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In surgical oncology, the ideal surgical outcome is the resection 
of the entire tumour bulk and the preservation of the adjacent 
(healthy) tissue. However, the occurrence of tumour-positive 

surgical margins—where histological analysis shows the presence 
of tumour cells close to the edge of the resected tissue (Box 1)—
ranges from approximately 10% to 35% of surgeries, depending on 
the tumour type1. This can increase the rates of local recurrence 
and distant metastases, and decrease survival2–8. Although complete 
tumour resection is crucial, tumour delineation during the surgi-
cal procedure and post-operative pathological assessment generally 
involves decades-old techniques, as well as visual and tactile infor-
mation obtained by the practitioner9.

The current standard of care for intraoperative surgical guid-
ance is the fresh frozen sectioning (FFS) of tissue biopsies (Box 2).  
Although helpful in some cases, this technique usually requires 
up to 1 h and is only available for the analysis of small tissue biop-
sies. Unfortunately, the reliability of FFS for margin assessment is 
controversial, as it is susceptible to sampling error. Also, the tech-
nical quality of FFS is low compared to definitive histopathology. 
Indeed, discrepancies of up to 12.9% cases between FFS and final 
histopathology on margin status is possible10–14. Moreover, margin 
assessments of the entire excision specimen can take up several 
days (Table 1), which precludes the possibility of altering the initial 
treatment plan or of intervening immediately during the initial sur-
gery. When the final histopathology results are available, a second 
treatment (if possible at all because of typically altered anatomy and 
distortion of the initial anatomical orientation, as occurs with the 
collapse of the surgical cavity in breast-cancer surgery and brain 
surgery) often leads to overtreatment. This can involve mutilating 
surgical procedures or chemoradiotherapy to correct for an incom-
plete initial surgery2–6,8.

Computed tomography (CT), magnetic resonance imaging 
(MRI) and ultrasound support surgery by providing pre-operative 
information. Yet reliable imaging techniques that generate real-time 
information for clinical decision-making during surgery have not 
been widely adopted. They could, however, provide two major 
advantages for the patient: the ability to detect loco-regional metas-
tases, which would greatly influence the treatment strategy during 
surgery; and the early detection of tumour-positive margins, which 
would enable the immediate resection of additional tumour tissue 
during the first surgery.

The need for real-time information has led to increasing inter-
est in intraoperative in vivo imaging techniques that can guide sur-
geons during a surgical procedure by providing information that 
the human eye cannot detect15–20. For example, in surgical oncol-
ogy, in vivo imaging can detect unknown or additional tumour 
lesions or guide the surgeon to determine the resection margin to 
avoid the unnecessary removal of normal tissue. However, the use 
of in vivo imaging techniques is constrained by regulatory con-
cerns inherent to a sterile working environment. Also, variations in 
image-acquisition settings related to the surgical working area, and 
the absence of standardization and calibration protocols for exist-
ing imaging systems, have resulted in a lack of benchmarking and 
of quality controls. All these factors can have serious impacts on 
margin assessment, in particular because signal inhomogeneities 
can lead to erroneous tumour delineation21–23. These limitations can 
be redressed through the pathological assessment of excised tissue 
immediately after resection while the patient is still anaesthetized. 
Indeed, the assessment of the excised specimen outside the sterile 
surgical working area enables more rigorous standardization of the 
imaging procedures. That is, the process is less susceptible to regu-
latory issues and still provides immediate feedback to the attending 
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surgeons, which then allows for additional intraoperative interven-
tion if needed. However, little research to this effect has been car-
ried out to date. Although several studies have reported technical  

innovations in imaging techniques24–28, few clinical trials assessing 
the impact of intraoperative imaging techniques on surgical out-
comes have been carried out29.

In this Perspective, we discuss the current status of intraopera-
tive tissue analysis in the surgical theatre, and provide an overview 
of the imaging techniques—spectroscopic, fluorescence-based, 
structural, optoacoustic and radiological—that could assist clinical 
decision-making based on the ex vivo evaluation of excised tissue. 
Moreover, by describing three typical scenarios of use, we discuss 
how the intraoperative implementation of techniques of intraop-
erative pathology-assisted surgery (IPAS)—that is, the real-time 
collaboration between surgeons and pathologists—could affect sur-
gical treatment strategies.

current status of IPaS
Intraoperative clinical decision-making is never based on a single 
parameter, especially for a patient with cancer who may be suffering 
from comorbidities at the time of surgery. For instance, the current 
health status of the patient and any unexpected findings can play a 
role. In fact, intraoperative findings after excision of the tissue can 

Box 1 | adequate resection margins in surgical oncology

A tumour-positive margin is defined by the presence of tumour 
cells in the surgical margin. However, a tumour-negative margin 
does not imply the absence of tumour cells in the margin. In fact, 
the exact definition of a tumour-negative surgical margin is spe-
cific to the tumour type (Table 1). In general, two protocols are 
used: no tumour cells present at the edge of the excised specimen 
(no ink on tumour) or no tumour cells within 1 mm of the cut 
surface166,173–176. For some tumour types, however, an adequate 
margin is defined as ≥5 mm because close margins of <5 mm can 
cause metastasis (loco-regional or otherwise) for some tumour 
types1 and are therefore an indication for the need for adjuvant 
therapies (such as radiation or chemoradiation)13. Consequently, 
the optimal imaging technique for margin assessment also de-
pends on the tumour type and on the required imaging depth.

