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The main challenge for radical resection in oral cancer surgery is to obtain adequate resection margins.
Especially the deep margin, which can only be estimated based on palpation during surgery, is often
reported inadequate. To increase the percentage of radical resections, there is a need for a quick, easy,
minimal invasive method, which assesses the deep resection margin without interrupting or prolonging
surgery. This systematic review provides an overview of technologies that are currently being studied
with the aim of fulfilling this demand.

A literature search was conducted through the databases Medline, Embase and the Cochrane Library. A
total of 62 studies were included. The results were categorized according to the type of technique:
‘Frozen Section Analysis’, ‘Fluorescence’, ‘Optical Imaging’, ‘Conventional imaging techniques’, and
‘Cytological assessment’. This systematic review gives for each technique an overview of the reported
performance (accuracy, sensitivity, specificity, positive predictive value, negative predictive value, or a
different outcome measure), acquisition time, and sampling depth.

At the moment, the most prevailing technique remains frozen section analysis. In the search for other
assessment methods to evaluate the deep resection margin, some technologies are very promising for
future use when effectiveness has been shown in larger trials, e.g., fluorescence (real-time, sampling
depth up to 6 mm) or optical techniques such as hyperspectral imaging (real-time, sampling depth few
mm) for microscopic margin assessment and ultrasound (less than 10 min, sampling depth several cm)
for assessment on a macroscopic scale.

© 2021 Elsevier Ltd, BASO ~ The Association for Cancer Surgery, and the European Society of Surgical

Oncology. All rights reserved.
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Introduction

For patients with early-stage and resectable advanced-stage oral
cancer surgery is generally standard of care [1]. Primarily, the goal
is to obtain adequate resection margins, since inadequate margins
are associated with a higher risk of recurrence and worse prognosis
[2].

There is no consensus on what constitutes an adequate resection
margin: a recent survey among members of the American Head and

* Corresponding author. Antoni van Leeuwenhoek, Netherlands Cancer Institute,
Plesmanlaan 121, 1066 CX, Amsterdam, the Netherlands.
E-mail address: s.brouwerdekoning@nki.nl (S.G. Brouwer de Koning).
1 Equal contribution.

https://doi.org/10.1016/j.ejs0.2021.04.016

Neck Society (AHNS) showed that 56.5% of the respondents define a
clear margin as >5 mm [3]. Other definitions used were 3 mm,
2 mm, >1 mm, no ink on tumor on microscopic evaluation or
1-1.5 cm gross margin. The optimal definition of a clear margin in
association with local recurrence or overall survival has been
evaluated extensively [2,4—14]. However, it is not possible to use
the current literature for robust scientific evidence since the large
heterogeneity among the different studies [15,16]. The most
commonly used guidelines are defined by The Royal College of
Pathologists and the National Comprehensive Cancer Network
(NCCN). Both guidelines agree on the definition of an adequate
margin, i.e., more than 5 mm of healthy tissue between tumor cells
and the resection border. However, a positive margin is defined as
tumor cells at the resection margin by the Royal College of
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Pathologist, while a positive margin can involve tumor cells within
the first millimeter according to the NCCN [12,17,18]. The definitive
status of the resection margin is determined by the histopatholo-
gist, several days after surgery. In case positive margins are re-
ported, adjuvant treatment is required, e.g., subsequent surgery,
radiotherapy or chemoradiotherapy [1,12,19—24].

During surgery, estimating the extent of tumor growth into
tissue is thought to be the main challenge for a radical resection.
The superficial pattern of tumor growth in oral squamous cell
carcinoma (OSCC) allows a good estimation of the mucosal margin.
However, the deep margin can only be estimated based on palpa-
tion and information on tumor thickness obtained by preoperative
imaging. Due to this limited intra-operative feedback on tumor
margins, resections are inadequate in 30%—85% of the procedures
[25]. To reduce the number of inadequate resections, there is a need
for technologies that can provide information on the status of the
margin during surgery. With intra-operative margin assessment,
the resected specimen (specimen-driven) or the tumor bed (pa-
tient-driven) is examined and the surgeon is informed on whether
the margins are sufficient during the initial surgery. In case inad-
equate margins are found, the surgeon extends the resection
directly when feasible, thereby often preventing the necessity of
adjuvant postoperative treatment and possibly improving prog-
nosis [12,23]. Hence, intra-operative margin assessment is useful in
pursuing adequate resection margins and decision-making during
and after surgery.

Recently a systematic review focused on intraoperative margin
assessment was published, emphasizing the need for more studies
to improve accuracy of techniques to reduce positive margins [26].
However, no distinction between mucosal and deep margins was
made. Technologies for intra-operative margin assessment have to
distinguish healthy tissue from tumor tissue. Healthy mucosal tis-
sue differs from healthy tissue that is found at the deep margin, and
therefore requires a different approach. The focus of intra-operative
margin assessment should be on the deep margin for two reasons:
Woolgar et al. showed that the deep margin was involved in 87% of
the tissues with inadequate margins, and Weijers et al. found that
there was no significant difference in recurrence rate between close
and clear mucosal margins, suggesting that the deep margin is
more important than the mucosal margin [22,27].

The aim of this systematic review is to provide an overview of all
intra-operative techniques that are available or under development
to assess the deep tumor resection margin in patients with OSCC.

