for IDH mutasicedding to the value of this
method in determining the presence of this mutafft¥f In addition to analysis of a single or
multiple metabolites, complex protein and moleqadéerns produced from analysis of different
tissues differentiate normal and diseased tisStés.

Interestingly, metabolite profiles are able tdidiguish between primary glioma
subtypes, predict transformation and trajectorfdews-grade and high-grade gliom&sin one
study examining the intraoperative use of masstspaetry,®* samples from biopsied sites were
placed on a slide and then analyzed using massrgp®try. No prior preparation of tissue was
required otherwise. The results were then mapprdaictically based on their biopsy site,
allowing for surgical guidance. Another method tresability to directly analyze ultrasonically
liquefied brain tissue for real-time analysis aittprimary site€’® These methods have been
tested inex vivo specimens, further studies are required to tedt thasibility for direcin-vivo
intraoperative use and accuracy.

Advantages:
» Fast analysis of tissues allowing accurate idewaifon of diagnostic molecular
profiles

» Allows detection of molecular changes within tumsush as IDH-1 mutations
* Does not require staining or preparation of tissues
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Disadvantages:
* Analysis requires vaporization or liquefaction isttie
» Metabolite profiles for different tumors need todstablished as a reference
* Method is not practical for examination of largeas of tissue

Multimodal Microscopy

Multimodal confocal reflectance and fluor escence microscopy: Confocal microscopy
that simultaneously combines both reflectance amatdscence modes provides complimentary
information and enhances the diagnostic abilitpath imaging techniques. Current benchtop
confocal microscopes offer imaging in both reflaceaand fluorescence modes. As described
previously, each mode offers advantages and whewiced together, the diagnostic ability of
this form of microscopy is brought one step cldseiesembling standard histology.

In general, reflectance mode is useful for assggsimor architectufé*®while
fluorescence mode provides better cytological H&t5f Two separate studies examired/ivo
brain tumor samples in both reflectance and flumeese modes using different microscopes.
Combination of the confocal modes still required #aldition of a fluorescent contrast agent and
allowed easy identification of meningiomas that dastrate recognizable whorling patterns
appreciated via reflectance and nuclear details asgseudo-inclusions appreciated via
fluorescenc® (Fig. 7). Combining confocal modes allowed ideatifion of essential diagnostic
criteria such as cellularity, vascularity, necrpaisd infiltration; however, mitoses were not
identifiable®’

Distinguishing white and gray matter is possibléwa very high degree of certainty via
combination of fluorescence and reflectance mi@pgt. On reflectance mode, gray matter has
a finely granular appearance while white mattemghthicker “cotton-like” appearance. The
addition of fluorescence demonstrates lower cailylin white mattert” Low-grade gliomas
that offer only subtle changes in cellularity atbtogic atypia are more challenging to
diagnose using fluorescence alone. Interestingfigatance images show a different structural
pattern in low grade gliomas that are distingui$é&om normal brain'"® This structural
lattice formed by cellular processes, not visuairestandard hematoxylin and eosin stained
tissues, complements the diagnostic utility of thisthod® This pattern is especially useful if
the cellularity and other cytological features mo¢ completely diagnostic of a low-grade
glioma.®®

Also, absence of the glial meshwork on reflectamoele may suggest a non-glial or
metastatic tumof’ Multimodal confocal microscopy therefore combittes advantages of both
reflectance and fluorescent microscopy. It offersgh sensitivity and specificity for detecting
normal versus abnormal brain tissue, 95% and 10688pectively’’ An additional advantage of
multimodal confocal reflectance and fluorescencerasicopy is the ability of pseudocoloring to
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produce images that resemble hematoxylin and etains. Pseudocoloring fluorescence images
in blue and reflectance in pink generate imagetsdioaely resemble hematoxylin and eosin
stained histology. Unfortunately, this modalgyyet to be miniaturized for practical clinical

use.

Multimodal two-photon microscopy combined with coherent anti-stokes Raman
spectroscopy (CARS): Combination of two-photon microscopy and Raman spscopy for
potential intraoperative diagnosis of brain tumuas been studiel This method most likely
provides the best imaging quality in comparisorhwgitandard histology without the addition of
contrast agents. The addition of Raman spectrosenpgnces the structural contrast. Structures
rich in fatty acids provide strong intensity sighahd allow good nuclear membrane and
cytological delineation when mapped in correspondédn images produced using two photon
microscopy (Fig. 8).