Box 2 | Standards for the tissue processing of excised surgical 
specimens

The general principles associated with the evaluation of excised 
specimens substantially overlap between countries and hospitals. 
Supporting surgery with pathology is a dynamic process that be-
gins with the first incision. Surgical guidance is often necessary 
during surgical margin assessment or when the surgical strat-
egy (that is, ‘where to cut?’) is determined using FFS analysis. 
Although FFS usually provides feedback to the surgeon within 
1 h, it is prone to sampling error, as only a fraction of the excised 
tissue is examined and tumour can be missed, which can lead to 
misinterpretation of the true margin status. A discordance be-
tween FFS and definitive histopathology occurs in approximately 
5% of the cases, but can be as high as 12.9%10–14.

After excision, the surgeon immediately assesses the margins 
by visual and tactile inspection of the surgical specimen to 
determine whether immediate re-resection is necessary. To 
communicate with the pathologist, the surgeon can use tags 
(such as pins or stiches) to designate important structures or 
locations on the specimen for anatomical orientation purposes 
(for example, a stitch at the craniomedial side on a lumpectomy 
specimen or on an area where there is uncertainty about 
tumour-free margins). Subsequently, the specimen is submitted 
to the pathology department either immediately after resection 
or at the end of the surgical procedure. At the pathology 
department, white-light images are taken for anatomical 
orientation purposes and for the pathological-assessment phases, 
which are typically carried out at a later point. In most cases, 
the specimen is formalin-fixed for 24–48 h, depending on the 
tissue type and the tissue size. After fixation (sometimes earlier), 
the specimen is manually cut into tissue slices of approximately 
5–10 mm. The pathologist manually and visually selects which 
tissue slices have to be analysed microscopically. These selected 
slices are then processed into formalin-fixed paraffin-embedded 
blocks (usually overnight), and then one or more 3–5-μm thin 
sections are cut for haematoxylin and eosin (H&E) staining or 
for staining with specific immunohistochemistry agents. The 
H&E sections are examined microscopically (conventionally or 
digitally) by the pathologist. The final histopathological report 
may not be available until up to five working days after the 
surgery. The procedure is prone to sampling errors.

Table 1 | International definitions for tumour-positive resection 
margins

tumour Positive margin International consensus

Breast Ink on tumour5 Internationally accepted.

Colorectal <1 mm for proximal 
and circumferential 
resection margins

Internationally accepted.

Oesophageal Ink on tumour164,165 
for proximal and 
distal margins
<1 mm (ref. 164) or 
ink on tumour165 
for circumferential 
resection margins

The definitions used by the Royal 
College of Pathologists and 
College of American Pathologists 
vary.

Head-and-neck 
squamous cell 
carcinoma

<1 mm (close 
margin, <5 mm)13

Internationally accepted.

Prostate Ink on tumour166 Internationally accepted.

Ovarian Not reported Resection margins are not 
reported because the surgical 
approach is focused on 
cytoreduction.

Vulva <8 mm (ref. 167)a Internationally accepted.

Melanoma <5 mm (ref. 168) Internationally accepted.

Sarcoma Ink on tumour169 Internationally accepted.

Glioblastoma Ink on tumour (the 
tumour is usually 
not excised as one 
intact specimen)170

Internationally accepted.

Lung Ink on tumour171 Internationally accepted.

Pancreatic <1 mm (ref. 172) Internationally accepted, although 
there is controversy over the 
definition of an adequate margin. 
Officially, a tumour-positive 
margin is defined as ink on 
tumour. However, growing 
evidence indicates that <1 mm 
should be used as a cut-off point 
to distinguish between adequate 
and non-adequate resections.

aAs determined on formalin-fixed tissue, which corresponds to a 1-cm surgical margin.
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severely affect the treatment strategy. Two types of IPAS are gener-
ally used to guide the attending surgeon in clinical decision-making: 
the evaluation of a small tissue biopsy for the presence of tumour 
cells, or the use of a whole specimen for margin assessment (Fig. 1).

Evaluation of small tissue biopsies. At present, the only clinically 
approved method for intraoperative pathology-assisted guidance 
is an intraoperatively collected small tissue biopsy analysed using 
FSS10–14. There are three indications for performing an intraopera-
tive biopsy: the absence of histological information available about 
an intraoperatively detected lesion; insufficient information avail-
able on the geometry of the primary tumour lesion; and whether the 
assessment of lymph nodes (to assess any metastatic involvement) is 
required. For example, tissue biopsies can be performed to evaluate 
the planned resection margin; however, this approach cannot assess 
the depth of the resection. Moreover, random or targeted biopsies 
can be performed to assess the presence of locoregional or distant 
metastasis. Clinical indications for obtaining small tissue biopsies 
may vary, yet the requirements for a set of tools to assess small tis-
sue biopsies are identical: the image resolution has to be sufficiently 
high to enable the detection of small tumour lesions that may affect 
the treatment strategy30. High image-resolution requirements usu-
ally result in lower imaging rates; still, samples smaller than 1 cm2 
can be imaged within minutes.

Margin assessment in whole specimens. The analysis of a whole 
specimen differs from that of a small biopsy in several ways. In 
most cases, the attending surgeon is aware of the underlying pathol-
ogy of the excised specimen. However, determining the extent of 
the disease remains challenging, even with extensive pre-operative 
imaging31. Real-time feedback of the status of the resection mar-
gins demands a technique that analyses the entire resection sur-
face within a time frame that allows for the surgeon to act. Ideally, 
an IPAS technique for rapid ex vivo tissue analysis would provide 
an image of a large surface (of the order of tens of square centi-
metres) within minutes. However, because the definition of a 
tumour-positive margin varies between tumour types (Table 1), dif-
ferent penetration depths may be clinically required. Imaging speed 
can be enhanced at lower imaging resolutions, and low-resolution 
imaging may sometimes be sufficient for identifying the poten-
tial areas at risk within minutes (this strategy is known as red-flag 

detection32). If necessary, subsequent analysis at a higher resolution 
can be carried out to assess the detected lesion microscopically. In 
fact, multimodal imaging could often be advantageous for margin 
evaluation in whole specimens.

