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In head and neck cancer, the presence of nodal disease is a strong determinant of
prognosis and treatment. Despite the use of modern multimodality diagnostic imaging, the
prevalence of occult nodal metastases is relatively high. This is why in clinically node
negative head and neck cancer the lymphatics are treated “electively” to eradicate
subclinical tumor deposits. As a consequence, many true node negative patients
undergo surgery or irradiation of the neck and suffer from the associated and
unnecessary early and long-term morbidity. Safely tailoring head and neck cancer
treatment to individual patients requires a more accurate pre-treatment assessment of
nodal status. In this review, we discuss the potential of several innovative diagnostic
approaches to guide customized management of the clinically negative neck in head and
neck cancer patients.
Keywords: head and neck cancer, lymph node metastases, nodal staging, FDG-PET/CT, nanoparticles enhanced
MRI, sentinel lymph node identiﬁcation, elective neck treatment

INTRODUCTION
Head and neck squamous cell carcinoma (HNSCC) accounted for 890,000 new cases and 450,000
deaths worldwide in 2018 and overall 5-year survival is 50–60% (1, 2). At diagnosis, about one-third
of all patients present with a clinically positive neck (3). Nodal involvement is associated with an
increased risk of regional recurrences and distant metastases and thus an important prognostic
factor and determinant for treatment (4, 5).
Treatment of the lymph node positive neck comprises neck dissection, (chemo)radiotherapy or a
combination of these (6). The extent and method of treatment is determined by the location of the
primary tumor, stage, and size of the metastatic nodes and by the patient’s age, performance status,
and preference. It is general practice to treat the neck with the same modality as the primary tumor.
Management of the clinically negative (cN0) neck, i.e., no identiﬁed nodal metastases after state-of-
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growth and draining lymph node stations. This concept
considers two manifestations of tumor, apparent gross tumor
and small tumor deposits under the detection threshold of
diagnostics. The “two dose level” principle has been employed
successfully since the middle of the previous century (29, 30).
Due to the technological advances in diagnostic imaging, smaller
metastases are now better detected and are considered part of the
“gross” tumor volume. Concurrently, the occult nodal metastatic
load that needs elective treatment has decreased due to
improvements in diagnostic accuracy of the neck with state-ofthe-art imaging (31, 32). This indicates that nowadays
unnecessary large areas with a decreasing tumor volume are
being irradiated with a radiation dose that is likely to be higher
than required, resulting in unintended dose-escalation or
overtreatment. Since the dose required for tumor control is
directly dependent on tumor load, dose prescription practice
should be revised (33). The current “two dose level” concept can
be replaced with a novel “gradient dose” concept in which dose is
prescribed proportional to tumor load. Quantitative functional
imaging with FDG-PET can help to guide such gradient-dose
prescription because FDG-uptake can be a surrogate for
metabolic activity of tumor cells and tumor load (34).
The randomized UPGRADE-RT trial (clinicaltrials.gov,
NCT02442375) investigates this FDG-PET guided “gradient
dose” concept and aims for a reduction of the elective
radiation dose (30, 35). Based on FDG-uptake and twodimensional size of lymph nodes, a risk assessment of
harboring metastatic disease is made for every individual
lymph node. Nodes that are considered negative receive a 20%
lower than conventional elective dose (35 vs 45 Gy equivalent
dose). Nodes that are borderline sized and have a moderate
FDG-uptake will receive an “intermediate” dose of 60 Gy.
Implications on safety, toxicity and quality of life are evaluated.