Methods

A literature search was conducted through the databases Med-
line, Embase and the Cochrane Library, on the August 28, 2020
using a combination of indexed search terms and free text terms:
‘margins of excision’ OR ‘depth of invasion’ OR ‘invasion depth’ OR
‘deep resection margin’ OR ‘deep resection’ AND ‘Head and neck
neoplasms’ OR ‘Mouth neoplasms’ AND ‘Intraoperative period’.

The study selection was conducted by two researchers who
independently screened titles and abstracts for a relevant contri-
bution to this review. Studies were included that examined OSCC,
assessed the surgical margin during surgery for immediate feed-
back on the status of the margin, evaluated the deep resection
margin rather than the mucosal margin, were human studies, and
were scholarly journal articles with full texts available. Based on the
title and abstract, studies were excluded that evaluated phantoms
and animals, cancers other than head and neck, technologies that
were not intended for intra-operative use and when the outcome
measure was not meeting the purpose of this review. Full texts
were evaluated on the following exclusion criteria: when the focus
of the article was to evaluate the status of the resection margin as a
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prognostic predictor, the outcome of the intraoperative assessment
of the surgical margin was not compared with a verification
method, transoral robotic surgery (TORS) was used, the study
population consisted of less than three patients, only mucosal/su-
perficial margins were evaluated, the technology was used for pre-
operative diagnosis instead of intraoperative assessment, or the
study was focused on the presence of specific genes to predict tu-
mor recurrence. Furthermore, the authors believed that studies
before the year 1999 could be excluded, because relatively old
techniques have been improved and repeatedly studied since. In
addition, references of included articles were screened on eligibility
for inclusion. Fig. 1 shows the process for study selection.

Studies were categorized into different groups according to the
type of technology that was used for intra-operative margin eval-
uation: ‘Frozen Section Analysis’, ‘Fluorescence’, ‘Optical Imaging’,
‘Conventional imaging techniques’, and ‘Cytological assessment’.
Data extracted from the included studies were as follows: (1) study
methodology, (2) margin assessment technology, (3) whether
margins were assessed on the remaining defect after tumor
removal, or at the resection surface of the specimen, or if the tumor
was evaluated in situ, (4) verification method, (5) definition of
positive margin, (6) sample size, (7) tumor site, (8) accuracy of the
technology, or sensitivity, specificity, positive predictive value
(PPV) and negative predictive value (NPV), or a different outcome
measure, (9) acquisition time, and (10) sampling depth.

Results
Frozen section analysis

With frozen section analysis (FSA), the surgeon and the
pathologist collaborate to provide a rapid intraoperative evaluation
of the surgical margin. The freshly resected tissue is transported to
the pathology department, frozen in a cryostat machine, thinly
sliced with a razor, affixed to a glass slide and dipped into fixatives
and tissue stains for immediate interpretation [28]. The diagnostic
performance of this methodology has been widely studied in both
retrospective and prospective studies (Table 1). Frozen sections
were obtained from both the remaining defect after tumor excision,
as well as from the resected specimen itself, and the diagnosis that
was the result of the FSA was verified with the final histopatho-
logical outcome. Number of patients that were included by the
studies ranged from 20 to 435. FSA is mainly applicable for soft
tissue specimen; the high density of bone makes routine FSA of
cortical bony margins difficult. Few groups have presented
methods for bone margin FSA resulting in sensitivities and speci-
ficities of 77—88.9% and 90—100%, respectively [29,30]. Despite the
high accuracies achieved with FSA, the technique is subject to false
negatives due to the complexity of some surgical specimens. With
one frozen section, only a small fraction of the specimen can be
evaluated, and the time needed to evaluate one frozen section is
15—30 min.

Fluorescence

More than 90% of head and neck tumors express the epidermal
growth factor receptor (EGFR), offering a cancer-specific target for
contrast agents, like panitumumab or cetuximab. These antibodies
can be conjugated with a near-infrared fluorescent dye (e.g.
IRDye800CW, indocyanine green) for intra-operative tumor
detection [31]. The advantage of panitumumab over cetuximab is
the higher binding affinity and improved safety profile [32].
Acquisition times vary between real time and several minutes
(Table 2). In addition, near-infrared fluorescence can penetrate
through approximately 5—6 mm tissue, making this a promising
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Table 1

Included studies reporting on frozen section analysis for intra-operative margin assessment.