Imaging techniques
A diverse set of tissue characteristics and components can be opti-
cally detected to assist intraoperative pathology. In general, there 
are two imaging strategies: the visualization of endogenous tissue 
characteristics, and the visualization of exogenous contrast agents 
to highlight otherwise invisible tissue characteristics. On the one 
hand, an advantage of visualizing endogenous tissue characteris-
tics33–36 is that the imaging process does not require a contrast agent 
and does not interfere with the environment or microenvironment 
of interest. However, only a limited range of biological character-
istics (usually related to metabolism34 and oxygenation35) and tis-
sues33,37,38 can be visualized by means of endogenous contrast. On 
the other hand, targeted exogenous contrast agents can increase the 
tumour specificity of the signal. Exogenous contrast agents consist 
of a signalling compound (a fluorophore or absorber)22,39–41 and a 
targeting moiety (small peptides, monoclonal antibodies15,42, nano-
bodies43, nanoparticles44 or activatable optical tracers45).

Spectroscopy imaging. Generally, spectroscopy imaging refers 
to the detection of superficial signals ‘reflected’ from tissue. 
Spectroscopy methods obtain measurements from tissue at multiple 
spectral regions and analyse the collected spectra to identify cellular 
density or biochemical information. High spectral resolution is pos-
sible by collecting spectra covering a wavelength range of hundreds 
of nanometres; however, higher spectral resolution results in lower 
imaging speed. Various spectroscopy approaches46 can be used as 
two-dimensional scans to generate spectroscopy images.

Hyperspectral imaging (HSI), which was initially developed by 
NASA (the National Aeronautics and Space Administration)47, has 
been considered for various clinical applications48. HSI can pro-
vide diagnostic information on tissue composition for pathologies 
with a different optical fingerprint to healthy tissue49. The images 
are reconstructed by combining two spatial dimensions and a third 
spectral dimension (referred to as a hyperspectral cube). HSI can be 
used to spatially delineate tumours without the need for exogenous 
contrast48. HSI has been used on fresh tissue samples from various  
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Fig. 1 | Flowchart for IPaS. The implementation of IPAS (green text) may enhance surgical guidance for surgical planning and margin assessment in 
excised surgical specimens. By providing feedback within minutes, intraoperative imaging could reduce the need for adjuvant therapy or re-excision 
surgeries to correct for incomplete tumour resection.
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tumour types (in particular, head-and-neck cancer50–54, thyroid 
cancer51,53 and colorectal cancer55) with accuracies of 81–94%50–55. 
HSI has also been used intraoperatively in patients with tongue can-
cer by using light that covered the visible and near-infrared (NIR) 
spectra. Specifically, immediately after resection, a freshly excised 
surgical specimen was bisected along the middle of the tumour, 
and the cut surface was imaged with both visible-light HSI (450–
1,000 nm) and NIR HSI (950–1,700 nm). Subsequently, a trained 
neural network discriminated between tumour tissue and healthy 
muscle tissue with a combined accuracy (for visible-light and NIR 
data) of 82.3%56. An imaging depth of 2 mm was obtained with the 
visible-light HSI camera system57, which enabled adequate margin 
assessment for some tumour types (Table 1). Specimen margins 
during lumpectomy have also been assessed by HSI58. Images of the 
complete fresh surgical margin were obtained within 10 min. A clas-
sification algorithm detected all but one tumour-positive margins 
in 20 lumpectomy specimens. Specifically, except for one tumour 
(which was smaller than 1 mm2), the results from HSI and conven-
tional H&E histology correlated for tumours within 2 mm of the 
resection surface.

Raman imaging can provide information on the chemical com-
position of tissue by analysing molecule vibrations (referred to as 
Raman scattering)59. Raman techniques offer label-free molecu-
lar contrast, albeit with low signal-to-noise ratio, owing to weak 
Raman scattering cross-sections. Conventional Raman imaging 
based on spontaneous Raman scattering has been used to detect 
oral cancer60–62 and soft tissue sarcoma63, but showed limited accu-
racy and required long acquisition times (0.2–30 s per measure-
ment64), which may have hampered their clinical implementation65. 
Coherent Raman-based techniques, including coherent anti-Stokes 
Raman scattering (CARS) and stimulated Raman scattering (SRS) 
microscopy, provide a larger (orders of magnitude) increase in 
image-acquisition speed owing to coherent signal generation66,67. 
Consequently, these techniques can provide near-real-time feed-
back for intraoperative decision-making68, with SRS having some 
advantages over CARS, including a linear relationship between 
signal intensity and chemical concentration. Furthermore, image 
contrast in CARS is limited by the presence of a non-resonant back-
ground signal that interferes with the resonant signals of Raman 
peaks69. Multiple studies have used SRS for the assessment of fresh 
tissue biopsies from patients with glioblastoma70,71, with encourag-
ing results. For example, there can be almost perfect inter-observer 
agreement between H&E-simulating SRS image processing (known 
as stimulated Raman histology), and conventional H&E staining 
for discriminating fresh glioblastoma and non-tumour tissue sam-
ples70,71. Moreover, SRS can show near-perfect concordance with 
histopathology for the diagnosis of low-grade and high-grade glio-
blastoma70,71. Intravenously administered surface-enhanced Raman 
scattering nanoparticles can also provide signal enhancement and 
high-speed acquisition. However, SRS has been assessed mostly pre-
clinically72–74; clinically, it may have the advantage of not needing the 
complex and expensive ultrashort pulse lasers used in other coher-
ent Raman-based techniques75.