Necrosis is especially easier to identify due sogansitivity of Raman spectroscopy for
detecting cholesterol rich necrotic zones. The plmoton microscopy component provides
adequate cytological and nuclear detail withoutatigeof fluorescent agents (Fig. 8). Further
studies are required to determine the accuradyi®htethod and comparison with other
methods. One significant limitation of this methedhe time required for acquisition. A single
image requires approximately 30 seconds, whichiteesuimaging times of around 2 hours if an
imaging mosaic of a large area is obtained. Mimiaaion of this method is not currently
available for practical integration in neurosurgéfy

Pertinent studies of in-vivo imaging in neurosuagicncology are summarized in Table 1.
Technical comparisons among different imaging mitidalare reviewed in Table 2.

CONCLUSIONS

The advent of clinical molecular imaging has pdad a unique means to obtain real-
time histopathologic images of tumors and theirroeavironments. Multiple technical
advancements have allowed direct real-time mole@&yaluation of brain tissue, providing a
practical approach to enhancing the extent of tursection. Moreover, some of the more
useful technologies have not been yet readily natiegl into the operating instrumentation.

Currently, flexible and miniaturized confocal nascopy (LSCE) as well as Raman
spectroscopy are among the most researched aizeédiiih neurosurgical oncology. In our
opinion, miniaturization and customization of muttodal imaging technologies for
neurosurgical application may have the greatestmiat for practical clinical application.
Additionally, the use of imaging modalities thatmiat require the addition of contrast agents
may increase adoptability and research. Howevehdutechnical advances, are still required to
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improve acquisition rates, cost, and the abilitintegrate these methods into neurosurgical
procedures.

One of the basic limitations of mastvivo microscopic methods is their inability to pracliga
and conveniently scan large areas of tissue abwsragnifications. Development of larger area
scanning methods for targeting areas of interegtfonéher improve the practicality of vivo
microscopy. Unfortunately, most of the modalitiescdssed herein have been investigated
only onex vivo specimens. Imaginign vivo introduces challenges from motion artifact and
bleeding interference that make interpretatiomwges more challenging. Additionaliy,vivo
and real-time mass spectrometry and Raman spegpypsdready have the potential to provide
immediate molecular information intraoperativelygAably, accurate pathological diagnosis
may not be the aim @h vivo microscopy and rather an accurate distinction betwnormal and
abnormal tissues is sufficient. Large multi-cert@rical trials involving neurosurgeons and
neuropathologists are therefore needed to valiti@teurrently well established-vivo imaging
technologies for identification of residual tumoithin tumor beds.

In vivo microscopy is an emerging clinical tool which ganvide neurosurgeons and
neuropathologists real-time intraoperative histmagformation. This technology is under
development with the goal of providing cliniciangiwimmediate information for differentiating
tumors from normal brain, and possibly providingnediate histopathologic diagnoses. These
technigues will continue to evolve and those witt greatest clinical utility will be elucidated.
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Figure L egends

Figure 1: a: fiberoptic probe with emitting blughi to be placed on tissue of interestifexrivo
imaging. b: Confocal image obtained through flexibber-optic probe demonstrating a
Rosenthal fiber within a pilocytic astrocytoma. Tgicytic astrocytoma also displays the
typical spider-web structure. Reproduced with pssioin: Charalampaki P, Javed M, Daali S,
Heiroth HJ, Igressa A, Weber F: Confocal laser emdmscopy for real-time
histomorphological diagnosis: our clinical expedenvith 150 brain and spinal tumor cases.
Neurosurgery 62 Suppl 1:171-176, 201by permission of, Congress of Neurological Surgeons
Oxford University Press, provided by Oxford Univgrd’ress and Copyright Clearance Center.