Frozen section

Author, year Study Margin Specimen/defect  Verification Sample size Tumor Sensitivity Specificity Accuracy PPV NPV  Acquisition Sampling Other outcome
methodology  assessment driven/in situ method (number of site (%) (%) (%) (%) (%) time measures/remarks
technology Optimal margin patients)
(mm)
Abbas, 2017 Retrospective  FS defect histology 10 77 variable: oral  72.7 95.3 90.9 66.6 93.9
[81] soft tissue
Amit, 2015 [73] Prospective FS specimen and histology 5 71 variable: oral 91vs22 93 vs 100 FP: 9% vs 0%; FN:
defect soft tissue 17% vs 44%
De Visscher, Prospective FS specimen histology 3 72 lip 20 min 8 of the 9 patients
2002 [82] who had a positive
margin on FS was
confirmed by
histopathology; FP:
1.4%
DiNardo, 2000 Retrospective FS defect histology 5 80 variable: oral  34.3 100 713 100 66.2 15 min
[77] soft tissue
Du, 2016 [83] Retrospective FS specimen histology 5 253 variable: oral 78 97 93 89 94
soft tissue
Gooris, 2003 Retrospective  FS unknown histology 5 131 lip 99
[84]
Layfield, 2018 Retrospective FS specimen histology 288 variable: oral  88.9 98.6 933 976
[85] soft tissue
Moe, 2019 [86] Prospective FS specimen histology 30 variable: oral  90.9 100 96.8 100 95.2 Correlation
soft tissue coefficient FS and
histopathology:
>0.95
Mair, 2017 [87] Retrospective  FS vs GE specimen (FS) vs in histology 5 435 variable: oral  45.45 98.8 vs 92.9 935 833
situ (GE) soft tissue vs 61.9 88.3 vs 83.7 vs Vs
91.6 53.1
Nayanar, 2019 Retrospective  FS specimen histology  no tumor 265 variable: oral  82.05 96.46 20 min
[88] at margin soft tissue
Oxford, 2006  Retrospective FS unknown histology 25 mandible and 88.9 100
[29] maxilla
Pandey, 2010  Retrospective FS specimen histology 5 104 unknown 78.57 99.55 98.32
[89]
Ribeiro, 2003  Retrospective  FS specimen histology 10 82 variable: oral  92.8 99.8 99.5% concordance
[90] soft tissue
Sharma, 2008  Prospective FS specimen histology 47 variable: oral 72 994 96.74 94.7 96 FP: 0.59; FN: 28%
[91] soft tissue
Tirelli, 2019 Prospective FS defect histology 3 42 variable: oral  93.6 96.8 90.7 96.8
[92] soft tissue
Varvares, 2015 Retrospective  FS specimen vs defect histology 5 91vs8 variable: oral Agreement FS and
[10] soft tissue histopathology:
95%
Wysluch, 2010 Prospective FS specimen histology 10 20 mandible 77 90 30 min

[30]

FS = frozen section analysis; GE = general examination.
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technique for detection of positive and close margins [33,34].
However, disadvantages of the use of these conjugated antibodies
are the intravenous administration that may lead to adverse re-
actions, the long plasma half-lives (unbound tracers result in non-
specific background fluorescence; administration requires addi-
tional planning since it needs to be done several days in advance of
the surgery), and the relatively high doses required to have suffi-
cient tracers reach the tumor. Therefore, additional research has
been performed to activatable fluorescent tracers that can be
applied topically, like y-glutamyl hydroxymethyl rhodamine green
(g-Glu-HMRG) and 5-aminolevulinic acid-induced protoporphyrin
IX (5-ALA-induced PPIX) [35—37]. These tracers required an incu-
bation period of 10 min and 1-2.5 h respectively, before malignant
tissue fluoresced. Also, sampling depth is limited to less than 1 mm.

Focusing on bone resection margins, Nieberler et al. evaluated
the use of integrin avp6-targeting arginylglycylaspartic acid pep-
tides as a marker for fluorescent cytology [38]. They reported on
high diagnostic values and the technique required 40 min to use.

Another type of fluorescence use is fluorescence lifetime im-
aging, in which endogenous fluorophore lifetime of tissue is probed
by illumination with a pulsed, long-wave ultraviolet light source
[39]. This technique has been evaluated by Tajudeen et al., in
combination with dynamic optical contrast imaging (DOCI) so that
the fluorophore lifetime can be mapped over a macroscopic field of
view. Significant differences (p < 0.05) were found in fluorescence
lifetime in different types of tissue and acquisition time was less
than 2 min.

Optical techniques

The most studied optical techniques used for intra-operative
margin assessment in oral squamous cell carcinoma are Raman
spectroscopy (RM), diffuse reflectance spectroscopy (DRS), hyper-
spectral imaging (HSI), optical coherence tomography (OCT) and
narrow band imaging (NBI) (Table 3).

Raman Spectroscopy

Raman spectroscopy (RS) is an optical technique based on in-
elastic scattering of light by molecules in tissue and therefore
provides detailed information about its molecular composition
[40]. RS is able to discriminate tumor from healthy tissue by the
difference in water concentration in these two tissue types. Barosso
et al,, Cals et al. and Yu et al. used a different part of the spectrum
(2500-4000 cm™!, 400-1800 cm~! and 300-3950 cm™!, respec-
tively) and obtained comparable results in the discrimination of
OSCC and healthy tissue in tongue specimen (sensitivity 99%/100%/
99%, specificity 92%/78%/94%, respectively) [41—43]. Similar results
are also reported for mandibular specimens [40]. The technique can
be used directly on tissue because it is non-destructive, and there is
no need for reagents or labelling [40]. RS is fast (measurements in
the order of 1 s or less, with real-time signal analysis) and can be
applied through the use of hand-held fiber-optic probes at any
location. However, the sampling area per measurement is in the
order of 300—1000 pm, so multiple measurements are needed to
evaluate the whole resection surface [40,42,44]. Also, the sampling
depth is up to 40—50 pum, which challenges the detection of close
margins where tumor cells are present within 5 mm from the
resection surface. RS is now built into a needle that can be inserted
several millimeters into the tissue as an approach to overcome this
limited sampling depth. The published results on this are expected
soon (Erasmus Medical Center, The Netherlands, project number:
106467).