Mid-infrared optoacoustic microscopy—a recent vibrational- 
imaging spectral technique based on optoacoustic readings— 
visualizes optical absorption (rather than scattering). It therefore 
offers higher sensitivity for the label-free imaging of lipids, proteins 
and carbohydrates at low laser power and less tissue photodam-
age76,77. However, whether it can achieve sufficiently high contrast 
and image quality for margin assessment has not yet been assessed.

Fluorescence imaging. Fluorescence imaging relies on contrast gen-
eration by endogenous tissue fluorophores or exogenous fluorescent 
agents. It can take the form of intravital fluorescence microscopy or 
wide-field macroscopic imaging, and uses fluorescence-sensitive 
cameras and appropriate filters. In general, fluorescence imaging 

can visualize contrast under the surface of the tissue. In particular, 
wide-field macroscopic imaging can detect fluorochromes at depths 
of a few millimetres, especially in the NIR spectral region (because 
of lower photon attenuation by tissue78,79).

Fluorescence confocal microscopy (FCM), the lateral resolu-
tion of which is similar to histopathologically relevant dimensions 
(about 1 μm), can image tissues at resolutions near the limit of opti-
cal diffraction (despite photon scattering), albeit at depths gener-
ally smaller than 100 μm (ref. 80). Confocal microscopy scans tissues 
with a focused light beam and rejects scattered photons by forcing 
the detection of light through a pinhole, which allows only light 
from the focus point to be collected. Because of the need to scan 
photon beams on the tissue surface to generate an image, FCM gen-
erally covers small fields of view (typically less than 1 mm), unless 
long acquisition times are used. For the examination of tissue ex 
vivo, either endogenous fluorescence or exogenous fluorescent 
agents (typically applied on the specimen) can be used. FCM has 
been used for the analysis of fresh tissue samples in various types 
of cancer81–83. For example, a study of fresh tissue samples with 
breast, colon or thyroid cancer showed that the malignancies were 
easily detected by FCM following acridine orange staining83. In this 
case, image reconstruction entailed scanning the tissue serially and 
stitching overlapping images together. Because a typical tissue sur-
face is at least 30–40 cm2, this can be a slow process. For example, 
generating an image from a 4-cm2 section of fresh breast-cancer 
tissue took approximately 10 min (ref. 84). The scanning rate could 
be improved by using a spinning disc85 or line scanning86. The lat-
ter has an important disadvantage in that it has unequal resolution 
along the imaged plane, which results in undesirable distortion in 
the images. Also, because the interpretation of the greyscale images 
generated with FCM substantially differs from the interpretation of 
conventional histopathology, pathologists would need to be trained 
in FCM image interpretation87–89.

In two-photon microscopy (TPM)—a nonlinear microscopy 
technique that has also been developed for imaging the surfaces of 
tissue blocks at high resolution90—fluorescence excitation occurs 
through two-photon concurrent absorption90. This happens only 
in well-defined volumes at microscopic resolution because of 
the requirement of high photon coincidence, which is typically 
achieved through the high spatial and temporal confinement of the 
illuminating energy. As the excitation for TPM typically lies in the 
NIR range, it can provide higher penetration depths than FCM80. 
The efficiency of two-photon absorption is low80 and it requires 
high power (and often expensive) femtosecond pulse lasers to cre-
ate sufficient signal. Thus far, TPM has been used for the margin 
assessments of fresh rectal and fluorescently stained breast-cancer 
specimens ex vivo91,92 with imaging speeds of 5–10 min cm–2 and 
penetration depths as high as 100–130 μm. Multiple studies have 
concluded that the intraoperative use of TPM should be confined 
to the assessment of small samples only because a lengthy assess-
ment of the entire tissue surface would be a limiting factor in  
clinical workflows91,93.

The increasing demand for three-dimensional imaging for tis-
sue analysis has led to the development of light-sheet fluorescence 
microscopy (LSFM)94. In LSFM, a thin ‘selective’ light beam illu-
minates the fluorescently stained tissue and the fluorescence signal 
is collected in the orthogonal direction. Owing to the availability 
of tissue-clearing methods for making tissues optically transpar-
ent95,96, LSFM enables, for instance, three-dimensional imaging 
of virtual sections in intact tumour biopsies (and hence, of tissue 
much larger than the conventional 4-μm tissue section)97,98. The 
thickness of the virtual section is defined by the diameter of the 
light beam and the diffractive effects in the sample imaged. One 
of the first studies of this technique showed that the LSFM images 
of DRAQ5 and eosin-stained core-needle prostate biopsies (2 cm 
in length, 1 mm in diameter) were similar to those obtained with 
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conventional H&E-stained slides97. Hence, the accuracy of tumour 
staging can be higher than that of conventional two-dimensional 
histology98. LSFM achieves faster imaging speeds (larger than 
40 mm3 min–1) than confocal microscopy (about 4 mm2 min–1)86; 
however, a comparable imaging speed can be achieved using trans-
mission microscopy89. For IPAS purposes, the limiting step for the 
clinical implementation of LSFM is sample preparation, because 
tissue clearing is a process that typically requires several hours of 
tissue treatment. There are efforts to speed up this process95, as illus-
trated by a recently launched kit that enables the clearing of biop-
sies in approximately 2 h (ref. 99). LSFM studies of breast-cancer and 
prostate-cancer specimens have shown that margin assessments of 
freshly excised tissue are feasible without the use of optical-clearing 
methods97,100. LSFM has also been used to image irregular margin 
surfaces of fresh breast tissue stained with SYBR Gold and ATTO 
655 NHS ester to generate a comprehensive image of the inked mar-
gin. The images, obtained with an imaging speed of 1.5 cm2 min–1, 
were similar to those obtained with traditional H&E staining, which 
indicates the potential of LSFM for use in IPAS101. Furthermore, 
because breast tissue is primarily composed of adipose tissue, which 
is difficult to freeze for FFS, LSFM might be a realistic alternative for 
assessing resection margins.

