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Abstract 

Central nervous system tumors encompass many heterogeneous neoplasms with different outcomes and treatment 

strategies. The current classification of these tumors is based on molecular parameters in addition to histopathology 

to define tumor entities. This genomic characterization of tumors is also becoming increasingly essential for 

physicians to identify targeted therapy options. The deployment of such genomic profiling relies on an efficient 

surgical sampling. To perform an appropriate tumor resection and a correct sampling of the tumor, the 

neurosurgeon may request an intraoperative pathological consultation. Stimulated Raman histology (SRH), an 

emerging non-destructive imaging technology, can address this challenge. SRH allows for a rapid and label-free 

microscopic examination of unprocessed tissues samples in near-perfect concordance with standard histology. In 

this study we showed that SRH enabled the near-instant microscopic examination of various central nervous 

system samples without any tissue processing such as labelling, freezing nor sectioning. Since SRH imaging is a 

non-destructive approach, we demonstrated that the tissue could be readily recovered after SRH imaging and 

reintroduced into the conventional pathology workflow including immunohistochemistry and genomic profiling 

to establish a definitive diagnosis.  

Keywords: central nervous system; brain tumors; stimulated raman histology; intraoperative consultation; 

histopathology; label-free;  
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Introduction 

Central nervous system (CNS) tumors are a challenge for public-health systems worldwide due to their increasing 

incidence in recent decades1,2. CNS tumors include many different neoplasms, including primary and metastatic 

tumors, with different outcomes and require different treatment strategies. Primary CNS tumors are the most 

common pediatric solid tumors and constitute the leading cause of cancer-related morbidity and mortality in 

childhood3. In adults, the majority of CNS tumors are metastases from systemic cancer while meningiomas and 

high grade glial tumors account two-thirds of all primary brain tumors4,5.  

The latest advances in genome sequencing technology and large-scale genome research have considerably 

improved our understanding of cancer-associated genomic alterations. Our deepened understanding contributes to 

more accurate tumor classification and was the basic concept of the revised fourth classification of tumors of the 

central nervous system (CNS) published by the WHO in 2016 while introducing the concept of “integrated 

diagnosis”6. In line with this classification and based on the work of the Consortium to Inform Molecular and 

Practical Approaches to CNS Tumor Taxonomy, the recently published 2021 fifth edition further supported the 

role of molecular diagnostics in CNS tumor classification7. In addition, the genomic characterization of tumors are 

also becoming increasingly essential for physicians to identify targeted therapies options8. Following these WHO’s 

guidelines, many tumors require additional molecular evaluation in addition to the conventional pathology 

workflow. Deploying such a diagnostic genomic profiling constitutes one of the seven major challenges to cure 

brain tumors according to recently published an expert committee Position Paper9. The quality of the surgical 

specimen sent for histopathological and further molecular studies is therefore of major importance. 

That being said, the two main objectives of the neurosurgical procedure are (i) performing an appropriate tumor 

resection while (ii) achieving a correct sampling of the tumor for an effective subsequent pathological diagnosis. 

To meet these objectives, the neurosurgeon may request a quick preliminary sample analysis of the pathologist, a 

procedure called intraoperative consultation (IC). The appropriate surgical tumor resection depends on the tumor 

type. Indeed,  solitary brain metastasis or meningioma require a complete surgical resection10,11. Similarly, a high 

grade glioma will benefit from a maximal extend of surgical resection12–16. Conversely, in patients with CNS 

lymphoma, surgical resection is not desirable in favor of chemotherapy17. In this context, an IC is often requested 

to suggest a preliminary diagnosis that decides over the continuation of the surgery and will guide the extent of 

surgical resection. The effective sampling of the tumor might be particularly challenging when the tumor location 

is difficult to reach for the neurosurgeon. In this case, the current strategy to reduce the risk of non-relevant 

sampling includes an IC to assess the presence of tumor cells. The IC is therefore decisive to provide neurosurgeon 

with quick diagnostic information that may affect the surgical procedure.  

