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Abstract

Objective: Intra-operative stimulated Raman histology (SRH) is a novel technology which uses 

laser spectroscopy and color-matching algorithms to create images similar to formalin-fixed 

paraffin-embedded (FFPE) section. We aim to assess the accuracy of SRH in a novel range of 

sinonasal and skull base tumors.

Methods: Select patients undergoing sinonasal and skull base surgery using the Invenio 
Imaging™ Nio™ Laser Imaging SRH system between June 2020 and September 2021 were 

assessed. The SRH images were reviewed for pathologic features similar to frozen section (FS) 

and FFPE. Time taken for results and diagnostic concordance was assessed.

Results: Sixty-seven SRH images from 7 tumor types in 12 patients were assessed. Pathologies 

included squamous cell carcinoma, rhabdomyosarcoma, inverted papilloma, adenoid cystic 

carcinoma, SMARCB1-deficient sinonasal carcinoma, mucosal melanoma, metastatic colonic 

adenocarcinoma, and meningioma. Tumor was identified in 100% of lesional specimens, with 

characteristic diagnostic features readily appreciable on SRH. Median time for diagnosis was 

significantly faster for SRH (4.3 minutes) versus FS (44.5 minutes) (p=<.0001). Where SRH 

sample site matched precisely to FS (n=32/67, 47.8%), the same diagnosis was confirmed in 

93.8%. Sensitivity, specificity, precision, and overall accuracy of SRH was 93.3%, 94.1%, 93.8%, 

and 93.3%, respectively. Near-perfect concordance was seen between SRH and FS (Cohen’s kappa 

(κ)=0.89).

Conclusion: Stimulated Raman histology can rapidly produce images similar to FFPE H&E 

in sinonasal and skull base tumors. This technology has the potential to act as an adjunct or 

alternative to standard FS.
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Introduction

Accurate intra-operative histological diagnosis is an essential element of practice in 

sinonasal and skull base surgery. Assessment of surgical margins to ensure complete 

tumor excision is typically guided by a combination of anatomic landmarks, pre-operative 

radiological investigations, intra-operative direct tumor visualization and fresh frozen 

section analysis1. Fresh frozen sampling (FS), which was invented in 1905, presents 

limitations as it can be time-consuming, labor-intensive and expensive2,3. Certain technical 

limitations also exist, with some pathologies more difficult to interpret on FS, such as 

sinonasal mucosal melanoma4.

Determining a diagnosis and establishing margin status in pathologies of the sinonasal cavity 

and skull base is known to be challenging. Skull base tumors are characterized by their 

multiple histological subtypes, each with differing clinical behavior5. Tumors are frequently 

excised piece-meal which may distort tumor margins and affect histologic interpretation. 

Higher rates of positive margins are reported relative to other anatomic subsites, despite 

a known association with worse overall survival6. Given the relative rarity of malignant 

skull base pathologies, these tumors are typically managed at specialized centers. Identifying 

improved methods to accurately provide cost-effective, timely intra-operative histology is 

therefore particularly appealing for the field.

Stimulated Raman histology (SRH) is an emerging technology which permits rapid, intra-

operative acquisition of histological images7. SRH utilizes Raman laser microspectroscopy 

to create images similar to formalin-fixed paraffin-embedded (FFPE) hematoxylin and eosin 

(H&E) sections. To do this, a magnified, depth-resolved image of a tissue specimen is 

obtained from a sample prepared on a microscopic glass slide. Laser spectroscopy is applied 

to the sample which detects differences in wavelength based on the tissue constituents, 

such as lipids, nucleic acids, proteins, and other macromolecules. A coloring algorithm is 

then applied to each pixel in the image based on the wavelength detected by spectroscopy, 

which generates a colorized version to replicate a typical FFPE H&E section8. Specimens 

can be assessed at a rate of up to 30 frames per second, permitting near real-time image 

acquisition9.

The majority of reported uses for SRH have been in the neurosurgical/central nervous 

system (CNS) tumors10. Sinonasal mucosa is by nature more heterogenous than CNS tissue, 

containing not just respiratory-type and squamous epithelium, but also minor salivary/

seromucinous glands, inflammatory cells, cartilage, or skeletal muscle in the nasopharynx11. 

