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Abstract

Context.——The rapid evolution of optical imaging modalities in recent years has opened the 

opportunity for ex vivo tissue imaging, which has significant implications for surgical pathology 

practice. These modalities have promising potential to be used as next-generation digital 

microscopy tools for examination of fresh tissue, with or without labeling with contrast agents.

Objective.——To review the literature regarding various types of ex vivo optical imaging 

platforms that can generate digital images for tissue recognition with potential for utilization in 

anatomic pathology clinical practices.

Data Sources.——Literature relevant to ex vivo tissue imaging obtained from the PubMed 

database.

Conclusions.——Ex vivo imaging of tissues can be performed by using various types of optical 

imaging techniques. These next-generation digital microscopy tools have a promising potential for 

utilization in surgical pathology practice.

Anatomic pathology is essentially a field of image-based diagnostics in which light 

microscopic examination of stained tissues has been the mainstay for evaluating 

cytomorphologic and architectural features of individual cells or tissue fragments. In recent 
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years, optical imaging modalities have rapidly evolved and can now be used for examination 

of tissues similar to traditional light microscopic examination. These modalities use light in 

the visible and adjacent spectra and harness the special properties of interaction of photons 

with labeled or unlabeled tissues to obtain detailed images of tissues. The rapid 

advancements in the field of biophotonics together with those in computer science and 

instrumentation technology have enabled the development of several optical imaging 

platforms. These modalities of tissue imaging enable the acquisition of inherently digital 

images, thereby allowing the visualization of tissues similar to how they are recognized 

under the light microscope. However, in contrast to traditional bright-field pathologic 

examination using a light microscope, which entails utilization of stained tissue sections cut 

from fresh or fixed tissue or stained smears of cytology preparations, optical imaging 

techniques allow in vivo or ex vivo evaluation of tissues requiring very minimal or no tissue 

preparation. The different types of optical imaging modalities are essentially optical 

sectioning microscopy techniques capable of imaging a thin layer of the intact specimen, 

greatly simplifying specimen preparation by eliminating the need for physical sectioning of 

the specimen. An added advantage of any of these optical sectioning microscopy methods is 

that the images acquired through these techniques are entirely digital. As a result, the digital 

images can be interpreted at the site of procurement in real time or remotely at any time, and 

they can be readily stored, retrieved, and integrated into electronic health records. 

Furthermore, digital images acquired through any of the currently developed platforms are 

amenable to machine learning, which is increasingly relevant in today’s era of the 

emergence of artificial intelligence in many aspects of life.

The emerging field of biomedical optical imaging has tremendous implications for the 

practice of anatomic pathology. Potential applications can bring revolutionary changes to the 

field by allowing rapid examination of tissues without the need for extensive tissue 

preparation and can generate digital images comparable to hematoxylin-eosin (H&E)–

stained frozen sections (FSs) or formalin-fixed, paraffin-embedded (FFPE) H&E-stained 

tissue sections. Real-time tissue evaluation is a significant advantage that can be a major 

practice changer, allowing bedside tissue evaluation of the biopsied tissue at the time of 

procurement or permitting intraoperative tissue evaluation to guide surgeons at the time of 

surgery. The traditional practice for rapid evaluation of fragments of tissue for intraoperative 

decision-making is FS. Frozen section analysis entails freezing, cutting, and staining for 

conventional histopathologic examination of H&E-stained tissue sections and is the most 

commonly used technique for intraoperative examination of tissues. Even in practices where 

the pathology FS suite is adjacent to the operating rooms, turnaround times for FS analysis 

require 10 to 20 minutes or more. It is difficult to obtain FS diagnosis in a timely fashion for 

intraoperative decision-making in practices when the pathology laboratories performing FS 

analysis are located far away from the operating rooms. Advanced optical imaging 

modalities can enable acquisition of digital images of fresh unprocessed tissues with or 

without the use of labeling agents in the operating suites that can be interpreted by the 

pathologists either at the site of acquisition or remotely to support surgeons intraoperatively. 

Essentially these modalities can be excellent alternatives to FS analysis. Tissue imaging 

modalities can also facilitate procurement and quantitative assessment of high-quality tissue 

for biobanking. In addition, rapid bedside evaluation of core needle biopsies and other types 
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of endoscopic and image-guided biopsies can improve the acquisition and triaging of high-

quality biospecimens and hence avoid nondiagnostic results and significantly reduce the 

repeat biopsy rates.

The optical principles that underlie the different types of ex vivo tissue imaging modalities 

vary considerably. Techniques based on fluorescence confocal microscopy (FCM), optical 

coherence tomography (OCT), full-field optical coherence tomography (FF-OCT), 

structured illumination microscopy (SIM), light sheet microscopy (LSM), stimulated Raman 

spectroscopy (SRS), nonlinear microscopy (NLM), and microscopy using ultraviolet surface 

excitation (MUSE) have all been used to build different types of optical imaging platforms 

that can be used for ex vivo imaging of tissues. Most of the ex vivo tissue imaging platforms 

have been developed by individual research groups and used in the reported studies. Very 

few of these platforms are available commercially for imaging tissues in surgical pathology 

practice, and all of them are currently investigational. We describe below the different types 

of ex vivo optical imaging platforms that can generate digital images for ex vivo evaluation 

of tissues with a potential for utilization in anatomic pathology clinical practice.

CONFOCAL MICROSCOPY

Confocal microscopy allows noninvasive high-resolution imaging of fresh tissue with or 

without using fluorescent dyes as an external contrast agent. A confocal microscope uses a 

point source of light, typically generated by a laser, to illuminate a small focal spot in the 

tissue.1 By spatially filtering the backscattered or fluorescent emitted light from the tissue 

through a pinhole conjugate to the focal plane, an image of the focal plane of interest is 

created. Light reflected from the tissue superficially or deeply relative to the focal plane is 

rejected, resulting in thin optical sections of the tissue at a resolution similar to that of 

conventional light microscopy. Confocal microscopy can be performed in reflectance mode 

or in fluorescence mode using laser light sources in a variety of wavelengths combined with 

appropriate optical filter combinations.2 Reflectance confocal microscopy (RCM) exploits 

backscattered light from cellular structures to create tissue images without the need to label 

the tissue with exogenous contrast agents. The intensity of signals is dependent on the 

variable refractive index of the cellular components including nuclei, different organelles, 

cellular membranes, and the presence of other materials such as melanin or keratin. 