Currently, the standard IC involves cytological preparations, or less frequently frozen sectioning, followed by 

hematoxylin & eosin (HE) staining for histopathological examination. Such techniques are time-consuming which 

is detrimental considering that longer durations of surgeries are associated with potential complications18. In 

addition, these conventional histopathological approaches inevitably lead to the depletion of a precious tumor 

material19. An alternative technique that would provide reliable diagnostic information without tissue 

consumption, allowing its use for further studies, would constitute a game changer in intra-surgery guidance.  

Stimulated Raman histology (SRH) is an emerging technology that resulted from the work of Xiaoliang Sunney 

Xie in the field of label free coherent Raman imaging. SRH allows for a rapid, label-free and non-destructive 
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microscopic examination of unprocessed samples in near-perfect concordance with standard histology20–23. SRH 

is based on the ability to detect chemical molecular bonds in tissues owing to the interaction between molecular 

vibrations and the laser light24. Imaging simultaneously both the CH2 and the CH3 chemical bond distribution 

within a tissue, SRH enables to generate virtually colored images mimicking HE staining20,25. 

In this study, we demonstrated the performance of Stimulated Raman Histology (SRH) to perform a near-instant 

microscopic examinations of various central nervous system samples. SRH investigation was followed by the 

recovery of all the SRH imaged samples for conventional histopathology workflow including microscopic 

morphology, immunohistochemistry, and genomic profiling.  

Material and methods 

Central nervous system samples selection and preparation  

Ten frozen samples amongst which one normal brain sample and 9 of the most common CNS tumor types were 

retrieved from the APHM tumor bank CRB TBM. The neoplastic samples included 2 gliomas (1 low grade glioma 

and 1 high grade glioma), 2 meningiomas (1 transitional meningioma and 1 anaplastic meningioma), 1 lymphoma 

(diffuse large B cell lymphoma primary of the central nervous system), 1 pituitary adenoma, 1 medulloblastoma, 

and 2 metastatic tumors (1 adenocarcinoma and 1 squamous cell carcinoma). All patients gave their written consent 

and protocols were approved by the APHM under the supervision of CRB TBM (N°DC2013-1781). These 

retrieved samples, initially snap-frozen and stored in vapor phase nitrogen tank, were thawed at room temperature 

for a few minutes. A small, approximately 5 cubic millimeters, specimen of each sample was placed between two 

coverslips to perform SRH imaging. This required less than one minute of preparation. Following SRH imaging, 

all samples were recovered and routinely processed in the APHM pathology department as illustrated in Figure1. 

Stimulated Raman Histology 

To perform SRH, stimulated Raman scattering (SRS) images of both CH2 and CH3 bonds were acquired 

simultaneously with the BondXplorer commercial SRS microscope (Lightcore Technologies), as described in 

Heuke et al26. Briefly, a 3-color laser system (1-2ps, 793 nm, 1024nm, 1033nm, 80MHz – deltaEmerald APE) was 

used for excitation of SRS matching the Raman resonances at 2845cm-1 (CH2) and at 2930cm-1 (CH3), 

respectively. The three beams entered an SRS laser scanning microscope (BondXplorer, Lightcore Technologies) 

and were focused onto the sample using a water immersion objective lens. Laser powers at the sample plan were 

~30mW from each beam. The microscope was controlled with the open-source software ‘Scan-image’ which 

allowed to set the pixel dwell time (dt), pixel number (pn), field of view (fov) and accumulation (acc) over a wide 

range. Two modalities, available in the BondXplorer microscope, were used in this study. In the first modality, 

called ‘Live SRH’, the user could freely navigate (in x y z directions) within the sample in real time (dt=5µs, 

acc=1, fov=214µm², pn=512 or 1024) to identify regions of interest. In the second modality, called ‘Mosaic SRH’, 

millimeter sized images were acquired by stitching smaller images next to each other. For the mosaic image 

acquisition (‘mosaic SRH’), the x y z coordinates were pre-determined using and the ‘Live SRH’ modality. The 

parameters (fov, dt, pn) for the ‘mosaic SRH’ acquisition were set as follow: dt=5µs, acc=1, fov=214µm², 

pn=1024. A fully automatic coloring algorithm was developed to generate, starting from the vibrational CH2 and 

