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Abstract 

Confocal laser endomicroscopy (CLE) represents a new non-invasive in vivo imaging technique that holds consid-
erable promise in neurosurgery and neuropathology. CLE is based on the principle of optical sectioning which 
uses pinholes placed in the light path to selectively image photons of a specific focal plane by filtering out photons 
above and below the focal plane. Potential indications of CLE in neurosurgery and neuropathology include in-
traoperative tumor diagnosis and staging as well as assessment of tumor resection margins notably in the case 
of diffusely infiltrating gliomas. CLE-based tumor analysis in near-real time may also have a significant impact on 
future tumor resection strategies. We here discuss the technical features of CLE, its potential for wide-field im-
aging, its role in comparison to established histological techniques for intraoperative tumor assessment and its 
position in digital pathology and telepathology. Based on our group’s experience with a commercially available 
confocal laser endomicroscope (ZEISS CONVIVO), we critically address the current state of intraoperative CLE in 
brain tumor surgery, the applicability of classical histological criteria and the strategies required to further im-
prove the diagnostic accuracy of CLE. We finally discuss how a widespread use of CLE in neurosurgery may modify 
the role of neuropathologists in intraoperative consultation, generating both new opportunities and new chal-
lenges. 
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Introduction 

Intraoperative consultation in the form of fro-
zen section analysis and/or intraoperative cytology 
is an integral part of neuropathology. Its relative im-
portance compared to other diagnostic activities is 
arguably higher in neuropathology than in most 
other domains of pathology. This is due to a variety 
of reasons, including (a) the high percentage of brain 
tumor surgeries among all surgical procedures, (b) 
the absence of preoperative biopsy in most cases 
meaning that intraoperative consultation is usually 
the first opportunity to obtain a tissue-based diag-
nosis, (c) the large variety of tumor types with often 
overlapping imaging features and (d) the difficulty to 
distinguish tumoral tissue macroscopically from 
non-tumoral tissue. Nevertheless, intraoperative 
consultation has not benefited from any major im-
provements for several decades and remains cur-
rently afflicted by the drawbacks of established his-
tological and cytological methods. These comprise 
tissue freezing leading to morphological artifacts, 
tissue consumption, delays in the transfer of tissue 
samples from the operating room to the laboratory 
and difficulties in cell and tissue processing. 

In vivo microscopy based on various techniques 
such as confocal laser endomicroscopy (CLE) or op-
tical coherence tomography has been used for a 
long time in ophthalmology and has become availa-
ble for clinical routine for different indications such 
as gastrointestinal diseases (1), pulmonary mucosal 
lesions or urological disorders. 

Our opinion piece is based on our own experi-
ence with a commercially available ZEISS CONVIVO 
confocal laser endomicroscope in both preclinical 
and clinical settings. We here first review technical 
aspects of CLE and then describe the characteristics 
of the first clinical-grade CLE device available for 
neurosurgical applications. Finally we discuss poten-
tial advantages and limitations of in vivo CLE as well 
as its impact on diagnostic practice in surgical neu-
ropathology. With this contribution to the scientific 
literature, we aim to inform potential future users, 
to stimulate discussion and research on CLE, and to 
discuss the potential benefit of CLE in neurosurgery 
and neuropathology. 

Limitations of histological and cyto-
logical methods in neuropathology 
and neurosurgery 