the-art diagnostic work-up, has been debated extensively. To
determine the optimal treatment strategy for cN0 patients, a
decision analysis model was introduced several decades ago.
Elective neck treatment was considered indicated with a higher
than 20% probability of subclinical nodal metastatic disease (7).
This, by deﬁnition, results in overtreatment in 80% of cN0
patients (8, 9). Since then, newer decision models have been
applied and conclusions vary (10, 11). Modern views on the
management of the cN0 neck, however, focus less on cut-off
values but value more individual, institutional and other relevant
variables to optimize management of the neck (12).
Surgical neck treatments are associated with a serious
morbidity proﬁle including impaired shoulder function, postoperative pain and nerve damage (13). After radiotherapy to the
neck there is dose-dependent risk of xerostomia, dysphagia,
atherosclerosis of the carotids and hypothyroidism (14–16).
Xerostomia and dysphagia are the most important negative
predictors of quality of life and atherosclerosis of the carotids
may cause ischemic brain infarctions and impair life expectancy
(17–19). Therefore, de-intensifying therapy safely to avoid these
sequelae should be a key focus of clinical research. To achieve
this, more accurate pre-treatment assessment of neck status
is required.
Recent advances in high resolution imaging modalities such
as magnetic resonance imaging (MRI) and computed
tomography (CT) as well as 18F-ﬂuorodeoxyglucose positron
emission tomography (FDG-PET) and ultrasound guided ﬁne
needle aspiration cytology (US-FNAC) have resulted in an
improved accuracy in identifying nodal metastases. However, a
major limitation of the radiological assessment of cervical lymph
nodes is that it still relies on criteria such as size, signal intensity
changes, shape, and rim, limiting its discriminative power (20,
21). Therefore, lymph nodes in the order of ≤5 mm containing
small metastases are easily missed despite state-of-the-art
imaging techniques.
The purpose of this review is to outline novel diagnostic
applications for nodal assessment in HNSCC patients and to
discuss their potential role in tailoring treatment of the clinically
negative neck.

USPIO-ENHANCED MRI
Mechanism of Action
The pioneering work of Weissleder and colleagues in 1990 led to
the conception of ultrasmall particles of superparamagnetic iron
oxide (diameter of 20–50 nm) (36). The small particle size and
low molecular weight dextran surface coating lead to a
characteristic biodistribution to the lymph nodes (37–39).
USPIO delivery to the lymph nodes after intravenous infusion
is established by two routes. First, USPIO passes through the
high endothelial venules of lymph nodes to reach the nodal
parenchyma. Here they are taken up by cells of the mononuclear
phagocyte system (MPS) (36, 40). Second, the particles pass the
endothelial layer of the capillaries into the tissue interstitium.
From here they are transported to the lymph nodes via the
lymphatic drainage system to be phagocytosed by the cells of the
MPS. On MRI, healthy lymph nodes show a decrease in signal
intensity on the multi gradient echo (mGRE) T2*-weighted
sequence due to magnetic susceptibility and T2 shortening
effects of iron oxide (21, 37, 41). A preclinical study
demonstrated restrained USPIO uptake in metastatic lymph

FDG-PET/CT
The introduction of FDG-PET allowed functional evaluation of
lymph nodes in addition to morphologic evaluation established
by conventional imaging. Results of large meta-analyses
conducted in 2013 and 2015 show superiority of FDG-PET/CT
over conventional anatomical imaging for nodal staging (22, 23).
Moreover, it was demonstrated that FDG-PET resulted in
alteration of nodal treatment in approximately 1 out of 4
patients compared to conventional imaging; with nodal
upstaging in 8–21% and downstaging in 3–11% (24–28).
With curative radiotherapy it is common practice to deliver a
high dose to gross tumor locations and a lower “elective” dose to
areas of presumed small tumor deposits. These include more
distant areas of local tumor extensions, e.g., perineural or spidery
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nodes due to a lesser presence of cells of the MPS and thus iron.
Consequently, the MR signal is maintained on imaging (40). This
was the ﬁrst study to show a distinction between benign and
malignant lymph nodes based on differences in MR signal
intensity after USPIO infusion, which is visualized in an
example from our own experience (Figure 1).
The coated iron compounds are manufactured as a
lyophilized powder (Ferumoxtran-10, Ferrotran® SPL Medical
B.V. Nijmegen, the Netherlands). Dose prescription is according
to body weight, 2.6 mg of iron per kilogram bodyweight is
diluted in 100 ml of 0.9% saline solution for slow-drip
intravenous administration over 30–45 min (42). Timing of
postcontrast MR imaging of the cervical region has been
evaluated and the optimal interval after infusion is established
at 24 to 36 h (43).
Recent safety data from 310 prostate cancer patients who,
between January 2014 and July 2016, underwent USPIOenhanced MRI in a slow-drip fashion showed that adverse
effects occurred in 8 out of 310 (2.6%) patients of which 7
(2.3%) were deﬁnitely or possibly USPIO-related (44). These
were back pain, ﬂushing, nausea, and a dry mouth and were all
mild in nature (grade 1).