Conversely, FCM permits the characterization of cellular details relying on the excitation of 

exogenous fluorophores, which label the nuclei to generate the image contrast, thereby 

allowing the recognition of tissue architecture. A variety of fluorescent dyes can be used for 

FCM, such as acridine orange, proflavine, cresyl violet, indocyanine green, methylene blue, 

toluidine blue, fluorescein, and acriflavine hydrochloride. These contrast agents essentially 

result in at least a 1000-fold improvement in nucleus-to-cytoplasm contrast that aids in the 

recognition of the tissue. Acridine orange, which labels nuclear DNA and cytoplasmic RNA, 

has been used most frequently in FCM studies for ex vivo tissue imaging.

There are 2 commercially available confocal scanning microscopes (VivaScope 2500, 

Caliber Imaging and Diagnostics Inc, Rochester, New York; and Histology Scanner, 

SamanTree Medical SA, Switzerland) that are designed specifically for ex vivo imaging of 

fresh biologic tissue specimens. The system that has been used most frequently for ex vivo 
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tissue imaging (Caliber Imaging and Diagnostics Inc) includes diode lasers that operate at 

wavelengths of 785 nm (used for RCM) and 488 nm (used for FCM), a 550-nm bandpass 

filter, maximum illumination power of 5 mM, and a 30× water immersion objective lens 

with a numerical aperture of 0.9. At these settings the lateral resolution is less than 1 μm and 

optical sectioning is less than 3.0 μm. Images can be acquired at 9 frames per second. 

Mosaics are captured in an automatic fashion by scanning the surface of the specimen from 

one end to the other, and the images are stitched to create a field of view as large as 2.0 cm × 

2.0 cm in maximum dimension. The specimens can be scanned in reflectance and 

fluorescent modes simultaneously and can be viewed as grayscale images or as digitally 

colorized purple and pink images to mimic images of H&E-stain appearance. The FCM 

images are digitally colorized purple to mimic staining with hematoxylin and RCM images 

pink to mimic staining with eosin, and the 2 are overlaid such that the FCM and RCM 

images appear in purple and pink color contrast. This platform can image small fragments of 

fresh tissue measuring up to 2.0 cm × 2.0 cm. The other more recently developed and 

commercially available confocal laser scanning microscope (Histology Scanner, SamanTree 

Medical SA) is a digital microscopy scanner for ultrafast confocal imaging of fresh tissues 

measuring up to 8 cm in maximum dimension. This confocal microscope is an inverted 

microscope that provides a field of view of 16 mm × 16 mm. The platform provides a quick 

preview of the specimen at low resolution (10 μm/pixel) within 10 seconds following which 

an image of higher resolution (2 μm/pixel) can be acquired in 2.5 minutes.

Confocal microscopy has been the most commonly used ex vivo optical imaging modality 

for evaluation of tissues encountered in surgical pathology practice. Many studies have 

evaluated its utility for examining skin specimens obtained from Mohs microscopic surgery 

for diagnosis as well as for margin assessment of basal cell carcinoma (BCC).3–13 

Diagnostic criteria have been established for evaluating grayscale images for making a 

diagnosis based on the FCM images. A recent study of ex vivo FCM by Longo et al12 

included 753 skin sections obtained from 127 patients who underwent Mohs surgery for 

BCC. In comparison to FS, the sensitivity and specificity of diagnosis rendered on FCM 

images was 80% and 96%, respectively.12 A few preliminary reports have described the 

feasibility of FCM for diagnosis and margin assessment of squamous cell carcinoma in skin 

specimens.14 The encouraging results of the studies using FCM for evaluation of skin 

specimens show the potential utility of this noninvasive imaging modality for bedside 

diagnosis and margin assessment of skin specimens, particularly those obtained from Mohs 

procedure.

Confocal microscopy has also been investigated for recognition of tissue specimens other 

than skin, including surgical excision and biopsy specimens from a variety of sites such as 

brain, breast, thyroid, parathyroid gland, oral mucosa, lung, esophagus, stomach, colon, 

liver, and kidney. The early studies used confocal microscopy in the reflectance mode 

(RCM) that takes advantage of inherent differences in refractive indices of different 

subcellular structures within the tissues. Some studies used acetic acid as an exogenous 

contrast agent to enhance the nuclear contrast in epithelial tissue. More recent studies have 

used FCM with fluorescent dyes such as acridine orange, proflavine, methylene blue, 

fluorescein, and acriflavine hydrochloride as external contrast agents that can be applied 

during very brief staining steps. The imaging platform used in these studies has varied and 
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has included custom-built instruments or more commonly the commercially available 

VivaScope 2500 confocal microscopy platform. Although typical sample sizes were small in 

most studies, the potential of FCM to facilitate histologic scale assessment of imaged tissue 

was evident. A few notable studies have included larger sample sizes. Dobbs et al15 used 

FCM and digital colorizing without, however, using the reflectance contrast to identify 

neoplasia in breast tissue specimens obtained from surgical excisions, stained with 

proflavine before imaging. Seventy specimens from 31 patients were studied, including 

FCM images from 235 regions of interest; these were compared in detail with corresponding 

light microscopic images of H&E-stained tissue sections.15 Neoplasia was identified in 

histologic images with a sensitivity of 93% and specificity of 97%, compared with 93% for 

both measures for FCM images. The authors concluded that FCM can produce images of 

breast tissue with recognizable architectural features comparable to conventional histology. 

A recent study by Ragazzi et al16 tested FCM on 35 fresh tissue samples obtained from 

surgical specimens of different organs including breast, lymph node, thyroid, and colon; they 

found that FCM images could distinguish neoplastic tissues from normal tissue. Wirth et 

al17 used FCM and RCM for evaluating 119 brain specimens that included tumors such as 

gliomas, meningiomas, and metastatic tumors as well as normal brain tissue. These authors 

also showed good correlation of FCM images with conventional histology. The same group 

also studied 37 brain biopsy and surgical specimens and confirmed the potential application 

of FCM in intraoperative diagnosis during neurosurgical procedures.18 Abeytunge et al19 

used a confocal strip-mosaicking microscope that could image 2 cm × 2 cm tissue with 

cellular level resolution in 10 minutes. They imaged 34 large breast specimens obtained 

from 18 patients. The FCM images were interpreted by a single pathologist and the 

diagnosis correlated with the corresponding H&E sections of the imaged tissue in 30 

specimens. Krishnamurthy et al20 recently evaluated the feasibility of FCM for ex vivo 

examination of 55 tissues obtained from surgical resections of breast, lung, kidney, and liver. 