Traditionally, intraoperative diagnosis in neu-
rosurgery has relied on standard pathological tech-
niques such as frozen sections and intraoperative cy-
tology, which are followed by analysis of formalin-
fixed, paraffin-embedded (FFPE) tissue for definite 
diagnosis. While these latter techniques are still be-
ing considered the gold standard, some of their 
drawbacks are prolonged time for sampling, trans-
ferring, processing and interpreting the samples, ar-
tifacts and sampling errors, all which limit their ap-
plicability for rapid interpretation of tissue samples. 
In addition, standard pathological techniques in-
volve a multitude of different processes and special-
ized personnel. In the case of FFPE tissue, they in-
volve tissue fixation, dehydration, rinsing, embed-
ding in hot paraffin, cooling, freezing in preparation 
for cutting, microtome cutting, transferring to glass 
slides, and drying. In routine hematoxylin and eosin 
(H&E) staining, several more steps are being per-
formed: dewaxing, dehydration, hematoxylin stain-
ing, differentiation in mild acid, bluing, eosin stain-
ing, dehydration, clearing and cover-slipping, with 
various washing and alcohol incubation steps in be-
tween. 

All these procedures can take up to one full day 
for basic staining, and several more days for ad-
vanced subsequent investigations such as immuno-
histochemistry and molecular analyses (2–4). For 
digital pathology, the final slides need to be 
scanned, processed, analyzed and archived. 

Confocal laser endomicroscopy in neurosurgery 

The disadvantages of traditional histologic and 
cytologic techniques are increasingly being over-
come by newer technologies. Confocal laser en-
domicroscopy (CLE) allows in vivo noninvasive histo-
logical imaging using optical sectioning. By placing 
pinholes in the light path, optical sectioning enables 
the microscope to selectively image a specific focal 
depth by mechanically filtering most out-of-focus 
photons above and below the focal plane. This al-
lows in situ visualization of tissue with higher con-
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trast compared to conventional wide-field micros-
copy, eliminating out-of-focus background and scat-
tered light. In addition, endomicroscopy allows for 
three-dimensional image reconstruction and 
greater variety of imaging parameters. Most im-
portantly, this technology enables real-time histo-
pathological analysis with increased diagnostic yield 
without the traditional histopathological process of 
excision, fixation and staining. 

Only recently this new technological advance-
ment has been applied to neurosurgery, by using a 
wide range of fluorescent dyes as contrast enhanc-
ers. A single clinical-grade device for CLE, the ZEISS 
CONVIVO, is hitherto commercially available with 
clearance by the Food and Drug Administration 
(FDA) of the United States of America and CE mark-
ing in the European Union. Routine clinical experi-
ence with the CLE device is currently being investi-
gated in several clinical trials. Preclinical research in-
dicates that the CLE device could improve tumor vis-
ualization at the tumor margin and speed up in-
traoperative diagnosis. Furthermore, the CLE device 
is designed to be used directly in the operating room 
and to allow telepathology, thus bringing the neuro-
pathologist even closer to the neurosurgeon. 

Confocal laser endomicroscopy beyond neurosur-
gery 

Standard histology and confocal laser endomi-
croscopy are not interchangeable nor can one 
method fully replace the other. Tissue samples can 
be analyzed by standard histology and subsequent 
elaborated investigations. Both techniques are time-
consuming which can become limiting in the case of 
frozen sections. By contrast, confocal laser micros-
copy of tissues yields almost instantaneous infor-
mation but is not amenable to traditional subse-
quent analyses that require a resected physical sam-
ple. It might, however benefit from new analytical 
methods such as artificial intelligence. Such meth-
ods are being increasingly employed in radiology 
and termed radiomics or radiogenomics. Unlike the 
situation in neurosurgery and neuropathology, CLE 
has already been adopted by multiple medical spe-
cialties including gastroenterology, pulmonology 
otorhinolaryngology and urology since early the 

2000s. It is therefore worthwhile to analyze how CLE 
has been integrated in the workflows of these med-
ical specialties (Table 1). In gastroenterology for in-
stance, CLE has proven its clinical utility for the diag-
nosis of esophageal premalignant lesions and neo-
plasms such as Barrett’s esophagus with low-grade 
and high-grade dysplasia (5,6) and esophageal can-
cer (7). The usefulness of CLE in the detection of 
esophageal, stomach and colon cancer has moved 
beyond early proof of concept to large clinical trials 
(8–14). 