CH3 images, a three-channel RGB image with color mimicking a conventional HE staining. 
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Conventional histopathology  

Following SRH imaging, the sample were recovered from between the coverslips and fixed in 4% formalin for 24 

hours. The specimens were then included in a conventional pathology workflow comprising paraffin embedding, 

sectioning and HE staining. Immunochemistry was performed on the Benchmark Ventana autostainer (Ventana 

Medical Systems SA, Illkirch, France) with routinely used antibodies targeting AE1-AE3 (Polyclonal, Roche), 

Bcl6 (PG-B6p, Dako), CD10 (56C6, Dako), CD20 (L26, Cliniscience), CD3 (Polyclonal, Dako), CD56/NCAM 

(123C3, Roche), CDX2 (DAK-CDX2, Dako), Chromogranin (DAK-A3, Dako), CK20 (Ks20.8, Dako), CK5/6 

(DS/16B4, Dako), CK7 (OV.TL12/30, Menarini), EGFR (3C6, Roche), EMA (E29, Dako), Filamin (PM6/317, 

Interchim), FSH (Polyclonal, Roche), GATA3 (L50-823, Roche), GFAP (6F2, Dako), IDH1 R132H (H09, 

Clinisciences), Ki67 (Mib-1, Dako), MUM1 (MUM1P, Dako), NeuN (A60, Millipore), Neurofilament (2F11, 

Sigma-Aldrich), OLIG2 (EP112, Diagomix), P63 (4A4, Roche), PS100 (Polyclonal, Dako), RP (1/E2, Roche), 

SSTR2 (UMB1, Abcam), Synaptophysin (DAK-SYNAP, Dako), TTF1 (8G7G3/1, Dako). The slides were scanned 

using the Hamamatsu Nanozoomer system 2.0-HT and the presented images were obtained using the NDP.view2 

viewing software (ver 2.6.17).  

DNA extraction and quantification 

DNA was extracted from four 3.5 µm thick tissue section using the IDXTRACT-mag-FFPE kit (ID-Solutions, 

Grabels France) coupled to the automaton (IDEAL-32, ID-Solutions) as per the manufacturer’s guidelines. DNA 

was quality checked and quantified using DNA calibrated by an external standard range using the IDQUANTq kit 

(ID-Solutions) and the Mic® quantitative PCR instrument (Bio Molecular Systems, Queensland, Australia).  

Targeted next‑generation DNA sequencing and mutational analysis 

Mutational analysis was performed using the Ion S5™ XL next-generation sequencing system (Thermo Fisher 

Scientific) targeting the following gene panel: AKT1, ATRX, BRAF, CDKN2A, CIC, EGFR, FGFR1, H3F3A, 

HIST1H3B, IDH1, IDH2, NOTCH1, PIK3CA, PIK3R1, PTEN, PTPN11, TERT, TP53. 

DNA methylation analysis and data processing 

DNA bisulfite conversion was performed using the ZymoEZ DNA methylation kit (Zymo research, USA), then 

treated with FFPE DNA Restore kit (Illumina, San Diego, CA, USA) and DNA clean and concentrator-5 (Zymo 

research, USA). Standard quality controls confirmed DNA quantity/quality and bisulfite conversion. The DNA 

was then processed using the Illumina Infinium HumanMethylation EPIC Bead-Chip array (Illumina, San Diego, 

CA, USA) according to the manufacturer’s instructions. The iScan control software was used to generate raw data 

files from the BeadChip in .idat format and analysed using GenomeStudio version 2.0 (Illumina, San Diego, CA, 