They found good quality FCM grayscale images acquired in 5 to 10 minutes that allowed 

recognition of the cytomorphologic features of the tissue sufficient for accurate 

categorization of the specimens. They concluded that FCM has excellent potential for 

incorporation into surgical pathology practice, based on the ease and speed of acquisition of 

FCM images together with their resolution and similarity to conventional H&E-stained 

sections. Recently, they also reported the results of a study of 118 small (1.0 × 0.3 cm) tissue 

fragments obtained from surgical resections of breast, lung, kidney, and liver specimens that 

were sized so as to resemble core needle biopsy specimens.21 The specimens were imaged 

by using an FCM imaging platform optimized for evaluating small fragments in this study. 

The FCM images were acquired as grayscale as well as digitally colorized images in 2 to 3 

minutes and could be viewed either at the site or remotely. Comparison of the diagnoses of 

the tissue fragments made when using FCM images with those made on the corresponding 

H&E-stained tissue sections indicated a sensitivity of 96.0% and specificity 97.0% in this 

single pathologist study.

On the basis of findings in the existing literature and emerging studies, it appears that FCM 

can be used for real-time tissue evaluation of small fragments of tissues encountered in 

surgical pathology practice; potential applications would include rapid assessment of core 

biopsies, endoscopic biopsies, complementary to FS and margin assessment of Mohs 
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surgery skin specimens. Figure 1, A through C, shows grayscale and digitally colorized 

combined FCM and RCM images and an image of corresponding H&E tissue section of a 

small fragment of breast tumor tissue. The tissue was stained with acridine orange and 

fluorescence and reflectance imaging was performed in the fresh state by using an imaging 

platform (VivaScope 2500).

OPTICAL COHERENCE TOMOGRAPHY

Optical coherence tomography accomplishes high-resolution, cross-sectional tomographic 

imaging by detecting coherently gated backscattered light arising from illuminated tissue.22 

The image resolution can span the range of 1 to 15 μm and imaging depth can be as much as 

2 to 3 mm below the imaged surface; depth is limited by optical attenuation from tissue 

scattering and absorption of light. Essentially, OCT performs high-resolution interferometry 

imaging by measuring the echo time delay and intensity of light that is backscattered from 

the structures in the tissue. This imaging modality uses short coherence length light that can 

be obtained from short pulse lasers, compact super-luminescent diodes, or semiconductor-

based light sources. Light from the source is directed onto a beam splitter, and one of the 

beams is incident onto the sample while the second beam travels a reference path with a 

variable path length and time delay. Low coherence interferometry measures the echo time 

delay and intensity of backscattered light by comparing it to the light that has traveled a 

known reference path length and time delay. The optical backscattering through a cross-

section of the tissue is typically displayed as a logarithmic grayscale or digitally colorized 

image. The abnormalities of tissue architecture can be visualized but cellular details cannot 

be appreciated in conventional OCT images. Several studies have demonstrated the utility of 

OCT for recognition of alterations in tissue architecture.23,24 Although the potential of OCT 

for real-time in vivo as well as ex vivo evaluation of tissue is clearly established, most of the 

applications of this imaging modality in clinical practice are related to in vivo rather than ex 

vivo tissue imaging. This modality is routinely used currently in ophthalmology to image the 

retina and in cardiology for evaluation of atherosclerotic plaque.25 In addition, several OCT 

systems including handheld, needle, catheter-based, and balloon-based OCT probes have 

been commercialized by different companies for in vivo imaging for early detection of 

abnormalities and for obtaining targeted biopsies in organs such as skin and gastrointestinal 

tract. In contrast to the advancements and incorporation of OCT for in vivo imaging in 

clinical practice, it is only very recently that the ex vivo applications of OCT for margin 

assessment of surgical resections have been seriously explored.26–28 Currently, an ex vivo 

OCT imaging system is commercially available for margin assessment of breast mastectomy 

specimens (Perimeter Medical Imaging, Toronto, Ontario, Canada). In a recent study, this 

system was used to generate a 90-image OCT atlas that was used to train and test 

radiologists, pathologists, and surgeons.29 The sensitivity, specificity, and accuracy for 

detecting suspicious findings with histologic confirmation of cancer at the surgical margin 

for the 8 readers were 80%, 87%, and 87%, respectively. In addition, handheld OCT devices 

for breast margin assessment are also being developed.

The inability to appreciate cellular details in OCT images has been overcome to a large 

extent with the development of FF-OCT and dynamic (D)–FFOCT techniques that can 

generate high-resolution, 3-dimensional real-time tomographic images from unprocessed 
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and unlabeled tissue.30–33 Similar to conventional OCT systems, the FF-OCT imaging 

technique is based on the principle of white-light interference microscopy. A simple 

tungsten halogen lamp is used as a spatially incoherent source to illuminate the entire field 

of a water-immersion microscope objective. Owing to the low temporal coherence of the 

source, interference occurs only when the optical path lengths of the 2 interferometer arms 

are identical to within 1 μm of each other. When a biological object is placed in the object 

arm, the light reflected by the reference mirror interferes with the light reflected or 

backscattered by the sample structures contained in a limited volume. The reflected light is 

recorded by a detector array charge-coupled device or a complementary metal oxide 

semiconductor (CMOS) detector to generate en face tomographic images. The FF-OCT 

images allow recognition of tissue architecture. However, cellular details cannot be 

recognized in the grayscale images. Apelian et al32,33 recently developed a new approach to 

reveal subcellular metabolic contrast in fresh tissues, taking advantage of the time 

dependence of FF-OCT interferometric signals, which they referred to as dynamic FF-OCT 
imaging. This method captures the signals linked to the local activity of endogenous 

scattering elements, essentially exploiting the micrometer scale transverse resolution of FF-

OCT to image intracellular dynamic metabolic status. Dynamic FFOCT is complementary to 

FF-OCT and allows recognition of cellular details including their metabolic activity. The 

development of D-FFOCT has made it possible to acquire images that exploit the ability of 

FF-OCT for imaging fixed and highly backscattering structures complemented by the ability 

of D-FFOCT for imaging low-level scattering structures; this combination thereby facilitates 

recognition of cellular details. Figure 2, A and B, shows a D-FFOCT image of invasive 

ductal carcinoma of the breast obtained by imaging unlabeled breast tumor tissue with an 

FF-OCT/DFFOCT platform (LLTech, Paris, France) with the corresponding H&E-stained 

section of the imaged tissue.