As for all new methods, interpretation criteria 
for CLE have to be developed, validated and adopted 
by the medical community. While interpretation 
guidelines for CLE images are in their infancy in neu-
ropathology, various interpretation criteria and clas-
sification systems have been developed and vali-
dated in urology and gastroenterology owing to the 
earlier adoption of CLE in these areas. These diag-
nostic systems range from simple criteria such as the 
presence of dark aggregates of cells as the CLE crite-
rion for malignant mucinous lesions of the pancreas 
(15) to elaborate morphological criteria and diag-
nostic scores such as the ones published for dyspla-
sia for Barrett’s esophagus (16,17), oral squamous 
cell carcinomas (18) and bladder cancer (19) and 
others. These diagnostic systems use features of tis-
sue and cellular architecture found in CLE images to 
distinguish normal from malignant tissue, or to dis-
tinguish between different types of lesions. Scoring 
methods assign positive and negative scores to spe-
cific tissue or cell features. If the score is beyond a 
predetermined threshold, there is a very high likeli-
hood of malignancy (18). 

Similar to all diagnostic procedures requiring 
human interpretation, CLE is also affected by the 
pathologist’s subjectivity. In medical disciplines that 
require interpretation of diagnostic images, such as 
pathology and radiology, interobserver studies are 
commonly done to ensure that results are reproduc-
ible. Diagnostic methods showing higher levels of 
agreement between observers are deemed more re-
liable. While this aspect has not yet been fully inves-
tigated for brain tumors, reports on interobserver 
agreement exist in various tumor entities (Table 1). 
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n.r.: not reported, CLE: confocal laser endomicroscopy, WLC: white light cystoscopy, FNa: sodium fluorescein 
 

Table 1: Selected clinical in vivo studies reporting interobserver agreement for CLE imaging and consistency of CLE-based diagnosis with 
histopathology in various precancerous lesions and cancer entities 

 

 

Confocal laser endomicroscopy in the 
context of digital pathology and 
telepathology 

Implementation of CLE will not happen in a 
void, but in the context of existing workflows and 
current developments. First, CLE integrates well into 
the current movement towards digital pathology. A 
fundamental challenge of digital pathology is digital 
microscopy, i.e. the adoption of digital images. This 
made workflows more complex in almost all applica-
tions as glass slides cannot be eliminated but remain 
the source of the ultimate digital image. This con-
trasts with the situation in digital radiology where 

workflows were simplified by the elimination of 
films. From this perspective, CLE as well as other 
techniques for in vivo microscopy offers the ad-
vantage of being intrinsically digital which has a 
number of positive consequences, including the ab-
sence of tissue consumption, the lack of a delay for 
scanning glass slides and the possibility of telecon-
sultation. 

In the conceptual framework of telepathology 
(Table 2), CLE is most similar to dynamic telemicros-
copy since it is potentially very interactive with the 
possibility of real-time discussion of findings with 
the neurosurgeon who holds the CLE probe and 
needs to identify areas of interest, and with a second 
person who operates the CLE device. 
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Table 2: Paradigms for telepathology and their respective advantages and limitations 
 

Confocal laser endomicroscopy in the 
context of intraoperative consultation: 
strengths and limitations 

Traditionally, frozen section and/or cytological 
preparations are used in variable combination for in-
traoperative diagnosis in most centers. Both tech-
niques have specific strengths and limitations. While 
frozen sections provide more information on the tis-

sue architectural level and are more similar to histo-
logical slides, cytological preparations provide bet-
ter nuclear morphological details and are not sus-
ceptible to freezing artifacts. Given that intraopera-
tive cytology requires only minimal technical equip-
ment, it is performed on-site in some centers which 
eliminates transfer to the pathology laboratory and 
accelerates processing. It requires however the 
presence of neuropathologists on-site or the pres-
ence of equipment for telepathology. 