Diffuse reflectance spectroscopy
In diffuse reflectance spectroscopy (DRS), diffusely reflected

European Journal of Surgical Oncology Xxx (XXxX) XxX

light is measured after illuminating the tissue with a broadband
white light source. The reflectance spectrum contains information
about the absorption and scattering properties of the illuminated
tissue. Differences in these properties allow for tissue character-
ization, e.g., to discriminate tumor from healthy tissue. A total of 28
tumor specimens of tongue, oropharynx, floor of mouth and cheek
were evaluated and a sensitivity and specificity of 89% and 82%,
respectively, was reported [45]. The handheld probe has to be
positioned directly on the tissue, the technique is non-invasive and
does not require the administration of agents. Using DRS, tissue
type characterization can be made available real-time. However,
the sampling area is limited to a few millimeters, requiring multiple
measurements to evaluate a surface. Sampling depth is approxi-
mately 1 mm, which will not be enough to detect close margins that
have tumor cells within 5 mm from the surface. Also, for intra-
operative use, it is required to turn off the light in the operation
room, because this will interfere with the technique.

Hyperspectral imaging

The image acquired by hyperspectral imaging (HSI) is con-
structed of a diffuse reflectance spectrum for each pixel, allowing to
evaluate the whole resection surface in one view. Results are re-
ported for the detection of the reflected light in the visual (VIS) part
of the wavelength spectrum (400—950 nm) and the near infrared
(NIR) part (950—1700 nm) [46—48]. The extension of the spectral
range toward the infrared spectrum, where absorption of light by
blood is negligible, should make the technology more applicable for
use during surgery. Results of two different studies reporting on 14
tongue specimens and 21 tongue, larynx, pharynx and mandible
specimens using a VIS HSI camera were comparable in the
discriminative power of tumor and healthy tissue (sensitivity of
84% and 81%; specificity of 77% and 80%, respectively) [46,47].
Recently, Halicek et al. reported on a larger study on 102 patients
using a deep learning model to detect squamous cell carcinoma
with VIS HSI in less than 2 min with a sampling depth of less than
3 mm [48].

A sensitivity of 80% and a specificity of 77% were obtained with
the NIR camera on tongue specimens [46].

This technology is non-invasive and does not require the
administration of an agent. Image acquisition and tissue type
characterization can be achieved within seconds. The field of view
is in the order of several centimeters, and the sampling depth of a
few millimeters. Challenges are the rough surfaces that create
shadows on the imaging field. Also, wet surfaces completely reflect
light, creating specular glare. Shadowed and glare pixels do not
contain useful information for tissue characterization. Like for DRS,
also for HSI darkness is required. It is unknown whether HSI is able
to detect small tumor pockets more than 3 mm below the resection
surface.

Optical coherence tomography

In optical coherence tomography (OCT), a light beam of a spe-
cific wavelength in the near infrared spectrum is projected on the
tissue. Tissue type characterization is based on the echo delay time
of the reflected light by the different layers of the tissue. With OCT,
two-dimensional cross-sectional images can be constructed with a
high resolution that is comparable to low resolution histology [49].
Images can be acquired non-invasively, without the need for tissue
preparation. Hamdoon et al. evaluated OCT images for (superior,
inferior, lateral and medial) margin assessment of 28 freshly
resected specimen of the tongue, floor of mouth, buccal mucosa
and retromolar trigone [50]. Sensitivity and specificity were 81.5%
and 87%, respectively. Maximum image width used was 6 mm, and
the resulting image could be on the screen instantly. The major
limitation of OCT lies into the sampling depth: a loss of tissue



Table 2
Included studies reporting on fluorescence for intra-operative margin assessment.