A commercially available FF-OCT/D-FFOCT platform (LLTech) has been used in all the 

reported studies that have evaluated the utility of this platform for recognition of tissues 

suitable for surgical pathology practice. The instrument is compact, measuring 310 mm × 

310 mm × 800 mm, and the optical power incident on the sample is less than 1 mW/mm2. 

There is no risk of thermal damage to tissue over the few minutes’ duration of imaging 

owing to the relatively low intensity of the light source used. The entire process from tissue 

handling to acquisition of image of a 2.0 × 2.0 × 1.0 cm3 tissue can be accomplished within 

10 minutes. The field of view with this platform is about 1 mm2, resolution is 1.4 μm 

transversally and 1 μm axially, and pixel size on the sample is 0.8 μm. A mosaic of images 

that are stitched to display a larger field of view is created by using a stitching algorithm that 

uses a global optimization technique available with Fiji–Image J software. The imaging is 

rapid and noninvasive and requires neither contrast agent nor tissue preparation, which 

makes it suitable for medical imaging applications.

Several investigators have used the commercially available FF-OCT platform (LLTech) for 

imaging tissues obtained from different organs and have shown the use of the platform for 

rapid ex vivo imaging for recognition of the tissue. Jain et al34 imaged normal and neoplastic 

lung tissue obtained from 13 lobectomy specimens and compared the diagnoses rendered on 

the FF-OCT images with diagnoses from histology images. While all malignant tissues were 

correctly identified in this study, benign tissue was accurately recognized in only half the 
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cases. The false-positive interpretation of FF-OCT images of benign lung tissue occurred in 

cases of lung tissue with collapse or when there were abundant alveolar macrophages. Jain 

et al35 also imaged renal tumor and normal tissue sections obtained from 25 nephrectomy 

specimens, using the same FF-OCT platform. An expert genitourinary pathologist not only 

could correctly distinguish the benign from malignant renal tissues but also could accurately 

type the renal tumor with a diagnostic accuracy of 80%. Although the cellular details were 

not appreciated very well, they could identify the unique cytoplasmic features in some of the 

kidney tumors that allowed accurate recognition of the type of kidney tumor. van Manen36 et 

al investigated the ability of an expert gastrointestinal pathologist and a pathology trainee to 

categorize 100 FF-OCT images that were generated from 29 patients who underwent 

pancreatic resection. They demonstrated a sensitivity of 72% and specificity of 73% for 

distinguishing benign from malignant pancreatic tissue. Difficulty was encountered when 

imaging atrophy, fibrosis, serous cystadenoma, and neuroendocrine tumors and resulted in 

the less than desired sensitivity and specificity in this study. Assayag et al37 conducted a 

prospective study using neurosurgical specimens from 18 patients to evaluate the utility of 

FF-OCT in brain tumor diagnosis. They studied temporal lobe chronic epileptic 

parenchyma, brain tumors including meningiomas and gliomas, and choroid plexus 

papilloma and demonstrated the feasibility of FF-OCT in real time for label-free noninvasive 

imaging to assess brain tissue in the intraoperative setting. The utility of FF-OCT for 

evaluating skin specimens was investigated by Durkin et al,38 who studied 18 tissues 

obtained from Mohs surgery from 11 patients; these tissues were interpreted by a 

dermatopathologist and the diagnoses were compared with diagnoses for H&E-stained FSs 

of the imaged tissue. All 9 benign and 6 malignant specimens were correctly interpreted on 

FF-OCT images; FF-OCT images of 3 specimens could not be categorized in this study. 

Recently, Lopater et al39 studied 38 consecutive patients with elevated prostate-specific 

antigen levels and/or suspicious results from digital rectal examination that raised concern 

for prostate carcinoma. From each patient, 1 to 10 cores were randomly selected and imaged 

with FF-OCT immediately after procuring the core biopsy. The FF-OCT images of a total of 

119 cores were interpreted by 3 pathologists. The overall diagnostic accuracy of FF-OCT for 

prostate cancer detection was 70%, sensitivity was 63%, specificity was 74%, positive 

predictive value was 56%, and negative predictive value was 80% in this study. Assayag et 

al40 studied 75 breast specimens obtained from 22 patients by using high-resolution FF-

OCT. Two breast pathologists interpreted the images, and they were able to distinguish 

normal from malignant tissue with individually determined sensitivities of 94% and 90% 

and specificities of 75% and 79%. Although FF-OCT has been evaluated for tissue 

recognition with reasonable success, there are no studies yet using D-FFOCT that allow 

better recognition of cellular details together with evaluation of cellular metabolic status of 

the cells.

MICROSCOPY USING SURFACE ULTRAVIOLET EXCITATION

MUSE is a recently reported optical imaging microscopy technique that can generate digital 

images resembling light microscopic images of H&E-stained tissue sections.41 Excitation of 

tissues with ultraviolet light, particularly at wavelengths shorter than 300 nm, can penetrate 

tissues to a depth of about 10 to 20 μm beneath the surface and can thus generate optically 
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sectioned images that are suitable for tissue recognition. The emission from the imaged 

tissue can be bright if the tissue is stained with fluorescent dyes that can be excited at 280 

nm and that emit photons in the visible range, which is the case for many fluorophores. The 

emitted photons can be captured by using simple-to-operate and inexpensive conventional 

glass-based microscope optics using either grayscale or color cameras. The original 

fluorescence MUSE images can be digitally colorized by using a number of color mapping 

approaches to generate colored images resembling H&E images. An important advantage of 

the MUSE system is that both fresh and fixed tissues of any size can be stained with 

fluorescent dyes to generate images at 3 to 10 frames within a few minutes.