Figure 2: Images acquired using rigid probe corfogaroscope. a: image of glioblastoma
showing diffuse growth with indistinguishable cddiuborders, high nuclear cellularity (white
spots) and nuclear pleomorphism . b: image of empgamatous meningioma with multiple,
round, hypo-fluorescent psammoma bodfe@eproduced with permission from Breuskin D,
Divincenzo J, Kim YJ, Urbschat S, Oertel J: Confdaser endomicroscopy in neurosurgery: a
new technique with much potentidinim Invasive Surg 2013:851819, 2013

Figure 3.Images and setup using miniaturized cafiaser endomicroscope. a: A miniaturized
confocal laser endomicroscopy setup in anesthesigedr-bearing rats b: A- Gross view of
intracranial windows, transition zone between helitin and tumor seen in circle on the left
side. B; appearance of vessels after intravengestion of FITC-dextran showing massive
extravasation, and ‘bleeding’ of fluorescence teistitial zones. C,D; normal vessel
morphology with no extravasation following injectiof FITC-Dextran. E; Histologic
appearance of transition zone with cellular tumothe right. G; in-vivo appearance of
transition zone with cellular tumor on the righReproduced with permission: Foersch S,
Heimann A, Ayyad A, Spoden GA, Florin L, MpoukouaslK, et al: Confocal laser
endomicroscopy for diagnosis and histomorphologiaging of brain tumors in vivé’?LoS One
7:e41760, 2012

Figure 4: a: Images and setup of in-vivo Ramantspgwopy. (A) Raman spectroscopy setup
with Raman probe and high-resolution CCD spectnoisctetector resulting in waveforms
specific to different tissue types. (B)Raman spetiopy probe used in-vivo, schematic
diagrams illustrates excitation of molecules resgltn waveforms specific to different
molecular species aiding diagnoi&sromJermyn M, Mok K, Mercier J, Desroches J, Pichette

J, Saint-Arnaud K, et al: Intraoperative brain cancer detection with Raman spectroscopy in
humans. Sci Transdl Med 7:274ra219, 2015. Reprinted with permission from AAAS (A) MRI
showing glioblastoma with ring enhancement (arrcad)€B)Nuclear crowding and
pleomorphism seen in both stimulated raman spexipys(SRS) (left) and hematoxylin & eosin
(H&E) (right) microscopy. (C) vascular proliferati@lemonstrated as tortuous vassels on SRS
microscopy (left, arrowheads) and with periodida8chiff staining (right, arrowhead). (D)
Mitotic figures are visible (arrowheads) with SR&rmscopy (left) and H&E staining (right). (E
and F) Non-enhancing, low-grade oligodendroglioaraofvhead, E) consists of nested cellular
tissue with “fried-egg” nuclearmorphology (arrowdsaF) causing minimal axonal disruption
on SRS imaging (left), correlates with neurofilamiemmunostaining (right). (G and H)
“Chicken wire” blood vessels in oligodendroglionzarpwheads, G) and perineuronal satellitosis
is visible in both SRS and H&E. From [Ji M, LewisGamelo-Piragua S, Ramkissoon SH,
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Snuderl M, Venneti S, et al: Detection of humanrbtamor infiltration with quantitative
stimulated Raman scattering microscaopsi. Transl Med 7:309ral63, 2015]. Reprinted with
permission from AAAS

Figure 5. Optical coherence tomography cross-segitionaging C-D; showing subsurface
metastatic intracortical melanoma (arrow head)r,; Eerresponding histologic sections
demonstrating subcortical metastatic melanoma.igitatien-face mosaicing produced by
stitching multiple crossectional images (lines Al 8) allowing a topologic localization of
subcortical metastatic melanomaReproduced with permission from Boppart SA, Brski

ME, Pitris C, Fujimoto JG: Optical coherence tonaqmry for neurosurgical imaging of human
intracortical melanomaleurosurgery 43:834-841, 199. By permission of, Oxford University
Press; provided by Oxford University Press and @ighy Clearance Center.

Figure 6: Ex-vivo multiphoton microscopy if gliolstma without the addition of exogenous
contrast material. a shows the resection edgeedfuttmor composed of single invasive tumor
cells (bright, larger cells) in a backgroud of nafrarain. b shows the cellular portion of the the
glioblastoma composed of large, pleomorphic ceith Wright cytoplasms. Reproduced with
permission from Leppert J, Krajewski J, Kantelh&®, Schlaffer S, Petkus N, Reusche E, et al:
Multiphoton excitation of autofluorescence for noiscopy of glioma tissué&leur osurgery
58:759-767; discussion 759-767, 2006. By permissio®aford University Press, provided by
Oxford University Press and Copyright Clearancet@en