This more diverse background tissue creates a challenge in interpreting images of sinonasal 

mucosa produced by SRH. A small number of reports of the application of SRH in skull 

base surgery have been described, however, the range of pathologies assessed has been 

limited. In this paper, we describe the novel application of SRH across a broader spectrum of 

skull base pathologies to assess its potential to aid intra-operative diagnosis.
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Materials and Methods

Patient Cohort

Select patients undergoing sinonasal or skull base surgery were enrolled at an academic 

cancer center from June 2020 – September 2021. Participating specialists were fellowship-

trained otolaryngologists, neurosurgeons, and pathologists with a subspecialist interest in 

sinonasal and skull base surgery. Patient enrollment was at the discretion of the operating 

surgeons based on clinical need.

Basic patient characteristics and clinicopathologic data were collected pre-operatively. An 

established pre-operative histological diagnosis was not required for inclusion. No exclusion 

based on histological subtypes was employed in this exploratory study. Both open and 

endoscopic sinonasal and skull base procedures were included.

Histologic Assessment

Samples were obtained by the operating surgeon to permit analysis with SRH and/or FS and 

FFPE. Single or multiple specimens were obtained in each case. Specimens were handed 

off by the surgeon for immediate SRH analysis in the operating room. Total time required 

for first image acquisition/result using SRH was recorded to the nearest minute and second. 

Time to return all FS results was independently recorded to the nearest minute. Images 

produced by SRH were assessed by a technician and the operating surgeon for features of 

overt malignancy. In addition, SRH images were reviewed by a specialist head and neck 

pathologist post-operatively for characteristic tumor features. Where a corresponding sample 

was available, comparison was made with FS specimens for concordance of diagnosis and 

presence of characteristic histological features. Digital images of all specimens (SRH, FS 

and FFPE) were recorded. Samples deemed inadequate for analysis were excluded from the 

final analysis.

Stimulated Raman Histology Technique

The FDA-approved Invenio Imaging™ Nio™ Laser Imaging System (Invenio Imaging, Inc., 

CA, USA) was employed to obtain SRH images under existing Institutional Review Board 

approval.12 Sampled tissue was placed on a glass microscopy slide, without additional 

staining, labelling or treatment. The Nio™ SRH system uses a dual-wavelength fiber laser 

system to image the tissue sample at two Raman shifts of 2845cm−1 (CH2) and 2940cm−1 

(CH3). Variation in the relative levels of cytoplasm, lipid and protein content in the sampled 

tissue are detected. A pseudo-coloring algorithm is applied to the images obtained to mimic 

the appearance of FFPE H&E staining. Pixels in the obtained image which are rich in 

protein and DNA (measured at 2940cm−1) are colored in a purple hue and pixels rich in lipid 

(measured at 2845cm−1) are colored in a pink hue. The Nio™ Laser Imaging System uses 

a 25x, NA 1.05 water immersion objective microscopic lens and achieves a resolution of 

<1.25um horizontally and <2.5um axially. Images are acquired as an individual field of view 

with 1000 pixels per line and ~0.5μm/pixel sample. Images are then stitched into large area 

mosaics of the specimen to create the final image.
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Statistical Assessment

Basic patient characteristic and pathologic data were summarized using descriptive statistics. 

Comparison was made between the final diagnosis established on SRH and FS using 

descriptive statistics. Times taken in minutes for result on SRH and FS was recorded. 

Comparison of time taken for result on SRH versus FS was assessed using the two-sample 

t-test. Significance was evaluated at the 0.05 alpha level.

Samples on SRH and FS were categorized as ‘benign’ or ‘tumor’ tissue to permit calculation 

of sensitivity, specificity, precision, and overall accuracy of SRH. Cohen’s kappa (κ) was 

calculated for SRH versus FS to assess agreement/concordance between the techniques 

using the formula = Ρo − Ρe
1 − Ρe , where Po is the observed agreement between SRH and FS 

techniques, and Pe is the hypothetical probability of chance agreement between techniques. 

Outcome data was not included for analysis. Statistical analyses were performed in Stata 

(version 16, 2019, College Station, TX).

Results

Patient and Tumor Characteristics

Twelve patients with a spectrum of pathologies were enrolled (Table 1). In total, 66.7% 

were female (n=8) and the median age was 62 years (range 22–84 years). The majority 

of procedures were completed endoscopically (n=8, 66.7%) for primary pathologies (n=11, 

91.7%) and were therapeutic/treatment surgeries (n=9, 75%) rather than diagnostic. Tumor 

locations were maxillary sinus (n=4, 33.3%), nasal cavity (n=3, 25%), frontal sinus (n=2, 

16.7%), ethmoid sinus (n=1, 8.3%), sphenoid sinus (n=1, 8.3%), and pterygopalatine fossa 

(n=1, 8.3%).