Fereidouni et al41 recently described the optical design of the MUSE platform built by their 

research team and the results of imaging fresh and formalin-fixed tissues using this platform. 

They used widely available LED sources for 280-nm UV excitation. Specimens ranging in 

size from core biopsies to excisions could be imaged with speeds similar to conventional 

whole-slide scanners (1–3 minutes per specimen). The acquired MUSE images not only 

resembled conventional histopathology but also provided quasi–3-dimensional surface 

topography that cannot be appreciated with 2-dimensional conventional histopathology. In 

addition, the color gamut was broader in MUSE images than in H&E-stained sections. 

Stromal components could be particularly distinguished more readily than in H&E-stained 

sections. MUSE was capable of revealing subcellular details such as nuclear chromatin 

texture and mitotic figures. They also demonstrated that tissue integrity was well preserved 

following MUSE imaging for subsequent conventional staining and molecular analysis. 

These authors imaged 66 fresh and fixed normal and neoplastic tissues obtained from 

different organs including ovary, lung, kidney, breast, and brain. The tissues were stained for 

10 seconds with rhodamine and Hoechst dyes and then subjected to MUSE imaging; 

multiple fields of view were captured at ×10 magnification. The MUSE images were 

digitally colorized by using a Python language–based utility, resulting in images that 

resembled H&E-stained sections. Forty-two imaged tissues were read by 2 independent 

pathologists, and a concordance rate of 93% was achieved in this study for the interpretation 

made on MUSE images in comparison with conventional H&E-stained tissue sections.

Recently, Yoshitake et al42 also reported the potential of MUSE as a low-cost optical 

sectioning technique for evaluating tissues in surgical pathology practice. These authors 

designed and characterized air and water immersion MUSE systems using high-incident 

angle illumination delivered with illumination light-guiding optics. Propidium iodide was 

used as a nuclear stain and eosin yellow as a counterstain in this study. Virtual H&E color 

rendering with a virtual transillumination microscopy algorithm was used to generate images 

similar to H&E from 2-channel fluorescent detection. Images were acquired with low-cost 

machine vision cameras. These authors performed a preliminary evaluation of surgical 

specimens, using the MUSE system developed by them for 2 potential applications, namely, 

evaluation of surgical margins of Mohs surgery for BCC in skin and evaluation of specimens 

of breast lumpectomy. MUSE images of BCC showed concordance with FS histology; 

however, concordance in breast tissue between MUSE and paraffin-embedded H&E 

histology was limited owing to the thicker optical sectioning in MUSE, indicating that 

further development was needed for breast tissue imaging. There are few other recent reports 

demonstrating the utility of MUSE for tissue recognition.43 Figure 3, A through C, shows 
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MUSE fluorescence, digitally colorized, and H&E images of pancreatic ductal 

adenocarcinoma.

STRUCTURED ILLUMINATION MICROSCOPY

Structured illumination microscopy is an optical sectioning microscopy method that uses 

patterned fluorescence excitation to preferentially modulate and retain the in-focus emission 

separately from the out-of-focus background.44–46 It has the advantage of parallel pixel 

acquisition such that the overall pixel scaling frequency correlates with the pixel count of the 

detector rather than the pixel exposure time. This distinct advantage of SIM makes it a light-

efficient, wide-field technique in which the speed is decoupled from the field of view 

because all pixels are acquired in parallel and the pixel resolution scales with camera 

specifications. The disadvantage of SIM is that it has limited ability to obtain high-quality 

optical sections deep into the tissue. High-quality images of large tissue surfaces can be 

obtained, and with effective mosaicking these images can resemble light microscopic images 

of H&E-stained tissue sections. The utilization of the latest high-speed digital spatial light 

modulators and scientific CMOS camera can aid in the acquisition of high-resolution, 

optically sectioned images of fluorescently stained samples that can closely resemble H&E-

stained sections.

Wang et al47 used a 4.2-megapixel high-speed scientific CMOS camera and fast ferroelectric 

spatial light modulators for rapid pattern generation and achieved video rate (VR)–SIM for 

optical sectioning. The VR-SIM system built by these authors is constructed around an 

automated epifluorescence microscope platform (RAMM, Applied Scientific 

Instrumentation, Eugene, Oregon) that incorporates a 7-mm/s motorized XY specimen stage 

and a motorized Z objective positioner. Blue excitation light at 475 nm provided by an LED 

(Thorlabs, Newton, New Jersey) was used for excitation. In this implementation of VR-SIM, 

incoherent fluorescence-structured illumination is used, and the excitation light is 

transmitted through a polarizing beam splitter and imaged onto a liquid crystal layer atop a 

silicon spatial light modulator. Wang et al47 used VR-SIM for imaging 34 unfixed and uncut 

5-mm punch biopsy specimens of prostate obtained from radical prostatectomies. The 

specimens were stained with acridine orange before SIM imaging. High-quality grayscale 

mosaic images of the prostate biopsies could be obtained in seconds, using the SIM platform 

built by this team to achieve area-throughput rates for mosaicking microscopy of 4.4 

cm2/min with 1.3-μm lateral resolution. The images had excellent contrast and detail, 

exhibiting similarity to H&E images. The SIM images were read by 2 independent 

pathologists and the diagnosis was compared with the interpretation made on FFPE tissue 

sections of the imaged tissue stained by the H&E method. The sensitivity ranged from 63% 

to 88% and specificity from 78% to 89% in this first study that used SIM for rapid 

evaluation of human tissue. The potential application of VR-SIM for rapid high-resolution 

diagnostic imaging of prostate biopsies suitable for point-of-care procedures was clearly 

demonstrated in this study.