Structured illumination microscopy (SIM) represents an alter-
native approach to address the photon-scattering problem and to 
image the tissue surface at microscopic resolutions102. In SIM, the 
in-focus plane of the sample is illuminated through a grid with a 
sinusoidally varying pattern. The spatial pattern facilitates the 
retention of light from the modulated focal plane while the light 
from the out-of-focus planes, which is not modulated, is rejected102. 
To complete the image, it is necessary to phase-step this grid pat-
tern over the sample and to collect a set of three images (at points 
corresponding to phases at angles of 0, 2π/3 and 4π/3) through a 
simple correction algorithm. SIM has been developed over the years 
to include super-resolution techniques103,104. Recently, video-rate 
SIM (VR-SIM) has enabled the imaging of large surface areas. 
This was achieved with a 4.2-megapixel camera that collected each 
SIM frame in 30 ms (with ~200 ms between frames). This enabled 
an imaging rate of 18 megapixels per second, and the imaging of 
the surface area of a resected organ with a lateral resolution of 
1.3 μm (refs. 105,106). VR-SIM also enabled the assessment of the 
margins of prostatectomy resections stained with acridine orange  
within 1 h (ref. 105).

Microscopy with ultraviolet surface excitation (MUSE) is a 
camera-based technique that illuminates tissue with ultravio-
let light107, typically with wavelengths of less than 300 nm. As the 
light at these wavelengths is strongly absorbed by proteins within 
human tissue, the imaging depth is limited to a few micrometres108. 
Hence, because of the absence of out-of-focus signals originating 
from deeper tissue layers, MUSE can obtain high-contrast images 
with subcellular resolution. MUSE uses a variety of fluorescent 
dyes applied ex vivo that can be excited with ultraviolet light and 
emit photons across the visible spectrum. Although MUSE can be 
cost-effective107,109, the costs of the optical components needed for 
imaging at wavelengths lower than 300 nm can be high (because 
they do not use the standard quartz typically used in lenses). MUSE 
methodology for margin assessment is easy to implement in clini-
cal settings, yet only a few pathology-imaging studies have been 
carried out so far107,109. In one such study, fresh tissue biopsies of 
15 × 15 mm were stained with SYBR Gold and ATTO 655 NHS ester 
within 5 min, and the imaging procedure itself took only 2–3 min. 
Images mimicking H&E histology with a resolution less than 1 μm 
were obtained using a virtual H&E-rendering algorithm, with a 
concordance rate between the MUSE images and the conventional 
H&E images of 93%. Furthermore, the MUSE images showed fewer 
artefacts than FFS analysis, and allowed for more accurate diagno-
ses109. However, there were several disparities, which were attributed 

to the thicker sections (10–20 μm), as well as to artefacts caused by 
irregular surface topology. In this respect, tissue-flattening methods 
can minimize unintended artefacts and improve image quality.

Wide-field fluorescence imaging is a well-established method 
in surgical oncology110. Since fluorescein was first used 70 years 
ago to differentiate between tumour and healthy tissue, mul-
tiple intravenously administered fluorescent agents have been 
used for fluorescence-guided surgery. The US Food and Drug 
Administration approved 5-aminolevulinic acid in 2017 for the 
detection of tumours in brain surgery111. During the past decade, 
interest has shifted towards tumour-specific fluorescence-imaging 
agents targeting biomarkers of cancer22, especially those that emit 
in the NIR spectrum79. Ex vivo wide-field fluorescence imaging of 
surgical specimens, known as wide-field macroscopic fluorescence 
imaging (WMFI), uses closed-field imaging systems. Because the 
environment is easily controllable, this provides more consistent 
data for margin assessment. Multiple pilot studies have shown that 
WMFI of intravenously administered targeted fluorescent agents 
(such as VEGF-A18,112,113, EGFR114,115 and PARP1 (ref. 116)) on freshly 
excised specimens can assist intraoperative margin assessment. 
The interpretation of the fluorescence images is straightforward 
because of the heavily surface-weighted signal. Therefore, WMFI 
can be easily used to map the surgical specimen with a single 
image, and any areas that are at risk of a close margin are immedi-
ately evident. WMFI is faster than conventional histopathological 
approaches112,117. However, its spatial resolution degrades to about 
1 mm for the assessment of margins at depths of several millime-
tres28. For example, the surgical specimen could be ‘bread-loaf ’ 
sliced in the operating room, and the tissue slices imaged to more 
accurately assess the margins. However, a limitation of WMFI is that 
the data do not merely reflect the concentration of the fluorescent 
agent itself, as the imaging results also depend on the type of tis-
sue and on the specific detection equipment and methodology used 
(that is, the cameras and the specific data-processing techniques). 
Before WMFI can be implemented clinically, these imaging factors 
would need to be standardized21,23,112. Another logistical challenge is 
the need to administer the contrast agent up to several days before 
surgery; this is the case with targeting moieties such as antibody–
fluorophore conjugates.

Structural imaging. Optical coherence tomography (OCT)—a 
mainstream retinal-imaging modality93—is a cross-sectional imag-
ing technique that yields images of tissue morphology by registering 
light that is reflected within tissue118,119. OCT is therefore analogous 
to ultrasound imaging, yet achieves adequate optical resolution at 
depths from 1 mm to several millimetres (depending on the amount 
of scattering in the imaged tissue). Typically, the resolution of OCT 
is between 10 and 30 μm. Intraoperative margin assessment by OCT 
has been explored in surgical specimens of breast cancer120–122, renal 
cancer123 and oral cancer124. However, studies have shown vary-
ing results in margin-assessment sensitivity (19–81%) and speci-
ficity (56–94%). Also, accuracy is generally lower with increasing 
depth124,125, which hampers the dissemination of this technology for 
use in intraoperative pathology126.