Fluorescence

Author, Study Margin Specimen/ Verification Optimal Sample size Tumor site Sensitivity Specificity PPV NPV Acquisition Sampling Other outcome measures/remarks
year methodology assessment defect method margin (number of (%) (%) (%) (%) time depth
technology driven/in (mm)  patients)
situ
Gao, 2018 Prospective FLUO specimen histology 5 21 variable 91 88 80 93 realtime 1mmand
[32] (panitumumab- 2 mm
[RDye800CW,
800 nm)
Leunig, Prospective FLUO (5-ALA, 375 specimen histology 58 tongue and 99 60 77 98 upto25h
2000 —440 nm) and defect gingiva
[37]
Nieberler, Prospective FLUO (integrin specimen cytology 122 mandible 100 98.3 92 100 40 min
2018 avp6-targeting and maxilla
[38] RGD peptides)
Pan, 2020 Prospective FLUO (indocyanine specimen, histology 20 variable: real time Tumor to background ratio in vivo 1.56; in vitro 1.43
[93] green, 785 nm) defect and oral soft
in situ tissue
Rosenthal, Prospective FLUO (cetuximab- specimen, histology 12 variable: real time Tumor to background ratio of 5.2
2015 IRDye800) defect and oral soft (video 30 s)
[94] in situ tissue
Shimane, Prospective FLUO (g-Glu- specimen histology 10 variable: 10 min OSCC tissue fluoresced 4 times brighter than normal
2016 HMRG) and in situ oral soft tissue
[36] tissue
Slooter, Prospective  FLUO (g-Glu- specimen histology 15 variable: 80 87 10 min >1 mm
2018 HMRG, 525 nm) oral soft
[35] tissue
Tajudeen, Prospective FLUO specimen histology 15 variable: <2 min Significant difference between fluorescence lifetime
2016 (autofluorescence, oral soft of different tissue types (tumor, muscle, collagen, fat)
[39] 400—-500 nm) tissue (p < 0.05).
Van Prospective  FLUO specimen, histology 5 14 variable: real time  <6.3 mm Improved surgical decision making in 3 cases (21.4%):
Keulen, (panitumumab-  defect and oral soft identification of a close margin (n = 1) and
2018 IRDye800CW, in situ and hard unanticipated regions of primary disease (n = 2).
[33] 800 nm) tissue
Van Prospective  FLUO specimen histology 5 8 variable: 95 89 7 min 5 mm To detect tumor within 2 mm of the specimen surface,
Keulen, (panitumumab- oral soft sensitivity was 100%.
2019 IRDye800CW, tissue
[95] 800 nm)
Van Prospective  FLUO specimen histology 5 12 variable: 2.5 min 5 mm The highest intensity peak consistently detected the
Keulen, (panitumumab- oral soft closest margin to the tumor.
2020 IRDye800CW, tissue
[34] 800 nm)
Voskuil,  Prospective FLUO (cetuximab- specimen histology 1 15 variable 100 91 10 min Fluorescence intensities were significantly higher in
2020 800CW, 778 tumor tissue compared to normal tissue.
[96] —795 nm)
Warram, Prospective FLUO (cetuximab- specimen histology 11 variable: 90.5 78.6 80.9 89.2 real time
2015 IRDye800) oral soft
[97] tissue
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accuracy and definition occurred beyond 2 mm. Recently, De Leeuw
et al. evaluated full-field OCT, that is able to produce en-face images
with both large fields of view and a pm resolution, but a limited
sampling depth of 50 um. Five minutes are required to acquire and
interpret OCT images of one square cm. A sensitivity and specificity
of 90% and 87% were found, respectively, from OCT images of 32
specimens.

Narrow Band Imaging

Narrow band imaging (NBI) uses two specific wavelengths of the
visible spectrum, that correspond to the absorption peak of he-
moglobin, so that the microvascular abnormalities can be visual-
ized. It is mostly used to determine the mucosal margins, however
Tirelli et al. evaluated both mucosal and deep margins [51].
Although the technique seemed to achieve a precise definition of
the superficial tumor extension, the authors concluded that NBI is
ineffective in defining deep margins.

Conventional imaging techniques

Ultrasound

In radiology, ultrasound (US) is used to measure the tumor
thickness for diagnostic purposes, indicating that the border of the
tumor can be imaged on an US image [52]. Several studies have
looked into the use of US for tumor margin assessment as well, both
during the resection as well as directly on the resected specimen.
US can evaluate the tissue up to several centimeters in depth,
depending on the frequency used, it is a cost-effective, non-invasive
approach that is widely available. In the largest study, evaluating
tongue specimens of 31 patients, the mean (SD) difference between
the deep resection margin measured on US and histopathology was
1.1 (0.9), with a Pearson's correlation coefficient of 0.79 (p < 0.01)
[53].

Songra et al. reported on sensitivity, specificity and correlation
coefficient (83%, 63% and 0.0648 respectively) comparing the
margin measured on US and histopathology of 14 patients [54].
Margins of five tongue specimens measured on US by Helbig et al.
differed 0—4 mm from the margin measured on histopathology
[55]. Acquisition time varied between real time and 20 min. The
review of Tarabichi et al. encourages to conduct further research
using standardized imaging protocols and well-defined patient
populations to evaluate the use of US in therapeutic decision
making further [56]. Kodama et al. reported on a sampling depth of
2 cm, others only mention a few centimeters (Table 4).

Computed tomography

Ivashchenko et al. verified resection margins of maxillary ma-
lignancies by cone-beam computed tomography (CBCT) in six pa-
tients [57]. Preoperatively, the intended resection volume was
delineated on the diagnostic CT and this was compared to the actual
resection that was imaged by a CBCT at the end of the surgery. They
found that an intraoperative CBCT is a promising way to assess
surgical margins of maxillary tumors. Their method required
10 min intraoperatively, however, an intraoperative sterile cone-
beam CT is required in the OR, artefacts from dental fillings
hamper accurate image acquisition and this method is limited to
the evaluation of bone margins only due to the poor soft tissue
contrast on CT.

Specimen radiography

Radiography on mandible specimens can be useful in evaluating
the completeness of excision [58,59]. The method is cheap, easy to
perform, widely available and requires 20 min. However, convex
structures, such as the mandible are difficult to interpret on a two-
dimensional plane. The researchers also found a loss of accuracy
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when images were taken in the anterior-posterior direction, due to
compact structure of the cortical bone in the mandible [58]. They
encourage further studies to determine whether the technique is
able to detect small bone infiltrations in the different sizes and
shapes of the specimens.

Magnetic resonance imaging

Magnetic resonance imaging (MRI) was evaluated for resection
margin status of tongue specimens with OSCC in two studies: 10
tongue specimens imaged with an ex-vivo 7 Tesla MRI and 10
tongue specimens imaged with a 3 Tesla clinical whole-body MRI
[60,61].