The same authors subsequently studied the feasibility of using VR-SIM for margin 

assessment of 19 intact prostatectomy specimens.48 They could image the circumferential 

surfaces of 4 prostate specimens in an hour and demonstrated gigapixel panorama images of 
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the intact prostate surface covering up to 60 cm2 (15 billion pixels) with relevant contrast 

and subcellular details. VR-SIM confirmed positive margins in 3 of 4 prostatectomy 

specimens. This study showed the potential utility of VR-SIM for margin assessment of 

large and fully intact surgical specimens. Recently, Elfer et al49 demonstrated the spectrally 

compatible combination of the nuclear stain DRAQ5 and the anionic counterstain eosin as a 

dual-component fluorescent staining analogue to H&E, which can be used in fresh tissues 

for optical sectioning fluorescence microscopy. Together with digital colorizing algorithms, 

DRAQ5 and eosin (D&E) staining and SIM imaging can enable very fast pseudo-H&E 

rendering of imaged tissues at the point of acquisition with minimal tissue handling and 

processing. These authors applied D&E staining to 18G renal core needle biopsy specimens 

and large needle core prostate biopsy specimens that were imaged with SIM. They showed 

the ability of this technique to obtain high-resolution, histology-like images of fresh tissues 

similar to those for H&E. Liu et al50 studied 65 kidney biopsy specimens (18G in size) 

obtained from 19 patients undergoing partial or radical nephrectomy. The biopsy specimens 

were stained with D&E, and the optically sectioned SIM images obtained from the specimen 

surfaces resembled H&E-stained sections. A single board-certified pathologist reviewed 

SIM images demonstrating sensitivity and specificity of 79% and 95%, respectively. Figure 

4, A and B, shows an illustration of a SIM image of punch biopsy of prostate with the 

corresponding image of an H&E-stained section.

LIGHT SHEET MICROSCOPY

Light sheet microscopy is an imaging technique that achieves optical sectioning by rejecting 

out-of-focus light, using a thin selective illumination plane that generates fluorescence 

signals to be imaged in the orthogonal direction.51–53 The illumination and collection beam 

paths are decoupled, and each of these paths can be individually optimized in this technique. 

This is a distinct advantage in comparison with conventional single axis microscopes in 

which the illumination and collection beams travel along an identical path and where the 

depth of focus and resolution are coupled by the laws of diffraction. The depth of focus of an 

LSM can be extended to hundreds of micrometers by using a moderately thick illumination 

beam. Despite the low numerical aperture of the optics generating the moderately thick light 

sheet, it is still possible to achieve high spatial resolution sufficient to visualize nuclei by 

using a higher numerical aperture for the orthogonal collection beam path. The distinct 

advantage of the LSM technique in comparison with essentially camera-based planar 

microscopy systems such as SIM and MUSE is its effectiveness for volumetric imaging 

applications. However, it is to be noted that such 3D imaging typically requires a previous 

tissue-clearing step.

Glaser et al54 developed an open top LSM optimized for nondestructive slide-free tissue 

imaging of large slices of tissue as well as for core needle biopsy specimens. This imaging 

technique allowed rapid imaging at high resolution over large 2-dimensional and 3-

dimensional fields of view, with the same level of detail as traditional pathology. They 

studied 25 large human prostate slices measuring approximately 3.1 cm × 3.5 cm × 0.4 cm 

and a large slice of breast tissue measuring 2.0 cm × 2.0 cm × 0.4 cm, which were stained 

with acridine orange and imaged by using the open top LSM. The average imaging time for 

prostate tissues was 10 minutes per slice. In the case of breast tissue, which was not as firm 
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as the prostate tissue, with reduced tissue surface irregularities, the imaging speed was even 

faster: 4 cm2 area of tissue in less than 1 minute. A prostate core biopsy 2 cm in length and 1 

mm in diameter was optically cleared overnight, stained with DRAQ5 and eosin, and imaged 

with open top LSM. Volumetric dual-channel imaging of the entire thickness of the optically 

cleared specimen could be achieved in 14 minutes. The 2-fluorescent color channels were 

digitally colorized to mimic H&E-stained sections.55,56 These authors therefore 

demonstrated the utility of this technique for wide area surface microscopy to triage surgical 

specimens using prostate tissue slices, rapid intraoperative assessment of margins using a 

breast tissue slice, and volumetric assessment of optically cleared core needle biopsies using 

a prostate core biopsy specimen. Chen at al55 developed a novel fluorescent analog of H&E 

including SYBR Gold and ATTO 655 N-hydroxysuccinimide ester for staining fresh tissues 

and optimized an open top LSM for imaging the stained tissues. They reported the feasibility 

of using the open top LSM for comprehensive examination of surgical margins of breast 

lumpectomy specimens. The open top LSM could image the specimens at a rate of 1.5 cm2/

min. The image quality was better than FS and comparable to corresponding H&E sections. 

Reder et al56 recently presented an image atlas of open top LSM images of 9 prostate core 

biopsies that were obtained from radical prostatectomy specimens. The biopsy specimens 

were fixed in formalin, dehydrated in ethanol, stained with TO-PRO3 and eosin, optically 

cleared, and then imaged with an open top LSM. Three-dimensional open top LSM 

microscopy images were obtained that were similar to conventional H&E images providing 

useful 3D structural information.

Recently, Abadie et al57 performed volumetric evaluation of optically cleared FFPE 

specimens of skin by using LSM and showed that in-depth optical sectioning was possible, 

allowing 3-dimensional image analysis and reconstruction of the skin biopsy, which was 

useful for visualizing and quantifying histologic abnormalities. Noe et al58 used LSM to 

perform 3-dimensional imaging of 26 optically cleared sections of pancreas for morphologic 

evaluation as well as localization of immunolabeled cytokeratin 19 in pancreatic 

parenchyma. These authors showed the value of 3-dimensional volumetric imaging, which 

allowed recognition of unique 3-dimensional architectural features not possible using 

conventional 2-dimensional evaluation of light microscopic images. Several protocols are 

available for clearing fresh and fixed tissue specimens for volumetric imaging using LSM.

STIMULATED RAMAN SCATTERING MICROSCOPY

Coherent Raman imaging, including coherent anti-Stokes Raman scattering microscopy and 

SRS microscopy, allows imaging based on intrinsic vibrational properties of molecules such 

as lipids and proteins in the cells.59,60 Essentially, coherent Raman imaging relies on 

chemical contrast created by the vibrational properties of these molecules, allowing optical 

sectioning by nonlinear excitation and without the need for labeling the tissue with extrinsic 

agents. The more recently developed SRS microscopy techniques offer several advantages 

including elimination of image artifacts due to nonresonant background, excitation spectra 

similar to spontaneous Raman spectra, and a linear relationship between signal and 

concentration of the target molecules.61
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Orringer et al62 recently engineered a portable SRS microscope using dual-fiber lasers, 

including erbium and ytterbium, that could be used in neurosurgery operating rooms. 