The pathologies assessed using SRH were mostly malignant (n=10, 83.3%) (Table 

1). Pathological subtypes included squamous cell carcinoma (SCC) (n=3, 33.3%), 

rhabdomyosarcoma (n=2, 16.7%), sinonasal papilloma inverted type (n=2, 16.7%), adenoid 

cystic carcinoma (n=1, 8.3%), SMARCB1-deficient sinonasal carcinoma (n=1, 8.3%), 

mucosal melanoma (n=1, 8.3%), metastatic colonic adenocarcinoma (n=1, 8.3%), and 

meningioma (n=1, 8.3%). A total of 67 SRH images were generated (median=4/case) of 

tumor and marginal tissue. Images were deemed inadequate for analysis and excluded in 6 

cases (9%) due to artifact secondary to handling error.

Time-to-Result using Intra-operative Stimulated Raman Histology

The median time to first result for SRH image was 4.3 minutes (258 seconds) (range 3.8 

– 6 minutes). The median time to FS results was 44.5 minutes (range 35 – 53 minutes). A 

statistically significant difference in median reporting times between SRH and FS is noted 

(p=<.0001), with a 40.2-minute difference between the modalities. It should be noted that FS 

results were for multiple specimens (median specimens per case = 3.5, range of specimens 

1–10) which contributes to the longer time for results compared with SRH where first 

result is recorded. SRH results were interpreted initially in the operating room by a trained 

technician and the operating surgeon, prior to separate subsequent specialist review by a 

Fitzgerald et al. Page 4

Laryngoscope. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



specialist pathologist. Surgeon/user satisfaction was not assessed, however, the workflow 

was felt to be satisfactory and applicable to sinonasal and skull base surgery.

Accuracy of Diagnosis and Pathological Features Using Stimulated Raman Histology

On postoperative review by a specialist pathologist, tumor diagnosis could be established 

in 100% of lesional specimens where adequate SRH images were available. In SRH 

images where sample site matched precisely with the FS sample site (n=32/67, 47.8%), 

concordance of diagnosis was 93.8%. Discordant results were noted in 6.2% (n=2), where 

a fragment of the target tumor was seen in either the FS or SRH sample but not both. The 

sensitivity, specificity, precision, and overall accuracy of SRH images compared with final 

FS, was 93.3%, 94.1%, 93.3%, and 93.8%, respectively. The SRH technique demonstrated 

near-perfect agreement with FS with Cohen’s kappa (κ) of 0.89.

An example of the initial images generated by SRH is demonstrated in Figure 1. The 

diagnostic features of SCC seen on SRH images included polygonal tumor cells with dense 

eosinophilic cytoplasm and loss of polarity, high nuclear/cytoplasmic ratio and enlarged, 

pleomorphic nuclei and scattered apoptotic tumor cells (Figure 1A). In contrast, benign 

sinonasal epithelium showed bland cytology with small, round nuclei and bluish cytoplasm 

consistent with intracellular mucin (Figure 1B). Similarly, the architecture and cytological 

features of normal minor salivary gland tissue could be easily recognized on SRH (Figure 

1C).

Having demonstrated that SRH could confirm diagnosis of malignancy in sinonasal and 

skull base pathologies, we sought to identify specific pathologic features on SRH images 

in a broader range of pathologies. In Case 1 (sinonasal papilloma inverted type), cohesive 

squamous cells and neutrophilic microabscesses (yellow arrows) are seen on the SRH 

image (Figure 2A), which are similar to those seen on FS and FFPE for the same patient 

(Figure 2B and 2C). In Case 2 (adenoid cystic carcinoma), cribriform structures filled with 

basement membrane material (yellow arrows) characteristic of adenoid cystic carcinoma 

are demonstrated on the SRH image (Figure 2D), and on FS and FFPE (Figure 2E and 

2F). In Case 3 (metastatic colorectal adenocarcinoma), cohesive glandular structures (yellow 

arrows) on SRH (Figure 2G), compare well with those seen with FS and FFPE (Figure 2H 

and 2I). An example of a sample which could not be interpreted due to artifact caused by 

specimen handling error prior to image acquisition is shown in Figure 3.