USA) with regard to quality measures according to the manufacturer’s instructions. The .idat files were uploaded 

to the online CNS tumor methylation classifier platform https://www.molecularneuropathology.org and a report 

was generated, providing prediction scores (calibrated score) for DNA methylation classes according to the version 

12.5 of the classifier 27.  
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Results 

‘Live’ imaging of CNS samples 

We first designed a ‘Live SRH’ imaging mode allowing to rapidly explore the sample and to delineate the regions 

of interest necessary to guide a larger area acquisition. Once under the BondXplorer  microscope in the ‘Live SRH’ 

mode, a virtually stained image corresponding to an area of 214x214µm could be observed almost instantaneously. 

This fast-imaging approach was used to perform a microscopic examination along the two horizontal axes (x,y) 

but also in depth (z) to screen different areas of the observed sample (Figure 1). Supplementary video 1 shows the 

‘Live SRH’ operation mode for the microscopic histology exploration of each tumor sample. 

 

Figure 1: Study Design: Unfrozen central nervous system samples were placed between coverslips for Stimulated 

Raman Histology imaging then recovered and included in a conventional histopathology workflow. 

 

As illustrated in Figure 2, this live SRH observation permitted the identification of characteristic features of 

different tumor types, allowing for a preliminary diagnosis. The examination of the normal brain sample revealed 

a normal texture of the neuropil associated with scattered glial cells and neurons. On the other hand, in the low-

grade glioma sample, the neuropil was altered by a proliferation of slightly piloid tumor cells without frank 

cytonuclear atypia nor microvascular proliferation. A diagnosis of high-grade glioma could be assessed for the 

third case demonstrating a highly cellular tumor with marked nuclear pleomorphism and microvascular 

proliferation. Regarding meningiomas, the characteristic microscopic appearance of sheets of tumor cells with 

indistinct cell borders arranged in a whorled or lobulated architecture could be recognized. The benign meningioma 

demonstrated regular round to oval monomorphic nuclei with some appearing to have nuclear pseudoinclusions 
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whereas the aggressive meningioma demonstrated increased cellularity nuclear pleomorphism. Medulloblastoma 

could be recognized as a proliferation of undifferentiated small round-shaped relatively uniform cells with 

hyperchromatic nuclei focally arranged around a central area of neuropil corresponding to the characteristics 

Homer-Wright rosettes of this tumor. We could also identify the relatively monomorphic proliferation of large 

cells with round to oval irregular nuclei with distinct nucleoli corresponding to the centroblasts or immunoblast 

cytology of the diffuse large B cells. Pituitary adenoma could be recognized by the trabecular architecture of 

monomorphic cells with round nuclei, inconspicuous nucleoli, and moderate degree of nuclear pleomorphism. 

Finally, cohesive sheet or island of atypical cells could be observed in both metastatic carcinomas. Abortive tubule 

formations were seen in the adenocarcinoma whereas large polygonal malignant cells containing keratin were 

observed in the squamous cell carcinoma.  

 

 

Figure 2: ‘Live SRH’ examination of CNS samples: The fast-imaging approach permitted the identifications of 

characteristics features of different tumor types. Scale bars corresponds to 50µm. 

 

‘Mosaic’ large images acquisition  

To visualize a larger area of the sample, we used the BondXplorer ‘mosaic SRH’ modality where several small 

SRH images were adjacently acquired and positioned within a 2D-grid. The size of the desired area depended on 

the number of single field of view acquired which was linked to the total acquisition time of the constructed image 

(Figure 3). As illustrated in Figure 4, the larger mosaic SRH image permitted for an improved assessment of the 

whole sample as well as the general architecture of the different tumor types. Whereas gliomas and lymphoma 

were characterized by a diffuse architecture, the other tumor types demonstrated specific pattern of cellular 

organization. The trabeculae of pituitary adenoma, the large nodules of the medulloblastoma, the syncytial whorled 

architecture of meningioma as well as the recognition of cohesive islands characteristic of carcinoma metastases 

was greatly facilitated in comparison to live imaging.  
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Figure 3: Mosaic construction: Several ‘Live SRH’ images were adjacently acquired and positioned within a 2D-

grid to visualize a larger area of the sample. The total acquisition time varied depending on the size of the desired 

area. One square corresponds to an area of 214x214µm. Abbreviations: min: minutes, s: seconds. 