Second-harmonic generation (SHG) microscopy and 
third-harmonic generation (THG) microscopy are nonlinear 
microscopy techniques that obtain structural information on 
biological specimens. For contrast generation, SHG and THG 
microscopies take advantage of higher-order light–tissue interac-
tions involving multiple photons80 and typically use light in the 
NIR range. They require the formation of a short-lived or virtual 
energy state127 rather than actual multiphoton absorption. This type 
of light–tissue interaction also requires high photon coincidence 
and therefore high spatiotemporal confinement of the illuminating 
energy. Similar to TPM, the efficiency of this multiphoton process is 
low80, and hence high-power femtosecond pulse lasers are required 
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to create a sufficiently strong signal. Recently, the use of SHG and 
THG microscopies has been explored for rapid label-free pathol-
ogy analyses of freshly excised brain and breast tissues128,129 (and, 
when used in combination, they can yield morphological informa-
tion). However, whether these techniques can distinguish cancerous 
breast tissue from healthy breast tissue in clinical practice has not 
yet been studied129. Also, the scan speed would need to be greatly 
improved, as scanning 1 cm2 of tissue at current speeds would take 
approximately 3 h.

Optoacoustic imaging. Optoacoustic (or photoacoustic) imaging is 
increasingly being considered for medical applications. The method 
detects ultrasound waves emitted as a result of thermoelastic expan-
sion when endogenous or exogenous chromophores absorb deliv-
ered pulses of laser light. Because tissue scatters ultrasound less 
than it scatters light130, optoacoustic imaging provides higher reso-
lution at greater imaging depths than other optical imaging meth-
ods. Optoacoustic imaging can be implemented in the macroscopy, 
mesoscopy or microscopy domains28, which in aggregate cover a 
wide range of biological length-scales131. Optoacoustic macros-
copy usually attains imaging depths of several centimetres in tissue 
at 200–300 μm resolution130–132. Optoacoustic mesoscopy provides 
imaging depths of several millimetres with a resolution in the order 
of tens of micrometres27. Optoacoustic microscopy provides even 
shallower images, yet at resolutions of at least a few micrometres. 
Optoacoustic mesoscopy and optoacoustic microscopy are better 
suited for the ex vivo assessment of tumour tissue (dedicated stud-
ies of such assessments have yet to be published).

To date, the most common photoabsorbers studied in clinical tri-
als are oxyhaemoglobin and deoxyhaemoglobin, which enable the 
visualization of microvascular structures to reveal tissue hypoxia or 
inflammation (through the quantification of signals from haemo-
globin as well as oxygen saturation130,132–135). Melanin can be used 
as the endogenous source of contrast to optoacoustically detect 
lymph-node metastasis in melanomas33,136,137. Because endogenous 
contrast only resolves a limited range of biological processes, most 
applications of optoacoustic imaging would need the intravenous 
administration of contrast agents (preferably with high-absorption 
cross-sections and low fluorescence quantum yields39,138). However, 
contrast agents have not yet been used in real-time intraoperative 
pathology139.

Pre-operative radiology
In oncology, CT, MRI and ultrasound are mainly used for diagnos-
tic workup and pre-operative imaging to determine tumour stage. 
Although these pre-operative three-dimensional images can be 
interpreted by the surgeon, they are not used to provide real-time 
feedback during surgery. However, advances in technology should 
help bring these imaging modalities into the operating room.

The use of radiology for pathological assessments of surgical 
specimens has increasingly been investigated. This is particularly 
the case for micro-CT for margin assessment in freshly resected 
breast-cancer specimens140–142. With respect to CT for pre-operative 
imaging, micro-CT has higher resolution and scans the surgical 
specimen from multiple angles to provide a three-dimensional 
image that can be used for margin assessment in all directions. 
In fact, micro-CT was used for margin assessment with a nega-
tive predictive value of 83–95% when imaging the complete sur-
gical specimen within 15 min, although at the modest sensitivities  
of 56–60%141,143.

The use of MRI for intraoperative margin assessment has been 
scarcely investigated. Most studies have focused on correlating 
pre-operative imaging with post-operative pathology, although 
some studies reported the use of MRI for margin assessment of 
freshly resected specimens144–147. In general, these studies concluded 
that MRI is not sufficiently sensitive for the detection of microscopic  

disease; one study reported a failure to assess margins ex vivo144, and 
several studies reported that imaging the entire surgical specimen 
required more than 1 h (refs. 145,146,148), which is too long for intra-
operative use and decision-making. Also, the intraoperative use of 
MRI has serious drawbacks; most prominently, high cost and logis-
tical restrictions associated with the size of the instrument (larger 
for higher resolutions). Such challenges hinder the implementation 
of MRI in the operating room.

Ultrasound for margin assessment has been used to assess 
freshly excised kidneys and has been shown to ensure negative mar-
gins during partial or complete nephrectomy, with a reported speci-
ficity of 100%149. Despite meeting the required clinical microscopic 
margin assessment levels, its low resolution constrains the use of 
ultrasound for assessments of gross macroscopic margin involve-
ment. Still, advances in high-frequency ultrasound detectors may 
increase its clinical value.

Conventional radiological imaging techniques are important 
for pre-operative surgical planning, yet their resolution is in the 
cubic-millimetre range and hence much lower than the 1–100-μm 
resolution range offered by optical and optoacoustic imaging tech-
niques. Therefore, they do not meet the spatial resolutions needed 
to assess tumour margins. Moreover, the use of these techniques in 
the operating room may be constrained by high costs and by logis-
tics associated with equipment size and operational complexity.

expected benefits of imaging in IPaS
In this section, we describe the potential implementation of various 
types of IPAS using three typical clinical workflows as cases. The 
specific advantages and disadvantages of each imaging technique 
are listed in Table 2.