Discussion

Novel adjuncts to traditional intra-operative histological assessment techniques are of 

particular appeal in sinonasal and skull base surgery, where margin assessment and tumor 

diagnosis can be challenging. In this study, we highlight application of SRH in the setting 

of a diverse group of sinonasal and skull base tumors generating 67 SRH images of 7 

pathologies. Application of SRH in several of the pathologies in this study is unique. 

The authors are not aware of any previous application of SRH in sinonasal salivary gland 

malignancy, metastatic colonic adenocarcinoma to the sinonasal tract, sinonasal papilloma 

inverted type or sinonasal rhabdomyosarcoma. In addition, we report what we believe 

to be the first application of SRH in open craniofacial/sinonasal surgery. We highlight 
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characteristic appearances of these pathologies on SRH images. Our findings demonstrate 

the potential to obtain rapid, intra-operative FFPE H&E-like SRH images in sinonasal and 

skull base surgery and the potential utility of this technology in this area. Benefits in terms 

of reduced operative time, enhanced operating room workflow, and reduced labor time for 

in-demand pathologists may be significant.

Since the early description of stimulated Raman scattering (SRS) microscopy by Freudiger 

et al. in 2008, technologies have been adapted to allow intra-operative assessment of 

histological specimens, so-called stimulated Raman histology (SRH)7,13. The use of SRH 

has been largely confined to the neurosurgical setting to assess CNS pathologies where a 

more homogenous background tissue surrounds tumors. Several high-quality reports have 

compared imaging using SRH devices versus FS and FFPE. Orringer et al. described in 

2017 the application of SRH in 101 neurosurgical patients14. Utilizing SRS technology, 

they successfully created images with virtual H&E staining for intra-operative assessment. 

They reported excellent concordance with FFPE (Cohen’s kappa, κ>0.89), and diagnostic 

accuracy exceeding 92% in mostly glioblastoma, astrocytoma and oligodendroglioma cases.

Eichberg et al. reported a prospective blinded cohort study of 82 patients undergoing 

resection of CNS tumors, finding the mean time to diagnosis was 30.5 minutes faster 

(p=<.0001) for SRH compared to FS (p=<.0001). Diagnostic concordance was reported in 

91.5% of cases (κ=0.834, p=<.0001) between SRH and FFPE, and 91.5% between FS and 

FFPE (κ=0.894, p=<.0001)15. Hollon et al. in 2020 applied machine learning technologies 

using deep convolutional neural network training on over 2.5 million SRH images from 278 

patients to assess the diagnostic accuracy between artificial intelligence and pathologists in 

a multi-center non-inferiority trial.8 In their study, the largest SRH clinical trial published to 

date, the SRH device demonstrated marginally higher overall diagnostic accuracy compared 

with FFPE assessment (95.6% versus 93.9% diagnostic accuracy, respectively). Further 

machine learning studies have explored how SRH could interpret diagnosis16.

A study of SRH reporting skull base pathologies was published by Shin et al. in 2019, and 

included 9 meningiomas, 3 schwannomas, and 1 chordoma, chondroma, chondrosarcoma, 

somatotroph adenoma, and craniopharyngioma, respectively17. They describe pathologies 

arising in anatomic locations such as the clinoid process, petrous apex, cerebellopontine 

angle, clivus, planum sphenoidale and other locations, but did not report any sinonasal 

cases. Hoesli et al. applied SRH in the head and neck, including oral cavity and larynx, 

demonstrating excellent sensitivity in diagnosing malignancy18. The application of SRH 

has been expanded to other tissue types, including skin, gastric, pharyngeal, and laryngeal 

mucosa, highlighting additional potential applications outside the CNS.19–22 The authors of 

this study anticipate an uptake of the application of SRH to other anatomic locations and 

pathologies where rapid intra-operative diagnosis is desirable.

We demonstrate in our study a high degree of diagnostic accuracy for SRH in the setting 

of skull base and sinonasal pathologies with sensitivity and specificity of 93.3% and 94.1%, 

respectively. Excellent concordance of diagnosis is seen between SRH and FS on matching 

samples if the tested sample was of adequate quality and quantity. Potential challenges do 

exist, including processing artifacts and under sampling due to small volume of disease, 
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although these limitations also exist with intra-operative FS diagnosis. Nevertheless, we 

demonstrate SRH to be significantly faster than traditional FS techniques in providing 

intra-operative diagnosis, on average 40 minutes faster per case. The cost of frozen section 

analysis in head and neck surgery has been reported as $3,123 per case in earlier studies23. 