 

Subsequent use of the SRH imaged sample in conventional histopathology workflow  

We then aimed to demonstrate the compatibility of SRH with a conventional histopathological examination of 

tissues. All the samples could be retrieved from between the coverslips for tissue processing including formalin 

fixation, paraffin-embedding, HE staining, immunohistochemistry and molecular biology (Figure 4). For each 

sample, although the microscopic aspect observed were altered by freezing artifacts due to the initial storage in 

nitrogen, the histopathological aspect of the different tumor types could be easily recognizable and was in 

accordance with the expected tumor type. Of importance, histopathological findings were comparable to those 

previously observed on the same samples with SRH (Figure 4). All the immunostaining performed were 

informative and in accordance with the results obtained on the routinely processed samples. Of note, this included 

a large panel of antibodies targeting membranous, cytoplasmic as well as nuclear proteins. Additional molecular 

studies were performed for two cases. Targeted next‑generation DNA sequencing and mutational analysis of the 

high grade glioma revealed a TERT promotor mutation (c.1-124C>T) associated with PTEN mutation (c.1007dup 

(p.Tyr336Ter)) and EGFR amplification without IDH1 nor IDH2 mutation in accordance with the diagnostic of 

glioblastoma, IDH-wildtype. The DNA methylation analysis performed on the medulloblastoma demonstrated a 

methylation profile of medulloblastoma, SHH-activated according to the version 12.5 of the classifier (score 0.99) 

in accordance with the expected result. Altogether, a histopathological diagnosis including immunohistochemistry 

and genomic profiling could be successfully established for all cases retrieved following their first assessment with 

SRH. 
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Figure 4: “Mosaic’ large image acquisition and subsequent use of the samples in a conventional pathology 

workflow: All the samples were retrieved and processed in a conventional pathology workflow. ‘Mosaic SRH’ 

permitted for an improved assessment of the samples with histopathological aspects comparable to those observed 

with hematoxylin and eosin staining. Two representatives' immunostaining are presented for each sample. Scale 

bars corresponds to 100µm 

 

Discussion 

In this study, we demonstrated the relevance of stimulated Raman histology (SRH) for rapid microscopic 

examination of various central nervous system samples without any tissue processing such as labelling, freezing 

nor sectioning. As a non-destructive approach, this novel label free imaging modality enabled us to recover the 

imaged samples and to include them in a conventional pathology workflow including formalin fixation, paraffin 

embedding HE staining and genomic profiling (using targeted next generation sequencing and methylation profile 
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analysis). The BondXplorer SRH microscope allowed for the ‘Live SRH’ modality and meaningful microscopic 

examination of CNS samples followed by the subsequent larger ‘mosaic SRH’ imaging of the whole sample to 

establish a definitive histopathological diagnosis including immunohistochemistry and molecular biology. 

SRH relies on stimulated Raman scattering imaging of CH2 and CH3 molecular groups within the tissue sample. 