Histologic quality images of fresh unstained surgical specimens obtained from neurosurgical 

procedures were created by mapping 2 Raman shifts: 2845 cm−1, which corresponds to CH2 

bonds that are abundant in lipids, and 2939 cm−1, which corresponds to CH3 bonds that are 

abundant in proteins and DNA. Assigning a subtracted CH3-CH2 image to a blue channel 

and a CH2 image to a green channel, these investigators could produce an image with the 

needed contrast that was suitable for recognition of brain tissue specimens. They also 

described a method for processing the SRS microscopy images to resemble light 

microscopic images of H&E-stained tissue sections, which they referred to as stimulated 
Raman histology (SRH). The images of the fields of view were acquired at a speed of 2 

seconds per frame and stitched to create a mosaic in 2.5 minutes that could then be viewed 

either at the site of acquisition in the operating room or remotely at any connected network 

station. The SRS microscope was placed in the neurosurgery suite and used for imaging 

brain tissue obtained from 101 patients undergoing neurosurgical procedures. A simulation 

of intraoperative pathology consultation was tried for 30 patients. They demonstrated a 

remarkable concordance of the interpretations made on SRH images with conventional 

histology for making the diagnosis using the imaged tissue and achieved an accuracy 

exceeding 92%. In addition to demonstrating the ability of the SRS microscope to generate 

SRH images that allowed excellent recognition of the tissue, they also built and validated a 

supervised machine learning algorithm called a multilayer perceptron for enabling 

automated tissue diagnosis based on quantified SRH image attributes. This algorithm 

derived from SRH images predicted brain tumor subtypes with 90% accuracy.

Using the same SRS microscope, Hollon et al63 evaluated the ability of SRH images to 

allow interpretation of brain tissue specimens obtained from 33 prospective pediatric brain 

tumor patients. Similar to the study by Orringer et al,62 they showed that accurate diagnosis 

of pediatric tumors was possible without the need for freezing, cutting, and staining because 

SRH preserved both cytologic and histoarchitectural features of fresh tumor specimens. 

They simulated an intraoperative consultation for 25 patients and showed that diagnosis 

based on SRH was concordant with conventional histology with an accuracy of 92% to 96%. 

A machine learning algorithm was also developed by these authors that could correctly 

distinguish benign from malignant and low-grade from high-grade tumors with 100% 

accuracy. In addition to these recent studies, a few other reports have indicated the potential 

utility of Raman spectroscopy for tissue recognition.

A commercial SRS imaging platform (Invenio Imaging Inc, Santa Clara, California) is 

currently available for intraoperative diagnosis of tissues obtained from different types of 

neurosurgical procedures. Figure 5, A and B, is an illustration of unlabeled liver tissue that 

was imaged by using the commercially available SRS imaging platform, showing poorly 

differentiated adenocarcinoma with the corresponding image of an H&E-stained section.

NONLINEAR MICROSCOPY

Nonlinear microscopy including multiphoton, 2-photon, and second-harmonic generation 

microscopy enables high-resolution imaging in optically scattering tissues.64 Nonlinear 
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microscopy has improved imaging depth in comparison with other optical sectioning 

techniques such as FCM but not as greatly as is achievable using OCT.65,66 The ability to 

use both intrinsic and extrinsic contrast in NLM enables visualizing nuclear size and shape 

as well as structural features such as reorganization of collagen. Nonlinear fluorescent 

excitation enables high-resolution imaging through the overlaying tissue, blood, and cellular 

debris into the surgical specimens at high imaging rates relative to other methods.

Tao et al67 used NLM to assess breast tissues obtained from surgical specimens. Imaging 

was performed by using a 100-fs tunable Ti:sapphire laser (Mira Optima 900-F, Coherent) at 

740 nm with a 76-MHz repetition rate and a commercial nonlinear microscope (Thorlabs).67 

Specimens were stained with acridine orange for nuclear contrast. Dual-channel 

photomultipliers were used to collect nuclear-bound 2-photon fluorescence generated from 

acridine orange bound to nuclei as well as intrinsic collagen signals arising from second-

harmonic generation. The 2 channels of NLM were digitally colorized to resemble H&E 

images. High-magnification fields were imaged by using a 20×, 0.95 nuclear aperture 

objective with a 480 μm × 480 μm field with 0.44 μm × 0.44 μm × 1.21 μm resolution 

sampled with 1024 × 1024 pixels at 19 frames per second. The NLM images were stitched 

and converted to a pyramidal image format. In the reported study, 179 specimens from 50 

patients were imaged with NLM. Blinded reading of the NLM images by 3 pathologists 

yielded an impressive sensitivity of 95.4% and specificity of 93.3% in comparison with 

readings based on H&E-stained sections of the imaged tissue. Tao and colleagues67 

concluded that NLM can be rapidly performed on unfixed specimens with high diagnostic 

accuracy and that NLM is a promising method for intraoperative margin assessment not only 

of breast resections but also of other organs such as lung, thyroid, and head and neck. Image 

mosaicking was used to acquire NLM images over large fields of view for correlation with 

paraffin-embedded histology. Mosaicking was not optimized for speed, and a standard 

commercial nonlinear microscope was used. These factors contributed to the relatively low 

imaging speed.

Cahill et al68 recently demonstrated real-time histologic evaluation of breast cancer surgical 

specimens by staining specimens with acridine orange and sulforhodamine 101 and then 

imaging the specimens with fluorescence NLM using a compact femtosecond fiber laser. 

Because the femtosecond titanium-sapphire lasers used for NLM are large, fragile, 

expensive, and difficult to maintain, Cahill et al68 used more cost-effective, lower-power 

unamplified femtosecond ytterbium fiber lasers that operate at 1-μm wavelengths. A video-

rate computational light absorption model was used to produce realistic virtual H&E images 

of tissues in real time and in 3 dimensions that were similar to H&E images. NLM imaging 

could be performed to depths of 100 μm below the tissue surface. Preservation of tissue 

integrity for subsequent fluorescence in situ hybridization testing for determination of HER2 
status was also shown in this study.

Recently, Giacomelli et al69 developed a multiscale, real-time microscope with variable 

magnification NLM and real-time coregistered position display using a wide-field white 

light imaging system. They performed NLM mosaic imaging of 50 discarded breast 

specimens obtained from 21 patients, with the specimens stained with acridine orange and 

sulforhodamine 101 before imaging. Specimens were imaged by using a 1030-nm excitation 
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wavelength generated by using a custom multiscale NLM system with a Ti:sapphire laser. 