 

Table 3: Time requirement for intraoperative microscopic diagnosis using CLE and competing techniques 
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Table 4: Expected potential of CLE to supplement or replace frozen sections 

 

CLE will likely result in faster turnaround times 
even than on-site cytology while being intrinsically 
prone to teleconsultation. This may turn out partic-
ularly advantageous given the limited availability of 
neuropathologists in many places. The implementa-
tion of CLE in clinical routine will however require 
both neurosurgeons and neuropathologists to adopt 
a novel conceptual approach. 

The ultimate clinical utility of CLE may very well 
differ in terms of specific indications. When neuro-
pathologists are required to assess sample adequacy 
for diagnosis and ancillary diagnostic techniques, 
the highest possible diagnostic accuracy probably 
obtained with frozen section and cytology will argu-
ably outweigh any advantage in turnaround time or 
non-invasiveness of CLE. Conversely, CLE may turn 
out as the method of choice for the identification of 
residual tumor cell infiltration in the periphery of re-
section cavities, because its speed and non-invasive-
ness allow for much more extensive sampling than 
tissue biopsies. CLE thus has the potential to change 
current paradigms for maximal safe resection of 
brain tumors. 

A hybrid approach combining CLE and tissue bi-
opsies may be envisioned for intraoperative diagno-
sis. Here, CLE would provide a faster response, while 
frozen section or cytology would serve as confirma-
tory techniques. 

Any novel technique can potentially add some-
thing to the existing armamentarium, either by add-
ing precision - as historically seen with gene se-
quencing or methylome analysis - or by providing in-
formation even if limited more rapidly than existing 
techniques. Current diagnostic practice in neuropa-
thology is characterized by a whole set of different 
diagnostic modalities. In terms of turnaround times, 
any technique that is slower than existing ones may 

be of interest if it adds, either alone or as a comple-
ment to other techniques, diagnostic precision. He-
matoxylin-eosin-stained slides of FFPE tissue will 
typically be available within one day, immunohisto-
chemical stainings may require an additional work-
ing day. Based on this, patients may be informed 
about their diagnosis before they leave hospital. 
Molecular analyses often require around one week 
which is sufficient for discussion in a multidiscipli-
nary tumor conference before starting adjuvant 
therapy. Frozen sections and cytology are suffi-
ciently fast for intraoperative consultation, which 
makes a somewhat lower precision than that of his-
tological slides acceptable. Their turnaround times 
are however typically too long for extensive repeti-
tive sampling. Therefore, CLE may prove clinically 
highly useful by allowing repeated analysis or analy-
sis of multiple sites, even if its accuracy were ulti-
mately found to be somewhat lower than that of fro-
zen sections (Figure 1). 

General aspects of interpretation 

Correlation between confocal laser endomicros-
copy and standard histology 

In vivo confocal endomicroscopy produces a 
novel representation of tissue structures that neu-
ropathologists are well accustomed to interpret (Fig-
ure 2). As for any new technique, it will be crucial to 
learn to what extent previously defined morpholog-
ical criteria can be applied and to identify the differ-
ences as compared to traditional techniques. Our 
experience with CLE images matches H&E slides for 
different types of lesions. The cellular structures 
most consistently identifiable in confocal laser en-
domicroscopy are cell nuclei due to their fainter flu-
orescence as compared to adjacent tissue. Nuclear 
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Figure 1: Schematic illustration of turnaround time versus diagnostic precision. An ideal technique would fit in the upper left corner, i.e. 
offer the greatest possible accuracy with the shortest possible turnaround. Nevertheless, any new technique that is either more precise 
or faster than available techniques is expected to improve the diagnostic armamentarium. In the case of CLE, the turnaround time in order 
of one to few minutes allows for multiple repetitive analyses, which are impractical with frozen sections due to the time constraints for 
their preparation. For a given question, CLE may provide significant benefit by providing fast results even if its precision were lower than 
that of frozen sections. 