The tumor could be recognized on the ex-vivo 7 Tesla MRI when
invasion depth >3 mm [60]. The study suggested that it will be
difficult to detect small tumors with MRI and the inability to
visualize microscopic invasive growth patterns will hamper the
prediction of the resection margin. To be feasible for clinical
application, the scan time needs to be decreased (total time in this
study was 1.5 h), the resolution needs to be increased, and larger
study populations have to be evaluated. An MRI would lead to extra
costs; however, the authors expect that this would outweigh the
costs from subsequent surgeries and additional radiotherapy. The 3
Tesla clinical whole-body MRI was logistically more favorable, and
after optimization of the method for an envisioned clinical appli-
cation, this imaging technology was evaluated for margin identifi-
cation [61]. However, the identification of margins less than 5 mm
was very poor and requires improvement to allow use of MRI for
clinical practice.

Image guided surgery

Feichtinger el al. used 3D-navigation based on positron emission
tomography/computed tomography (PET/CT) image fusion to
evaluate the resection margins during surgery in six patients with
maxillary sinus or oral cavity tumors [62]. After setting up the
navigation system and ablation of the tumor, the defect was navi-
gated with the pointer and the distance between the resection
plane and the 3D image of the tumor image on the PET/CT was
measured in every direction. Additional resection was performed
when the distance was not sufficient. The technique was evaluated
in six patients and inadequate resection margins were confirmed
by histopathological examination. This technique requires a navi-
gation system, pre-operative preparation of the virtual tumor
model and edentate patients receive screws in the supraorbital
region for registration purposes one day before surgery. However,
the results on deep margin assessment are promising and larger
study populations are necessary to confirm the effectiveness of this
technique. However, in soft tissues like the tongue, navigation re-
mains very difficult and this can only be done in tumors in or
attached to bony structures.

Cytological assessment

In this review, intraoperative cytological assessment (ICA)
covers the range of methodologies that discriminate tumor from
healthy tissue on a cytological level from obtaining tissue with
scrape, bench or imprint smears that are stained by e.g. hematox-
ylin and eosin or toluidine (Table 5). All studies verified their results
with the final histopathological outcome. Both soft tissue margins
and bony resection margins were studied. One study evaluated the
surgical defect, the rest of the studies focused on the resected
specimen. Table 5 shows the high performance of the methodolo-
gies in differentiating between tumor and healthy tissue. The
number of patients included by the studies ranged from 15 to 154.
All studies included for this review reported on the low costs of ICA,
on the fact that no training is required, that the time needed is



Table 3

Included studies reporting on optical techniques for intra-operative margin assessment.

Optical techniques

Author, year ~ Study Margin Specimen/ Verification Optimal  Sample size Tumor site Sensitivity Specificity Accuracy PPV NPV Acquisition Sampling Other outcome measures/
methodology assessment defect driven/ method margin (number of (%) (%) (%) (%) (%) time depth remarks
technology in situ (mm) patients)

Barroso, 2015 Prospective RS (2500-4000 specimen histology 14 tongue 99 92 <30 min
[41] cm-1)

Barroso, 2018 Prospective RS (2500-4000 specimen histology 22 mandible 95 87 95 <60 min 40 um
[40] cm-1)

Yu, 2019 [43] Prospective RS (300-3950 specimen histology 12 tongue 99.31 94.44 96.9

cm-1)

Brouwer de Prospective DRS (400 specimen histology 5 28 variable: 89 82 86 Real time >1 mm
Koning, —1600 nm) oral soft
2018 [45] tissue

Cals, 2016 [42] Prospective RS (400-1800 specimen histology 5 10 tongue 100 78 91

cm-1)

Brouwer De  Prospective HSI (400 specimen histology 14 tongue 84 77 82 Real time few mm also HSI NIR (950—1700 nm):
Koning, —950 nm) sensitivity 80%, specificity 77%
2019 [46]

Halicek, 2018 Prospective HSI (450 specimen histology 21 variable: 81 80 81
[47] —900 nm) oral soft

tissue

Halicek, 2019 Prospective HSI (450 specimen histology 102 variable: 1 min/ <3mm  AUC's upwards of 0.80—0.90
[48] —900 nm) oral soft image

tissue

De Leeuw, Prospective  OCT specimen histology 5 32 variable: 90 87 5 min/cm”2 50 pm
2020 [98] oral soft

tissue

Hamdoon, Prospective OCT (1310 nm) specimen histology 5 28 variable:  81.5 87 88 61.5 95 Realtime 2 mm Surgeon 2 achieved accuracy 84%
2016 [50] oral soft

tissue

Tirelli, 2018  Prospective NBI (415 nm in situ histology 3 61 variable: 5 min Conclusion: NBI only works for
[51] and 540 nm) oral soft mucosal margin, not for deep

tissue margin

RS = Raman Spectroscopy; DRS = Diffuse Reflectance Spectroscopy; HSI = Hyperspectral Imaging; OCT = Optical Coherence Tomography; NBI = Narrow Band Imaging.
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Table 4

Included studies reporting on conventional imaging techniques for intra-operative margin assessment.

Conventional imaging techniques

Author, year  Study Margin Specimen/ Verification Optimal Sample Tumor  Sensitivity Specificity PPV NPV Acquisition Sampling Other outcome measures/remarks
methodology assessment defect method margin size site (%) (%) (%) (%) time depth
technology driven/in (mm) (number
situ of
patients)

Brouwer de Prospective US, 5 specimen histology 5 31 tongue 5 min Mean (SD) deep resection margins measured on US images
Koning, —10 MHz differed by 1.1 (0.9) mm from those reported by the
2020 [53] probe histopathologist (Pearson's correlation coefficient: 0.79,

p < 0.01).