Fig 7: Multimodal confocal reflectance and fluonsce microscopy. a: Images of meningioma.
(a) reflactance mode image showing fibrous outgzreof meningeal whorls (dashed arrows),
(b) fluorescence mode showing fluorescent meningelid arranged in nests (solid arrows), (c);
corresponding hematoxylin and eosin-stained higtolsection. Fig. 7(b); Images of low-grade
astrocytoma. (a) reflectance mode showing bloodeldslotted arrow) and disrupted neural
network pattern. (b) fluorescence mode demonstgli@sa cells (solid arrows) with increased
cellularity. (c) corresponding hematoxylin and eesiained histologic sectidfiReprodued with
permission from Wirth D, Snuderl M, Sheth S, Kwo8,&rosch MP, Curry W, et al: Identifying
brain neoplasms using dye-enhanced multimodal cahfmaging.J Biomed Opt 17:026012,
2012.

Figure 8: Composite showing comparison of diffetemtors using standard Hematoxylin and
Eosin, Two photon excited fluorescence (TPEF), cafteanti-Stokes raman scattering (CARS)
and multimodal combination of TPEF and CARS. Ima§d3, show metastasis of squamous
cell carcinoma. TPEF and CARS highlight the bouieganf the architecture. Images E-H show
a diffuse gilioma with moderate cellularity. TPE&ndonstrates the cytological cellularity while
CARS highlights the distorted architcural infrasture. Images | to L show the outer border of a
lympha, with TPEF highluighting the vessels whil&RS highlights the structureal detail.
Images M to P show the central portion of the siymphoma depicted in images | to L,
showing increased density. Scale bars A and Ensi6tbmeters, All others 50 micrometers.
Reproduced with permission from Romeike BF, MeyeR@&ichart R, Kalff R, Petersen I,
Dietzek B, et al: Coherent anti-Stokes raman sgagend two photon excited fluorescence for
neurosurgeryClin Neurol Neurosurg 131:42-46, 2015. With permission from Elsevier;
provided by Elsevier and Copyright Clearance Center

Table 1: Summary of pertinent in-vivo microscopydiés for neurosurgical applications
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Table 2: Technical comparison between differentgimg modalities

Depth of | Contrast Sensitivity Specificity Current
images agent used apparatus for
Intraoperative
use available

L Flexible 100pum Yes N/A N/A Yes***

g probe

d Rigid 8oum™ | Yes Relatively Low | Relatively Low** No

B probe **

Miniaturiz | 250um™ | Yes 919%*° 949%*° Yes
ed

CRM 200-300 | No N/A N/A No
um3l

FLIM N/A No N/A N/A No

Multiphoton | 200um No N/A N/A No

OCT Up to No Relatively Low | Relatively Low Yes
1000um

Raman 25-80um | No 93% 91% Yes

Mass N/A No N/A N/A Yes

Spectrometry|

Multimodal | N/A Yes 959p**** 100%0**** No

Fluorescence

and

reflectance

Multimodal | N/A No N/A N/A No

CARS and

two-photon

microscopy

Abbreviations: CARS: Coherent antistokes ramantspsoopy; CRM: Confocal Refelectance
Microscopy; FLIM: Fluorescence lifetime microscoiy3CE: Laser scanning confocal
endomicroscopy; N/A: No sufficient data availalD&EsT: Optical coherence tomography

* Sensitivity and specificity rates for gliomasagnoses using rigid probe LSCE, rates for
meningioma are 93% and 97% respectively

** showed that rigid probe LSCE correctly identdi86% of gliomas, 78% of meningiomas but

only 20% of metastatic tumorabstract publication; David Breuskin JD, Yoo-JiinK Steffi Urbschat,
Joachim Oertel: Confocal laser endomicroscopy evelntechnique of diagnostics in neurosurgery? édthual
Meeting of the German Society of Neurosurgery (DGIR€- 29, 2013




***Flexible probes offer the smallest and most flde form of miniaturization for possibly the
most convenient and accessible imaging

**xx Sensitivity and specificity values for deteay normal vs. abnormal brain tissue.



Table 1: Summary of pertinent in-vivo microscopy studies for neurosurgical applications