 

size, nuclear size variation as well nuclear spatial dis-
tribution are generally well visualized by CLE. On 
static images, red blood cells are occasionally diffi-
cult to distinguish from neural nuclei as they pro-
duce a similar type of negative image due to their 
low fluorescence. We have found their uniform size 
and round shape useful for their identification. 

Correlation of CLE-based morphology and 
standard histology in clinical routine will likely be an 
important basis of continuous training for all neuro-
pathologists, allowing them to refine diagnostic cri-
teria. It should be kept in mind, however, that any 
sole morphological analysis of CNS tumors has sig-
nificant limitations in the age of a molecular tumor 
classification. In particular, tumor types defined by 
molecular alterations cannot be diagnosed with cer-
titude by histology or by any other morphological 
technique including CLE. CLE may face similar limita-
tions regarding lesions that are considered high-
grade solely due to molecular features. Neither of 
these limitations, however, fundamentally thwart 

the clinical utility of intraoperative CLE. Three clini-
cal trials are currently investigating CLE in neurosur-
gery and neuropathology: a 200 patient multicenter 
trial in Germany (INVIVO, NCT04597801), a 200 pa-
tient trial in Berne, Switzerland (CLEBT, 
NCT04280952) and a trial in Milano, Italy (Besta In-
stitute Review Board, verbal n. 72/2020) focusing on 
the concordance between CLE and definitive histo-
pathological analysis. The results of these trials will 
clarify the potential clinical benefit of CLE in neuro-
surgery and neuropathology and define the role of 
CLE in the neurosurgical armamentarium. 

Development and refinement of diagnostic crite-
ria for CLE 

CLE is a promising method which achieves in 
vivo imaging during neurosurgery at high magnifica-
tion and in real-time  without tissue manipulation. 
CLE is expected to help to distinguish more easily be-
tween healthy and neoplastic tissue, thus address-
ing a major challenge in brain tumor surgery. 
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Figure 2: Example of morphologic patterns in glioblastoma in H&E slides (a, b, c) and in CLE (d), illustrating how similar morphological 
findings of the same lesions can be visualized with both imaging techniques. Red circles indicate giant cells, green circles indicate necrotic 
areas. 

 

By optimizing tumor resection and preventing tumor 
relapse, CLE is expected to offer a significant ad-
vantage to patients. In order to achieve these goals, 
the neuropathologist and/or the neurosurgeon will 
require basic knowledge of the cytoarchitecture of 
different tumor types and subtypes imaged by CLE. 
In addition, entity-specific interpretation criteria 
and tumor classification guidelines are needed, sim-
ilar to the previous situation in urology and gastro-
enterology. 

Here, we would first like to discuss and present 
the general aspects of interpretation of CLE images, 
based on the thorough examination of thousands of 
CLE images and the corresponding histology from 
different brain tumor samples, and before establish-
ing definite diagnostic criteria for each tumor type 
and subtype. 

In general, our CLE images revealed features 
similar to already known tissue architecturea and 
morphology. The CLE images correlated well with 
the corresponding histology (Figure 2). Unique as-
pects of individual cells and other surrounding tu-
mor tissue elements were observed while the CLE 

probe acquired images throughout its focal-depth 
range. CLE images of brain tumors demonstrated 
high-contrast background with features of hypercel-
lularity, atypic nuclei, microvascular proliferation, 
necrosis, and/or abnormal cell clustering and group-
ing (Figures 3, 6, 7). By contrast, CLE images of nor-
mal brain tissue showed a rather quiet, dark and 
normocellular background (Figure 3e). Erythrocytes 
were visualized as abundant, round to oval shaped 
cells that appeared to be much smaller than tumor 
cells. These features were already sufficient to allow 
a quick intraoperative diagnosis and to classify the 
tissue as normal or pathologic, independent of the 
exact tumor type and subtype, supporting the in-
traoperative decision making. 