Helbig, 2001  Prospective US, 8 in situ histology 2 5 tongue <10 min Difference between margin measured on US and
[55] —12 MHz histopathology varied between 0 and 4 mm.

probe

Kodama, 2010 Prospective US, 7.5 MHz specimen histology 10 4 tongue >2 cm
[99] probe and in situ

Songra, 2006  Prospective US, 5 specimen histology 5 14 variable: 83 63 63 83 realtime uptoa Pearson correlation coefficient US and histopathology: 0.648
[54] —10 MHz  and in situ oral soft fewecm (P < 0.01).

probe tissue

Tarabichi, Unclear us, 7 specimen histology 5 12 tongue several  Preliminary results that suggest that ultrasound has the
2018 [100] —15MHz  and insitu cm potential to improve our ability to obtain a clear, deep

probe margin based on more objective assessment.

Tominaga, Prospective  US, 7.5 MHz specimen histology 5 3 tongue >20 min  several  Quick and eficient method to confirm surgical clearance.
2007 [101] probe cm

Ivashchenko, Prospective CT defect histology and 10 6 maxilla <10 min 3D view Two resections were reported pathologically as less than
2019 [57] preoperative radical, each of which was detected by intraoperative CT. The

planning mean (SD) distance between the planned and the actual
resection was 1.49 (2.78) mm.

Ntomouchtsis, Prospective RADIOGR specimen histology 5 16 mandible 100 100 20 min 3D view
2013 [58]

Shan, 2019 Prospective RADIOGR  specimen histology 10 10 mandible ‘fast’

[59]

Heidkamp, Prospective MRI specimen histology 5 10 tongue 36 92 38 91 <30 min
2020 [61]

Steens, 2017  Prospective MRI specimen histology 10 tongue >1,5h 3D view Tumor can be recognized on MR when invasion depth
[60] >3 mm. Difference between margin measured on MR and

histopathology varied between 0.1 and 1.8 mm.

Feichtinger, Prospective nav defect histology 5 6 variable: 3D view Intraoperative navigation showed an unsafe resection
2010 [62] oral soft margin in 4 patients. This was confirmed by the

and hard histopathological examination.
tissue

US = ultrasound; CT = computed tomography; RADIOGR = radiography; MRI = magnetic resonance imaging; nav = navigation.
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Table 5

Included studies reporting on cytological assessment for intra-operative margin assessment.

Cytological techniques

Author,  Study Margin Specimen/ Verification Optimal Sample Tumor Sensitivity Specificity Accuracy PPV NPV Acquisition Sampling Other outcome measures/remarks
year methodology assessment defect method margin size site (%) (%) (%) (%) (%) time depth
technology driven/in (mm)  (number
situ of
patients)
Junaid, Prospective ~ Staining defect histology 56 variable: 100 84.9 85.71 27.2 100 5 min
2013 (toluiniunm oral soft
[63] chloride) tissue
Kurita, Prospective  Staining specimen histology 15 variable: several No significant difference in the tumor-margin distance
2008 (indigo oral soft minutes between histopathological and digital microscopic
[64] carmine and tissue examination (Wilcoxon signed-ranks test, P > 0.63).
Congo red) The deviation ranged from 0.4 to 4.1 mm with a
median absolute difference of 1.7 mm.
Cariati, Prospective  Cyto unclear  histology no 17 variable 33.3 85.7 33.3 85.7 <35 min
2019 tumor at
[102] margin
Namin, Retrospective Cyto specimen histology 10 51 mandible 100
2015 and
[103] maxilla
Nieberler, Prospective Cyto specimen histology 10 102 variable: 94.4 97.4 97 85 99.1 20 min a few mm
2016 hard
[67] tissue
Nieberler, Prospective Cyto specimen histology 107 variable: 78.6 95.7 93.5 73.3 96.7 <20 min
2020 hard
[69] tissue
Nieberler, Prospective Cell specimen histology 154 variable: 92.3 100 100 974 1h 1 cm”3
2017 isolation hard
[68] tissue
Ojha, Prospective  Staining specimen histology 23 variable: 5 min 100% concordance
2018 (Field oral soft
[65] staining) tissue
Yadav, Prospective  Touch specimen histology  no 30 variable: 91.1 74.4 83 97.2 88.6 up to
2013 imprint tumor at oral soft 1cm
[66] margin tissue

Cyto = cytological assessment.
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limited to only several minutes, cellular details are preserved and
that a wider area of the resection margin can be assessed at once
[63—66]. However, the main limitation of ICA is the fact that it can
only assess the superficial layer of the resection margin and cannot
assess whether the tumor is in close proximity to that margin.
Nieberler et al. developed a method to isolate cells from up to a cm
for evaluation so that even close bone margins could be found
[67—69]. However, this increased the processing time significantly.

Discussion

Surgery is the first choice of treatment of OSCC and radical tu-
mor resection is crucial for recurrence-free, disease-free and overall
survival [2,17]. A range of 30%—85% of the surgeries results in
resection margins that are inadequate, in predominantly deep
margins [25,27,70]. This shows the need for a technique to evaluate
the deep resection margin during surgery. To gain insight into
which technologies are being studied for this purpose, 3742 articles
were systematically reviewed and 62 articles were included. An
overview was provided on the reported performance (accuracy,
sensitivity, specificity, positive predictive value, negative predictive
value, or a different outcome measure), acquisition time, and
sampling depth of each technique.