Intraoperative lymph-node assessment. The presence of cancer 
cells in lymph nodes has an important impact on disease-specific 
survival in the majority of cancer types30,150,151. A distinction can be 
made between macrometastases and micrometastases, and even 
isolated tumour cells, on the basis of the tumour volume within 
the lymph node. The presence of macrometastasis in lymph nodes 
requires further treatment, which generally consists of surgical 
lymph-node dissection or adjuvant systemic chemotherapy (or 
both). Further treatment is not often required for isolated tumour 
cells and micrometastases.

When no reliable histology about lymph-node status is available 
before surgery, a sentinel-lymph-node biopsy or FFS is performed. 
In a sentinel-lymph-node biopsy, the first lymph node(s) drain-
ing the tumour are collected for diagnostic purposes, as they are 
representative of the remaining regional lymph nodes152. The final 
histopathological results can take up to 5 working days, and the 
detection of micrometastasis or isolated tumour cells can take up 
to 7 days. If metastases are present, a subsequent lymph-node dis-
section is performed in most cases (in particular, for breast cancer 
and head-and-neck cancer). Performing this dissection in a second 
surgery may lead to major consequences in terms of patient discom-
fort, surgical complications and increased healthcare costs, and in 
some cases it may not be feasible owing to altered anatomy5.

Replacing a traditional sentinel-lymph-node biopsy with 
intraoperative lymph-node assessment requires a high-resolution 
technique, mainly because the volume of micrometastases can 
be less than 2 mm3. The lymph-node samples do not usually 
exceed 1–2 cm3 (refs. 3,153), and hence high imaging speeds are 
not necessary. Raster scanning the complete lymph node with 
Raman-based techniques could potentially be used for this pur-
pose. In the future, LSFM after rapid (within minutes) tissue clear-
ance could be employed to assess entire lymph nodes. However, 
the tissue-clearance process should become more efficient and 
faster before adequate clinical implementation can be consid-
ered. Immediate analysis of the excised lymph node would enable  
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additional lymph-node dissection during the same surgical pro-
cedure and would eliminate the need for a second surgery (Fig. 2). 
In view of the percentage of tumour-positive sentinel-lymph-node 

biopsies that are detected after initial surgeries (7–50%154), such 
real-time information could boost the efficiency and lessen the 
cost of these surgical procedures.

Table 2 | characteristics of IPaS according to imaging modality

Imaging modality advantages Disadvantages analysis of a selected area  
or a whole specimen

Spectroscopy imaging

HSI Label-free
High imaging speed

Costs
Complexity

Whole specimen

Raman Label-free
Chemical information
Quantitative

Weak intrinsic signal
Spot-based
Low imaging speed

Selected areaa

Coherent Raman Label-free
Chemical information
High spatial resolution
Quantitative

Spot-based
Low imaging speed
Costs

Selected areaa

Mid-infrared optoacoustic microscopy High sensitivity and specificity
High contrast

Low imaging speed
Preclinical phase

Selected areaa

Fluorescence imaging

FCM High spatial resolution
Image mosaicking

Limited imaging depth
Spot-based
Low imaging speed

Selected areaa

TPM High spatial resolution
High sensitivity and specificity

Phototoxicity
Costs
Spot-based
Low imaging speed

Selected areaa

LSFM High spatial resolution
High sensitivity and specificity

Limited imaging depth Selected areaa

SIM High spatial resolution Limited imaging depth
Low imaging speed

Selected areaa

MUSE High spatial resolution
High imaging speed

Limited imaging depth Selected areaa

Wide-field fluorescence Real-time imaging
Large scan area
High sensitivity

Surface-weighted signal
Semiquantitative
Interference of optical parameters

Whole specimen

Structural imaging

OCT Label-free
High resolution

Limited contrast
Small scan area
Requires training for reading

Selected area

SHG and THG microscopies Label-free
High sensitivity

Limited imaging depth
Low imaging speed

Selected areaa

optoacoustic imaging

Mesoscopy High imaging speed
Penetration depth
High sensitivity

No clinical contrast agents available
Semi-quantitative

Selected area

Microscopy High resolution
Scalable

Low imaging speed Selected area

radiology

CT Unlimited penetration depth
Large scan area

Limited contrast
No biochemical information
Limited resolution

Whole specimen

MRI Unlimited penetration depth
High soft tissue contrast
Large scan area

Cost
Low sensitivity
Low imaging speed

Whole specimen

Ultrasound Real-time
Large scan area

Limited resolution
Limited contrast agents
Low sensitivity

Whole specimen

An overview of the clinical advantages and disadvantages of IPAS with respect to their intraoperative implementation. aUnless tissue clearing is used, this technique can only be applied to tumour types for 
which a tumour-positive margin is defined as ink on tumour (Table 1).

Nature BIoMeDIcal eNGINeerING | VOL 6 | MAy 2022 | 503–514 | www.nature.com/natbiomedeng 509

http://www.nature.com/natbiomedeng


PersPective NaTure BIomedIcal eNgINeerINg

Intraoperative margin assessment in breast-cancer surgery. To 
ensure a negative margin across various solid tumour types, surgi-
cal subspecialties use different surgical resection metrics. In some 
cases, there is no clear consensus (Tables 1 and 2). In the case of 
stage I/II breast cancers, guidelines from the American Society of 
Clinical Oncology and Cancer Care Ontario state that ‘no ink on 
tumour’ (that is, no tumour at the outer edge of the tissue) at the 
surgical resection margin can be considered as a tumour-negative 
margin5. This consideration also applies to many other tumour 
types (Table 1).