Possible use cases for CLE 

As mentioned previously, CLE images showed 
the presence or absence of typical histomorpholog-
ical characteristics of high-grade gliomas (Figures 2 
and 3) as observed on routine histological examina-
tion such as microvascular proliferation and/or ne-
crosis in addition to hypercellularity and pleo- 
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Figure 3: Examples of morphologic patterns in various tumors on in vivo CLE images recorded in comparison with microscopically matched 
H&E slides from the same region of interest. Pleomorphic cells and hypercellularity in a case of glioblastoma multiforme (GBM) (a-b), a 
case of anaplastic oligodendroglioma (c-d), a case of high-grade glioma (HGG) showing a region of normal brain tissue and a highlighted 
vessel (arrow in H&E slide, bright streak in CLE image) adjacent to the neoplastic tissue (e-f), and a case of anaplastic ependymoma (g-h). 
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morphism. Distinguishing between a low-grade gli-
oma (CNS WHO grade 1/2) and a high-grade glioma 
(CNS WHO grade 3/4) is important, because the 
therapeutic options differ: simple resection in low-
grade tumors versus additional radiation and chem-
otherapy in high-grade tumors. An intraoperative 
statement regarding the malignant potential of the 
tumor is often asked, and can help the neurosur-
geon decide if further resection should be under-
taken or not. However, making a distinction be-
tween a low-grade glioma CNS WHO grade 2 and a 
high-grade glioma CNS WHO grade 3 can be very de-
manding, since the differentiation between these 
tumors mostly relies on the presence of mitoses, 
which are hitherto difficult to identify on CLE im-
ages. These limitations should however not affect 
the integration of molecular data into the tumor 
grading. Furthermore, CLE is able to access the cen-
ter of a brain tumor which may be useful for rapid 
tumor recognition and confirmation. Last but not 
least, CLE bears the big advantage to evaluate the 
borders of the tumor, recognizes abnormal histolog-
ical features, and optimizes surgical resection in 
marginal regions if necessary. 

Due to the diffuse growth pattern of most glial 
tumors, it is often challenging during surgery to dis-
tinguish neoplastic tissue from normal or reactive 
brain tissue without special or enhanced imaging 
techniques, often resulting in incomplete tumor re-
section. Here, virtual biopsies of gliomas at the tu-
mor margins using CLE are of particular interest, be-
cause they allow an immediate histological assess-
ment. In such cases, a specific pattern of cellular 
structures showing delineation of nuclei appearing 
darker than cytoplasm can often be noticed. More-
over, small clusters of tumor cells or individual tu-
mor cells within brain tissue can sometimes be iden-
tified, and a tumor border can often be delineated. 

It should be pointed out that the field of view 
of CLE images is small, approximately 475 μm x 267 
μm in the case of the ZEISS CONVIVO (Figure 4). Us-
ing CLE to decide whether or not to extend tumor 
removal can thus be challenging. Thus, when CLE 
provides an intraoperative preliminary diagnosis 
based on high magnification images, and a low-
power histological image is not available yet, atten-
tion must be paid to avoid a potential pitfall for mis-
leading diagnosis, as the entire lesion cannot be  

 