Subsequent coloring of the obtained images can exquisitely mimic HE staining for the direct reading and 

interpretation by pathologists following their current manner to examine histological HE-stained slides under a 

microscope. As such SRH imaging can be directly accepted by pathologist. Previous studies demonstrated SRH’s 

suitability for the analysis of freshly excised CNS surgical specimens which is particularly valuable for 

intraoperative pathological consultations 20–23,28–30. Indeed, the current workflow for IC requires the sample 

transport to a pathology department, processing of the specimen including cytological preparations (smear or touch 

preps) and/or frozen sections, both associated with rapid HE staining of the slides and their interpretation by a 

neuropathologist19. This conventional procedure takes 20-30 minutes for each sample to be processed 31 with 

potential negative impact for the patient since an increase surgery duration is associated with possible 

complications 18. Moreover, as this conventional procedure is time consuming, it cannot be used repeatedly to 

assess multiple surgical resection margins. SRH constitutes an interesting alternative as it provides rapid 

microscopic images of freshly excised tissues samples. In our study, a near instantaneous and informative 

histopathological examination could be performed on all analyzed samples. Furthermore, among the different 

approaches of specimen processing for an IC, cytological preparations allow pathologists to study the cellular 

characteristics of the tumor cells but the overall histopathological architecture of the tissue is lost whereas frozen 

sectioning preserves the underlying tissue architecture but may induce major freezing and sectioning artifacts 

hindering interpretation32. SRH constitutes a freezing-free and sectioning-free approach that facilitates both 

architecture and cellular analysis on a freshly excised sample. As previously reported21,22,33, we confirm within our 

study that the SRH examination of the samples reveals similar architectural and cellular features as compared to 

HE images arising from the same sample processed in a conventional pathology workflow. It shall be noted, 

however, that all the samples analyzed in our study were retrieved from a tumor bank and, therefore, have been 

somewhat altered by storage in nitrogen as observed on the HE stained section. In addition, the design of our study 

may impact the interpretation of the results. Indeed, the cases were selected based on the tumor types, and this was 

therefore known at the time of the SRH image analysis. Although a blinded study is required to validate the 

diagnostic capability of this approach, the agreement between the observed images and the HE images provides 

first robust evidence of its effectiveness. To further reduce the examination time, a SRH microscope would have 

to be integrated into the operating room. Since SRH images are digital by nature, their remote interpretation is 

readily enabled. Medical centers without local neuropathologist would greatly benefit from SRH imaging for 

optimal efficiencies of their surgical management. At last, neural networks and artificial intelligence analysis of 

SRH images may assist the pathologist in making a diagnostic decision as previously reported21. 

An international panel of brain cancer researchers recently identified seven major challenges that must be 

overcome to cure primary brain tumors and they should serve as the foci for future research and investment. In the 

context of precision medicine, they discussed the importance of genome-wide classification tools and highlighted 

the challenge of diagnostic genomic profiling considering the often-limited amounts of tumor material available9. 

Indeed, histopathological examination inevitably leads to the depletion of a valuable diagnostic material. This 

point might be particularly detrimental for the biopsy acquisition of CNS tumors as the anatomical location, 
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sometimes difficult to reach for the surgeon, indicates a stereotaxic biopsy to guide the removal of a small amount 

of tissue for pathological examination. Such a procedure is particularly challenging, and an intraoperative 

diagnosis is often required for the sole purpose of confirming the correct sampling of the lesion despite the 

consumption of precious tumor tissue. Of particular interest, we showed in this study that a tissue imaged by SRH 

could be used ad integrum for histopathology and genomic profiling. All samples retained their immunogenic 

properties for immunohistochemistry as well as their genomic integrity for molecular studies in accordance with 

previously reported results20,28. In this context, an SRH approach would be particularly useful to perform a 

microscopic evaluation of a sample without depleting precious material for further analysis. 

The performances of SRH rely on different strengths: live or quasi-instantaneous imaging of pseudo HE images 

of a sample without preparation, allowing microscopic examination without material consumption nor alteration. 

As such, SRH represents a valuable extension in the histopathological arsenal methods whose digital images can 

be readily interpreted and assessed by pathologists, possibly remotely, or processed by artificial intelligence. 
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Supplementary Materials: video of ‘Live’ Stimulated Raman Histology of a central nervous system sample: 

the video shows the ‘Live SRH’ operation mode for the microscopic histology exploration of a tumor sample. 