The optimal IPAS technique for tumour types for which a 
tumour-negative margin is defined as no ink on tumour does not 
require great imaging depth because assessment of the first cell lay-
ers is sufficient. Indeed, at a certain penetration depth, no discrimi-
nation can be made between superficial and deep signals, which 
leads to increased false positives. Moreover, a large field of view 
needs to be available for the rapid evaluation of all the resection 
margins.

Among the potential IPAS techniques, MUSE has been shown 
to be reliable for the rapid margin assessment of lumpectomy speci-
mens. However, specimens with a greater volume require faster 
image-acquisition rates than MUSE provides. Wide-field fluores-
cence imaging could be promising in this regard. However, because 
it does not allow for signal quantification or microscopic confirma-
tion, fluorescence-guided imaging should be restricted to red-flag 
detection (that is, to sample screening for the identification of sus-
picious areas). Further evaluation of the red-flagged areas should 
then be performed with a suitable imaging technique. Positive mar-
gins are reported in up to 40% of breast-cancer and prostate-cancer 
surgery procedures155–157, and hence confirming tumour-negative 
surgical margins can prevent adjuvant re-excision surgery. This 
underscores the urgent need for technological advancements in 
image-guided intraoperative tumour detection (Fig. 3).

Intraoperative margin assessment in surgery for head-and-neck 
cancer. The real-world challenges posed by margin assessment dur-
ing surgery are particularly illustrated by the frequent intraoperative 

consultations with the pathologist that occur during head-and-neck 
cancer surgery12. The aim of surgical resection should be to obtain 
a margin larger than 5 mm on the histopathological slides158,159. 
When the margin is between 1 and 5 mm, it is defined as a close 
margin; a positive margin is defined as tumour cells within 1 mm 
of the surgical margin160. Consequently, in head-and-neck cancer, 
an IPAS technique is required to analyse the complete specimen 
rapidly (within minutes) to a depth of up to 5 mm. Wide-field fluo-
rescence imaging would seem an attractive option for this purpose, 
as considerable clinical experience has been gained over the past 
decade114,161. As with margin assessment in breast-cancer surgery, 
subsequent analysis of the margin of the highly fluorescent area(s) 
could be performed via a high-resolution technique. Because of the 
necessity of a penetration depth of at least 5 mm, mesoscopic opto-
acoustic imaging might be an alternative to wide-field fluorescence 
imaging for the assessment of the margins of freshly excised surgical 
specimens; however, no clinical studies support its use yet. For ade-
quate clinical use, the current imaging speed of about 6 cm2 min–1 
should improve by at least one order of magnitude, and dedicated 
optoacoustic contrast agents would be needed for tumour-specific 
imaging.

Head-and-neck-cancer surgery is performed in anatomically 
delicate areas with high functional demands. The common prac-
tice is, therefore, to perform immediate reconstruction to restore 
functionality. The consequence of such direct reconstruction is 
that no second surgery is possible. As a result, many patients with 
tumour-positive margins (up to 23%) are treated post-operatively 
with radiation or chemoradiation therapy, which entails severe 
comorbidities14,162,163. Intraoperative detection of tumour-positive 
margins with IPAS would enable immediate adjustments and pre-
vent major burdens associated with post-operative treatment14,162,163.

outlook
Tumour-positive margins are an unwanted post-surgical outcome in 
many cases1. Imaging techniques that can selectively and accurately 
detect cancers intraoperatively—in particular, tumour-positive 
margins, occult tumours and tumour-positive lymph nodes—will 
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improve surgery outcomes and ultimately survival rates. Several 
imaging techniques could in principle enhance the detection of a 
broad range of tumour types before and during surgery. However, 
most clinical studies and improvements have focused mainly on 
in situ tumour detection, and relatively few studies have been car-
ried out on imaging-assisted assessments of the specimen immedi-
ately after excision. Incorporating IPAS in clinical workflows for the 
assessment of surgical specimens would open up new possibilities 
in the pathological assessment of excised tissue. Further research in 
imaging techniques for enhanced tumour detection during surgery 
are therefore highly needed.

Adequate clinical implementation of IPAS techniques would 
require consideration of several technical and clinical factors. The 
following key technical requirements would need improvements: 
image resolution, penetration depth, field of view, and acquisition 
time. These factors can be prioritized differently depending on the 
specific clinical indication. For tissue biopsies, we rank image reso-
lution and sensitivity as the most important features for IPAS. In 
contrast, whole surgical specimens require large fields of view and 
high imaging speeds; a complimentary high-resolution technique 
can then be used to assess the highlighted areas in more detail (how-
ever, the necessary penetration depth might differ across tumour 
types; Table 1).

The clinical implementation of IPAS will require rigorous and 
standardized pre-operative planning. A first step would be to 
determine whether endogenous contrast is sufficient or whether 
exogenous (targeted) contrast agents are required. Although endog-
enous contrast is favourable in terms of patient safety, costs and 
logistics, the use of exogenous contrast agents in IPAS might gener-
ate better contrast and enhance tumour specificity. This trade-off 
should be investigated. Regardless, and most importantly for clini-
cians, the imaging technique should be user-friendly, and easy and  
fast to implement.

Clinical trials assessing IPAS should be designed to provide clini-
cal evidence of whether there is added value for clinicians, such as 
tumour-negative surgical margins and enhanced tumour detec-
tion that assist decision-making. Lessons could be learned from 
the image-guided surgery techniques that were at the same point 
of development about a decade ago15 and that are currently being 
assessed in phase II and phase III clinical studies111. Most impor-
tantly, the gaps between technical challenges and clinical needs will 
need to be bridged.
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