Figure 4: Representation of the field of view of the ZEISS CONVIVO device superimposed over a low-power histological image of a glio-
blastoma. 
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Figure 5: Experimental image processing (a,b) using stitching techniques. Serial images with overlapping content can be stitched together 
and result in a greater field of view. Illustrative example of two (a) and three (b) serial images of vasculature with overlapping image 
content. The images were extracted from an image series recorded over several seconds during which the CLE probe was moved along 
the tissue surface. Tilting of the probe tip or tissue compression during image series acquisition can result in perspective distortion, which 
has been corrected for in these examples. Composite of 45 serial images of tumor tissue (c, d): The CLE probe was maneuvered along the 
tissue surface while serial images were acquired. The images were aligned based on overlapping content (c), which results in a much 
greater field of view compared to the individual images. Because the images are stacked onto each other, the borders of the individual 
images are clearly recognizable, as the images on top of the stack overlay the images further below. Further image processing methods, 
such as blending, can create a seamless tissue map and allow assessment of the tissue in its continuity (d). For clinical purposes it has to 
be made sure that such methods do not introduce diagnostically relevant artifacts. 
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overviewed in a single CLE image yet. Consequently, 
the focus should be on detecting abnormal histoar-
chitectural features in such cases. Due to the intrin-
sically digital nature of CLE images, image stitching 
techniques (Figure 5) can compensate the small field 
of view of current generation CLE devices. By scan-
ning the tissue surface of the region of interest, CLE 
can generate a digital map in near real-time. Here, 
the CLE probe tip constantly acquires images which 
are digitally stitched together as they are acquired. 
The resulting digital map then covers a much greater 
area and allows a better overview of the region of 
interest than the individual CLE images. 

Confocal laser endomicroscopy of specific tumor 
types 

In our experience, CLE of metastatic tumor le-
sions presented mostly high-contrast, clear and 
good quality images with histomorphological fea-
tures that were highly diagnostic of the tumor type 
(Figure 6). A sharp delineation between the neo-
plastic and healthy brain tissue as well as a grouped 
growth pattern of tumor cells displaying a high nu-
clear-to-cytoplasmic ratio, sometimes with a detect-
able prominent nucleolus, were easily recognizable 
in CLE images. 

Imaging of meningiomas often revealed mod-
erate hypercellular tissue with relatively monomor-
phic tumor cells and patterns characteristic of a sub-
type, such as a fibrous background, whorls or micro-
cystic changes (Figure 7). Psammoma bodies were 
always easily identified when present in the tumor 
sample. Meningiomas of CNS WHO grade 2 and 3 
seemed to have increased cellular atypia than CNS 
WHO grade 1 tumors, although this distinction was 
mostly hard to draw. 

In the same manner, schwannomas exhibited a 
fascicular architecture composed of spindled cells 
with elongated cytoplasmic processes, which were 
easy to recognize on CLE images. Features such as 
Antoni A and Antoni B patterns or Verocay bodies 
were not always detected, even when present in the 
matched histological samples. 

Another important aspect to consider when 
evaluating CLE images as a neuropathologist, is the 
quality of the images obtained by the neurosurgeon. 
In the beginning, lack of experience in handling the 

CLE probe can cause difficulties in obtaining ade-
quate images for diagnosis. Indeed, the area of in-
terest can be obscured by hand instability or by ac-
quisition of images with blood or movement arti-
facts. 

At the beginning of the learning curve, we 
found that ex vivo CLE imaging was very useful for 
training purposes. Such ex vivo images can be easily 
obtained, allow careful selection of the imaging win-
dow and artifact-free depiction of the features of in-
terest. When both the neurosurgeon and the neuro-
pathologist gain experience with the CLE probe, high 
quality in vivo images are then guaranteed. 

Potential impact of CLE on the role of 
neuropathologists 

The future integration of CLE in clinical routine 
may have a significant impact on the role of neuro-
pathologists in the interdisciplinary team and on 
neuropathologists’ workload. On one hand, the in-
trinsic suitability of CLE for telepathology may facili-
tate distribution of the workload onto a larger team 
of neuropathologists possibly working at different 
hospital sites. This may also increase efficiency since 
the neuropathologists would no longer need to 
move to the frozen section laboratory or to stay 
there between subsequent intraoperative consulta-
tions. Furthermore, closer interaction due to in-
creased and real-time intraoperative consultation 
may enhance the visibility of neuropathologists to 
clinical colleagues and thereby contribute favorably 
to the role of neuropathologists in the interdiscipli-
nary team. On the other hand, a possible increase in 
intraoperative consultations may increase the work-
load of neuropathologists and their limited work-
force. 