Method Authors, Title Animal, | Number of Findings
year ex-vivo, | specimens/pa
in-vivo tients
Charalampa | Endomicroscopy for real- | Ex-vivo | 150 Histologic features
kiPetal., time histomorphologic specimens were demonstrable
2015 diagnosis: our clinical using the techniquein
o experience with 150 brain most brain primary and
8 and spina tumor cases metastatic tumor types.
e Pavlov V et | Intraoperative probe-based | In-vivo 9 patients Intravenous contrast
[} .
5 a., 2016 confocal laser agent Fluorescein
% endomicroscopy in surgery enabled distinguishing
[T and stereotactic biopsy of normal from abnormal
i low-grade and high-grade tissue.
3 gliomas: afeasibility study
- in humans Intravenous contrast
agent 5-aminolevulinic
acid did not produce
diagnosable images.
Breuskin D | Confocal laser Animal 50 specimens | Histologic features
o eta., 2013 | endomicroscopy in (normal were demonstrable
-5—? > neurosurgery: anew pig using the techniquein
i g technique with much brain), some brain primary
8 potential cultured tumors
- cdls &
ex-vivo
Foersch Set | Confocal laser Animad 11- rats Overall ability to
a., 2012 endomicroscopy for (Rat) & 15 ex-vivo provide adiagnosisin
diagnosis and ex-vivo | specimens 90.85% of cases
histomorphol ogic imaging
Q of brain tumorsin vivo
053 PeyreM et | Miniaturized handheld Animd 20 mice Ability of method in
B a., 2013 confocal microscopy (mice) & identifying cytologic
N identifiesfocal brain ex-vivo and architectural
% invasion in a mouse model criteriaof aggressive
= of aggressive meningioma meningiomas including
s foci of infiltration
(i Martirosyan | Prospective evaluation of In-vivo 74 patients Specificity:
8 NL et al., the utility of intraoperative | and ex- 94% gliomas
- 2016 confocal laser vivo 93% meningiomas
endomicroscopy in patients
with brain neoplasms using Sensitivity:
fluorescein sodium: gliomas; 91%
experience with 74 cases meningiomas, 97%
ox = Georges J et | Label-free microscopic Anima | 5rats Proof of Concept in the




tissues with full-field
optical coherence
tomography

a., 2014 assessment of glioblastoma | (rats) ability of confocal
biopsy specimens prior to reflectance microscopy
biobanking to differentiate areas of

viability and cellularity
from necrosis prior to
bi obanking

Mooney M | Immediate ex-vivo Ex-vivo |11 Confocal reflectance

eta., 2016 | diagnosisof pituitary Specimens microscopy allows
adenomas using (16 images) | differentiation between
confocal reflectance pituitary adenomaand
microscopy: a proof-of- normal brain tissue
principle study

Bohringer Optical coherence Ex-vivo | 1 specimen Feasibility of OCT in

Hletal., tomography for (formalin neuroendoscopy to

2006 experimental fixed identifying vessels
neuroendoscopy human (greater than 50

brain) microns)

Giese A ¢t Non-invasive Ex-vivo | N/A OCT anaysis allowed

a., 2006 intraoperative optical the discrimination of
coherence tomography of normal brain tissue,
the resection cavity during invaded brain, solid
surgery of intrinsic brain tumor tissue, and
tumors Necrosis

> Sarath Set | Detection of human brain | Ex-vivo | N/A Feasibility of non-

=3 a., 2015 cancer using visualization contact OCT with the
o) technique of optical aid of image processing
o . . . .

£ coherence tomography in differentiating

2 normal from tumoral

8 tissue.

g Bohringer Imaging of human brain Ex-vivo | 9 patients OCT issenditive for

< Hletad., tumor tissue by near- and in- detecting tumor vs

o 2009 infrared laser coherence vivo normal brain. OCT may
] tomography not be specific dueto
B artefacts such as

O hemorrhage

Boppart SA | Optical coherence Ex-vivo | 1 specimen OCT detects small

etal., 1998 | tomography for subcortical deposits of
neurosurgical imaging of tumor such as
human intracortical metastatic melanoma
melanoma