Margin assessment could be performed rapidly under operator guidance to image specific 

regions of interest, using wide-field imaging. They showed that the margins of the breast 

specimens could be comprehensively imaged at cellular resolution.

Multiphoton microscopy (MPM) is another nonlinear laser-based imaging technique that can 

generate high-resolution images resembling images of H&E-stained sections in real time 

without the need for special tissue processing or extrinsic dyes.65,70 MPM has been used to 

image fresh and fixed human tissues for differentiating neoplastic from nonneoplastic tissues 

and to characterize kidney tumors.71–74 Jain et al75 used a commercially available 

multiphoton laser scanning microscope equipped with a Ti:sapphire femtosecond pulsed 

laser for imaging tissues at a wavelength of 780 nm. The platform generated images from 

the emission signals including (1) short-wavelength autofluorescence in the wavelength 

range of 420 to 490 nm that captured the emission signals derived from reduced 

nicotinamide adenine dinucleotide (NADH) and lipofuscin; (2) long-wavelength 

autofluorescence in the range of 550 to 650 nm capturing signals derived from flavin 

adenine dinucleotide, NADH, lipofuscin, and iron; and (3) second-harmonic generation in 

the range of 360 to 400 nm capturing signals from collagen. The authors demonstrated the 

potential of this platform to distinguish chromophobe renal cell carcinoma and oncocytic 

carcinoma. Jain et al76 characterized various malignant kidney tumors by using MPM and 

achieved a high diagnostic accuracy of 98% in subtyping the tumors.

SUMMARY

The emerging plethora of optical imaging modalities has promising potential for evaluating 

tissues in surgical pathology practice. These ex vivo entirely digital imaging modalities can 

be regarded as the next-generation microscopy tools that may be potentially useful for 

surgical pathology practice. Each of these imaging modalities has its own advantages and 

limitations. Imaging modalities with the significant advantage of not requiring any extrinsic 

labeling agents include OCT, FF-OCT/D-FFOCT, and SRS, all of which are currently 

available commercially. Of these ex vivo intrinsic contrast imaging techniques, SRS 

microscopy and D-FFOCT alone can generate images resembling images of H&E-stained 

sections. The images acquired by D-FFOCT techniques have the advantage of reflecting the 

metabolic activity of the constituent cells in small fragments of tissues. The commercially 

available SRS microscopy platform can be used for intraoperative evaluation of specimens 

obtained from neurosurgical procedures. The FF-OCT/D-FFOCT platform can be used for 

evaluation of small fragments of fresh unprocessed and unlabeled tissues measuring up to 2 

cm in maximum dimension. Margin assessment of breast lumpectomy specimens can be 

performed by using the currently available OCT-based platform (Perimeter Medical 

Imaging), which generates grayscale images that allow detection of tissue abnormalities 

without, however, the ability to visualize cellular details.

The ex vivo imaging modalities that use fluorescent dyes as contrast agents include FCM, 

MUSE, SIM, LSM, and NLM. A variety of fluorescent dyes such as acridine orange, 

proflavine, Hoechst, DRAQ5, eosin, and sulforhodamine have been used as contrast agents 

in the studies that evaluated these imaging modalities. All these techniques can generate 
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images that can be digitally colorized to resemble light microscopic images of H&E-stained 

tissue sections. Two FCM platforms are currently available commercially. On the basis of 

reported studies, these platforms are suitable for rapid evaluation of small fragments of 

tissues such as core biopsy, endoscopic biopsies, and for margin assessment of small surgical 

excisions such as skin specimens obtained from Mohs surgery. The other imaging platforms 

with promising potential for evaluating small specimens as well as for margin evaluation of 

larger surgical resections include MUSE, SIM, LSM, and NLM. These platforms are not yet 

commercially available although activities are underway for their commercial development. 

Tissue integrity for conventional histopathologic examination is clearly shown in all the 

studies that evaluated these platforms and compared the interpretation of the digital images 

with the gold standard of FFPE tissue sections of the imaged tissue stained by H&E. 

Staining the tissues with fluorescent dyes did not interfere with subsequent genomic testing, 

based on the few reported studies.41,68

In essence, the recent developments in the field of ex vivo tissue imaging demonstrate the 

promising potential of optical imaging modalities for the different types of application in 

surgical pathology practice. Much of the current literature establishes the feasibility and 

addresses the strengths and limitations of these modalities. These next-generation digital 

microscopy tools have promising potential for utilization in surgical pathology practice.
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Figure 1. 
Grayscale (A) and digitally colorized (B) fluorescence confocal microscopy and reflectance 

confocal microscopy images and light microscopic image of the corresponding hematoxylin-

eosin–stained tissue section (C) of invasive micropapillary carcinoma of the breast (original 

magnification ×100 [C]).
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Figure 2. 
Dynamic full-field optical coherence tomography image (A) and light microscopic image of 

the corresponding hematoxylin-eosin–stained tissue section (B) of invasive ductal carcinoma 

of the breast (original magnification ×100 [B]).
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Figure 3. 
Fluorescence microscopy using ultraviolet surface excitation (MUSE) image (A), digitally 

colorized (MUSE) image (B), and light microscopic image of corresponding hematoxylin-

eosin–stained tissue section (C) of pancreatic ductal adenocarcinoma (original magnification 

×100 [C]) (This image is courtesy of Richard Levenson, MD, UC Davis, Davis, California).
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Figure 4. 
Digitally colorized structured illumination microscopy image (A) and inset of the same, and 

light microscopic image of corresponding hematoxylin-eosin–stained tissue section (B) of 

punch biopsy of prostate adenocarcinoma (original magnifications ×100 [B] and ×200 [inset 

B]). (This image is courtesy of David Tulman, PhD, Jonathon Quincy Brown, PhD, and Mei 

Wang, PhD, Tulane University, New Orleans, Louisiana.)
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Figure 5. 
Stimulated Raman scattering microscopy image of metastatic adenocarcinoma in liver (A) 

and light microscopic image of corresponding hematoxylin-eosin–stained tissue section (B) 

(original magnification ×100 [B]).
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