Margin assessment is challenging, since the accuracy is affected
by communication between surgeon and pathologist, accurate tu-
mor localization, technique and type of margin sampling and the
influence of tumor cut-through [71]. After resection, the tissue is
subject to tissue shrinkage, leading to a smaller margin than the
margin that was accounted for during the resection [72]. To be
applicable in the operating room, the technique should be fast and
easy enough so that the surgical procedure does not need to be
extended or interrupted too long. Ideally, the technique should be
able to identify deep, mucosal and bone margins simultaneously. A
recent survey of Bulbul et al. showed that 86% of the American Head
and Neck surgeons are willing to use such a technique to assess
margins intraoperatively [3].

FSA is the most commonly used intra-operative margin assess-
ment method: 97% of American Head and Neck surgeons reported
to use FSA in current practice [3]. However, FSA has disadvantages
concerning the use in bone margins, high rates of false negatives
and required time [29,30,73]. Interestingly, overall survival of
margin revisions after positive FSA is not equal to initial negative
margin resection and does not lead to better local control [74].
Moreover, specimen driven FSA leads to improved sensitivity
compared to patient driven FSA, although sampling techniques
differed between studies [4,73]. Relocating the sample site after a
reported positive margin is challenging after resection: Kerawala
et al. showed a mean error of 12 mm for relocating the deep margin
[75]. To overcome the relocation issue, Van Lanschot et al. recently
proposed a method for accurate relocation of inadequate tumor
resection margins in the wound bed: the surgeon places numbered
tags on both sides of the resection line in a pair-wise manner, so
that after the resection, one tag of each pair remains on the spec-
imen and the corresponding tag remains on the wound bed [76].
Cost-effectiveness analysis has been performed for FSA, showing a
cost-benefit ratio of 20:1. However, a reoperation compared to re-
resection in case of positive margins on FSA during the initial
operation leads to higher expenses [77]. Concluding, FSA is an
acceptable, yet not optimal, intra-operative technique.

In the search for other margin assessment methods than FSA,
some techniques are very promising for future use after proven
effectiveness in larger trials. For example, fluorescence techniques
could be useful assessing deep margins to a maximum of 6.3 mm
deep and lead to high sensitivities and specificities [33]. Real time
assessment, with high sensitivities and specificities is possible
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using Raman spectroscopy and needle insertion with this tech-
nology is promising to reach sufficient sampling depth. Other op-
tical imaging techniques perform accurately but have the same
disadvantage regarding sampling depth and the need to dim the-
ater lights [49,50].

Ultrasound is promising, although standardized imaging pro-
tocols need to be developed and evaluated on well-defined patient
populations [56]. Radiography might work for bone margins, but is
difficult to interpret in convex structures [58,59]. Computed to-
mography (CT) and magnetic resonance imaging (MRI) of the
specimen provide encouraging results, but these imaging technol-
ogies are challenging for real-time feedback on tumor margins in
the operation room itself. Image guided surgery using positron
emission tomography/CT showed promising results on deep
margin assessment in maxillary tumors but larger study pop-
ulations are necessary. Cytological assessment is a low-cost, widely
available and quick alternative, but margin assessment is limited to
the surface of the specimen [67—69].

This review is limited by the inability to equally compare the
different techniques directly, because different selection criteria
and outcome measures were used in the reviewed studies.
Furthermore, only studies on techniques that are feasible for
theatre are reviewed, excluding techniques that might be superior
in discriminating tumor from healthy tissue in the future, e.g.
Jakobsohn et al. showed that gold nanorods could properly differ-
entiate tumor from normal cells in vitro with real-time photo-
thermal molecular imaging [78]. Optical molecular imaging
utilizing pH responsive peptide combined with fluorescence
showed a more intense signal in cancerous than normal tissue [79].
Goldenberg et al. found that a quantitative methylation-specific
polymerase chain reaction could intra-operatively detect
cancerous cells [80]. However, all of these studies are still in either
the pre-clinical phase or not yet feasible for clinical use.

Lastly, the margin discussion still raises the question on how to
handle initially positive margins that become negative after re-
resection: should patients receive adjuvant treatment as a result
of their initially positive margin? There are studies available that
show worse local control in the patient group with initial positive
margins that were converted into negative margins, when
compared to the patients with initially negative margins [4]. Also,
the fact that there is no consensus on the optimal margin definition,
limits the development of techniques for intra-operative margin
evaluation, since the sampling depth is a critical requirement for
the technique to meet.

Conclusion

In this review, we systematically analyzed literature on intra-
operative deep margin assessment methods for oral squamous cell
carcinoma. At the moment, the most prevailing technique remains
frozen section analysis. In the search for other assessment methods
to evaluate the deep resection margin, some technologies are very
promising for future use when effectiveness has been shown in
larger trials, e.g., fluorescence (real-time, sampling depth up to
6 mm) or optical techniques such as hyperspectral imaging (real-
time, sampling depth few mm) for microscopic margin assessment
and ultrasound (less than 10 min, sampling depth several cm) for
assessment on a macroscopic scale.
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