Assayag O, | Imaging of non-tumorous | Ex-vivo | 18 specimens | Full field OCT images

eta., 2013 | and tumorous human brain large areas of tissues

and identifies tumorous
VS. Non tumorous
tissue. OCT does not
resolve individual cells




gliomas using ex vivo

FinkeM, et | Automatic scanning of Ex-vivo | 6 specimens | Ability of performing
a., 2012 largetissue areasin automatic OCT scans
neurosurgery using optical of large areas of tissue
coherence tomography to identify foci of tumor
Leppert J et | Multiphoton excitation of | Cultured | N/A Demonstrated high
al., 2006 autofluorescence for cdls, resolution images using
microscopy of glioma animal endogenous
tissue fluorophores, and
ability of imaging
s single malignant cells
3 Kantelhardt | Imaging of brainand brain | Animal, | N/A Ability of fluorescence
LL . . . ip - .
S Setd., tumor specimens by time- | ex-vivo lifetimein
& 2007 resol ved multiphoton distinguishing normal
2 excitation microscopy ex brain tissue from tumor
g,og vivo tissue which
g consistently have
s I onger fluorescent
S lifetimes
E, Kantelhardt | Multiphoton excitation Cultured | N/A fluorescence lifetime
=1 Setd., fluorescence microscopy of | cells, profiles after the
5 2008 5-aminolevulinic acid animal addition of fluorescent
= induced fluorescencein agent 5-ALA allow
experimental gliomas differentiation between
tumor and normal brain
more consistently than
endogenous
fluorophores
Santagata S | Intraoperative mass Ex-vivo | N/A (atleast | Ability of mass
etal., 2014 | spectrometry mapping of 35) spectrometry in
an onco-metabolite to identifying tumor
guide brain tumor surgery including IDH-1
mutationsin real time
from freshly biopsied
P tissues
?_:3 Agar NY et | Development of Ex-vivo | 22 specimens | Ability of mass
o a., 2011 stereotactic mass spectrometry in
S spectrometry for brain detecting tumor in
2] tumor surgery tissue ex-vivo with 3
) dimensional mapping
= of biopsied sites
Elkhaled A | Characterization of Ex-vivo | 126 Defining characteristic
eta., 2014 | metabolitesin infiltrating specimens metabolic profilesin

primary, recurrent and
transformed gliomas
and ability of profilesin
predicting




transformation of low
grade gliomas.

Schafer KC | Redl timeanalysisof brain | Ex-vivo | N/A Demonstrated ability of
eta., 2011 | tissue by direct diagnosing tumors
combination of ultrasonic using direct and
surgical aspiration and immediate mass
Sonic spray mass spectrometry analysis
spectrometry of ultrasonically
liquefied tissues.
Forest Fet | Ex vivo confocal Ex-vivo | 19 specimens | Ability of combined
a., 2015 microscopy imaging to reflectance and
identify tumor tissue on fluorescence confocal
freshly removed brain microscopy in
sample identifying brain
o tumors
e WirthD et | Identifying brain Ex-vivo | 119 Ability of combined
% a., 2012 neoplasms using dye- specimens reflectance and
= enhanced multimodal fluorescence confocal
= confocal imaging microscopy in
L . PR .
o3 identifying brain
s tumors with good
o correlation with H& E
(@) )
histology.
Snuderl M Dye-enhanced multimodal | Ex-vivo | 37 specimens | High sensitivity and
etal., 2013 | confocal imaging as a specificity (95% and
novel approach to 100% respectively) for
intraoperative diagnosis of detecting normal vs.
brain tumors abnormal brain tissue.
Romeike BF | Coherent anti-Stokes Ex-vivo | 55 specimens | Demonstrated great
% o5 etal., 2015 | Raman scattering and two ability to provide
a4 E o) photon excited diagnoses without
8 & fluorescence for addition of contrast
neurosurgery material

Abbreviations: CARS: Coherent antistokes raman spectroscopy; CRM: Confocal Refelectance
Microscopy; FLIM: Fluorescence lifetime microscopy; LSCE: Laser scanning confocal
endomicroscopy; OCT: Optical coherence tomography
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Highlights

e  Multiple imaging technologies for microscopy are outlined and evaluated

* Advantages and disadvantages of pertinent microscopy methods are discussed

e Current microscopic neurosurgical imaging requires refinement or in-vivo testing
* Combination of different imaging methods provides best in-vivo imaging



Abbreviations

I'n Vivo Microscopy in Neurosurgical Oncology

Review Article

2-HG: 2-hydroxyglutarate

S5ALA: 5-aminolevulinic acid

BLZ-100: tumor paint

CARS: coherent anti-stokes Raman scattering
CRM: confocal reflectance microscopy

CRS: coherent Raman spectroscopy

LSCE: laser scanning confocal endomicroscopy
FNa fluorescein sodium

FLIM: fluorescence lifetime microscopy

ICG: indocyanine green

OCT: optical coherence tomography

SRS: stimulated Raman scattering