Some neuropathologists may be sceptic about 
CLE since CLE gives neurosurgeons immediate ac-
cess to a tool of microscopic analysis. There could be 
fears that the neurosurgeons may be tempted to in-
terpret CLE images on their own, which ultimately 
might be seen to render neuropathologists superflu-
ous. We are convinced, however, that such fears 
would not be warranted and that neuropathologists 
have any reason to be confident in the importance 
of their morphological competences. When neuro-
surgeons became more and more comfortable 
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Figure 6: Comparative examples of metastases in in vivo and ex vivo CLE images and H&E slides. Shown are a metastasis of a poorly 
differentiated carcinoma (a-b) and reactive changes (gliosis and discrete lymphocytic inflammatory infiltrate) at the border of the same 
lesion (c-d), metastatic adenocarcinoma (e-f) and metastasis of ductal breast carcinoma (g-h, H&E of frozen section). For illustrative pur-
poses, both in vivo and ex vivo CLE images are included showing that morphology is represented consistently independent of the acquisi-
tion modality (a, c, and e: ex vivo; g: in vivo).
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Figure 7: Comparative examples of tumor morphology in ex vivo CLE images and matched H&E slides in two distinct cases of meningioma 
(a-b and c-d) and microcystic meningioma (e-f). While in vivo imaging is the preferred usage scenario of CLE, ex vivo imaging is useful for 
training purposes. It enables recording images over a longer period than what is practicable during surgery. It can also help to point out 
specific tissue characteristics that might otherwise be more time-consuming to achieve intraoperatively. 

 

in interpreting CLE images, this will undoubtedly en-
hance the quality of the interdisciplinary collabora-
tion and of the entire diagnostic process. 

Challenges in the clinical implementa-
tion of CLE 

Further challenges to be considered for CLE are 
economic aspects. Clinical implementation of CLE 
technology may be initially restricted to prosperous 
countries able to afford the cost of the novel 

technology. On a global scale, many people do not 
have access to adequate neurosurgical care for brain 
tumors. We deem it easier to implement in vivo CLE 
in an existing setting of micro-neurosurgery, than to 
build up infrastructure for frozen section and train 
staff from scratch in neuropathology. In this sce-
nario, an added benefit would be the easier CLE 
technology dissemination of knowledge with, e.g. 
via joint expert teleconsultations from the operating 
room, as compared to standard slide-based histol-
ogy. 
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In many healthcare systems, billing in neuropa-
thology is closely linked to technical analyses of tis-
sues, which means that adequate reimbursement 
for reading of CLE images may be difficult to obtain. 
Furthermore, specific training will have to be devel-
oped and implemented in order to permit wide-
spread implementation of CLE. Additionally, meticu-
lous quality control procedures assessing diagnostic 
accuracy and turnaround times will be necessary. Fi-
nally, the respective roles, strengths and limitations 
of frozen section, intraoperative cytology and CLE 
depending on the clinical context will have to be 
clarified in order to allow this entire armamentarium 
of diagnostic modalities to unfold its full potential. 

Conclusion and outlook 

CLE has a significant potential as an additional 
tool in intraoperative consultation for CNS lesions. 
The main strengths of CLE relate to its speed, the 
possibility to analyze tissue without prior resection, 
and its intrinsic suitability for telepathology. The 
commercial availability of a first clinical-grade device 
will facilitate future widespread application. Data 
obtained through previous experimental use of CLE 
will provide a basis for interpretation in clinical use 
cases. Further refinement of diagnostic criteria and 

of diagnostic accuracy in routine settings will be par-
amount. 

Furthermore, CLE offers unique perspectives 
for intraoperative diagnosis at the tissue level, 
thereby enhancing the role of neuropathologists in 
the interdisciplinary care team. Ultimately, CLE 
promises to complement the intraoperative diag-
nostic armamentarium in neuropathology and neu-
rosurgery and thereby to contribute favorably to the 
clinical management of CNS tumors. 
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