Identifying technologies aimed at reducing this cost would be beneficial. The argument 

for the use of SRH in complement with traditional FS techniques guided by a specialist 

pathologist appears well-made. SRH may offer particular benefit in skull base and sinonasal 

pathologies where multiple FS may be required to confirm margin status and where margin 

status affects survival, recurrence and requirement for adjuvant treatment24. Whether these 

images alone could be the basis of decision-making in the operating theater remains unclear 

until further studies are performed, as certain limitations of SRH do exist.

The diverse background tissue of the sinonasal cavity and skull base creates a challenge 

in interpreting images of sinonasal mucosa produced by SRH. While we demonstrate that 

many features of malignancy can be recognized on SRH images, including loss of polarity, 

high nuclear/cytoplasmic ratio and nuclear pleomorphism in SCC, other diagnostic features 

that can be assessed on FS or FFPE may not be readily apparent in SRH images, such as 

the features of a mitotic figure versus apoptotic cell. If specimens are divided for assessment 

with both SRH and FS, differences may exist in the tissue sent to either modality. Using 

both modalities also duplicates the work being performed, negating the potential benefits 

of the rapid intra-operative results provided by SRH. Designating tissue as malignant 

versus benign only may be a more realistic application at this time than making exact 

diagnosis intra-operatively using SRH alone. Discerning dysplasia and carcinoma-in-situ 

from malignancy on small fragments of tissue may also present a challenge with SRH, 

as with FS. The assessment of intra-operative margin status in skull base surgery is a 

much-debated topic. For these reasons, further investigation is required to understand the 

role of this promising technology and its potential application in sinonasal and skull base 

surgery. Finally, a thorough cost-benefit analysis of this technology would be beneficial to 

conduct in future.

In addition to the limitations of the SRH technique, there a number of limitations of this 

study, most notably that the sample size is small. The pathologies we describe are rare and 

the application of SRH in this setting is novel therefore multi-institutional collaboration in 

a prospective study would likely be required to expand the available data for sinonasal and 

skull base pathologies. Our study did not obtain matching samples for SRH, FS and FFPE 

in all cases, which limits our ability to make comparisons regarding diagnostic concordance 

for all samples obtained and against FFPE. This manuscript focuses on comparing intra-

operative modalities of SRH and FS only. We analyze the time to first SRH result versus 

overall time for FS results due to local reporting practices, which may affect interpretation 

of time-to-results data. The technology is novel for both the surgeons and pathologists as 

this device is available only in a limited number of centers in the USA at present. Enhanced 

familiarity with the technology and its capabilities could improve diagnostic accuracy, scope 

of application and time to results. All specimens in our study were assessed by a specialist 

head and neck pathologist with experience in skull base pathology, which is not feasible in 

all centers and may alter the final results.
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Conclusion

Intra-operative images with features comparable to FFPE H&E section can be rapidly 

produced using SRH in sinonasal and skull base pathologies. The applications of SRH in 

endoscopic sinonasal and skull base surgery are broader than previously described. SRH 

may provide efficiencies compared with traditional FS techniques. Further investigation is 

required to establish the scope of practice for this technology as an adjunct or alternative to 

FS.
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Abbreviations:

SRS stimulated Raman scattering

SRH stimulated Raman histology

FS fresh frozen sampling

FFPE formalin-fixed, paraffin-embedded

H&E hematoxylin and eosin

CNS central nervous system
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Figure 1: 
Stimulated Raman histology images demonstrating (A) sinonasal squamous cell carcinoma 

(yellow arrow highlights an apoptotic tumor cell) (B) benign (normal) sinonasal epithelium 

and (C) minor salivary/seromucinous glands.
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Figure 2: 
Specific pathological features seen on stimulated Raman histology, frozen section, and 

formalin-fixed paraffin-embedded hematoxylin and eosin sections in sinonasal papilloma 

inverted type (panels A, B, C), adenoid cystic carcinoma (panels D, E, F) and metastatic 

colorectal adenocarcinoma (panels G, H, I).
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Figure 3: 
Example of a stimulated Raman histology image with artifact due to handling error during 

processing.
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