publication, PPV and NPV of 83 and 84% can be derived.
Several prospective studies were subsequently performed until
2009, yielding values for sensitivity, speciﬁcity, PPV and NPV
ranging from 82–100%, 77–100%, 8–100%, and 90–100%,
respectively (Table 1) (21, 38, 46–51). The poor lower bound
of 8% for PPV originates from a study with a small sample size
(n = 11) of T1-2 oral cavity squamous cell carcinoma patients
in which only one lymph node in the whole study population
was proven metastatic (51). Furthermore, only standard
histopathologic examination was performed in this study
without immunohistochemistry and multi-slice sectioning of
the lymph nodes, possibly missing small metastatic lesions
(51). In addition, some difﬁculties in the interpretation of
USPIO-MR images of the head and neck region leading to
false-positive results were reported (51). The level I lymph
nodes draining the oral mucosa frequently exhibit inﬂammatory
changes resulting from oral and dental infections and exposure
to foreign material. In case of an inﬂammatory process,
histopathological alterations in lymph nodes are described such
as hyperplasia of germinal centers, hyaline metamorphosis,
ﬁbrosis and granulomatosis (37, 38, 49, 51, 52). These can
modify USPIO-uptake due to changes in the migration and
distribution of the cells of the MPS and can be a source of error
in accurate detection of nodal metastases. Characteristics of
USPIO-uptake in inﬂammatory lymph nodes need to be
elucidated by studies using immunohistochemistry and cohorts
including sufﬁcient numbers of patients with ulcerating tumors or
other sources of inﬂammation.

Diagnostic Value of USPIO-Enhanced MRI
The ﬁrst study to detect cervical lymph node metastases with
USPIO-enhanced MRI in humans was performed in the midnineties. Encouraging sensitivity and speciﬁcity rates of 95 and
84% were reported (45). From the data provided in the

A

B

FIGURE 1 | MR characteristics of USPIO-negative lymph nodes (A) and a partially USPIO-positive lymph node (B) on a T2*-weighted iron-sensitive sequence
(own unpublished data). The white arrow in (B) points out an area of increased signal intensity suspicious for a metastasis.

Frontiers in Oncology | www.frontiersin.org

3

February 2021 | Volume 10 | Article 637513

2 patients underwent MRI twice at 10 and 24 h.
cN-, clinically node negative; cN+, clinically node positive; Fe, iron; kg, kilogram; MRI, magnetic resonance imaging; N, node; mg, milligram; n.p., not provided; n.s., not speciﬁed; no., number of patients; NPV, negative predictive value; PPV, positive predictive value.
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Although the available data are promising, they are outdated
and research was performed with older 1.5 Tesla (T) MR
techniques. Optimization of the latest three-dimensional ironsensitive sequences on 3T MR systems will provide a higher spatial
resolution in imaging, potentially favoring diagnostic performance
in smaller nodes when enhanced with USPIO. T2*-weighted GRE
imaging of the head and neck area used to be vulnerable to
susceptibility artefacts from air-tissue interfaces, potentially
limiting its value in this particular area. However, due to recent
technological developments that resulted in an increased spatial
resolution and the use of both shorter and multiple echo times,
this is no longer an issue. The diagnostic potential of USPIOenhanced MRI in HNSCC patients therefore requires validation
using larger cohorts and modern MR-imaging methods. A
prospective validation study (USPIO-NECK study) is ongoing in
which head and neck cancer patients scheduled for neck dissection
undergo USPIO-enhanced 3T MRI. MRI ﬁndings are correlated to
histopathology on a node-to-node level, aided by ex-vivo MRI of
the dissection specimen. Dissected lymph nodes are examined by
immunohistochemistry and cells of the MPS capturing USPIO are
characterized and are spatially correlated with metastatic deposits.
This study is currently open for enrollment (clinicaltrials.gov,
NCT03817307). Another ongoing study investigates the
feasibility of USPIO-enhanced MRI for visualization of tumor
spread in lymph node positive HNSCC patients. Eligible subjects
undergo MRI 24–72 h after intravenous USPIO infusion. The
study is regarded feasible if good quality images (subjectively
assessed) can be obtained in at least 75% of the participants.
MRI results are not validated with histopathological results in this
study (clinicaltrials.gov studyID: NCT01895829).

Availability
Evidence regarding the potential diagnostic application of USPIOenhanced MRI in various tumor subsites became available since
the 1990s. In 2006, the manufacturer (AMAG Pharmaceuticals
Inc., Waltham, MA, USA) and its European partner (Guerbet,
Villepinte, France) attempted to register ferumoxtran-10 for
marketing authorization. After their application, the regulatory
agencies [Food and Drug Administration (FDA) and European
Medicine Agency (EMA)] concluded that, despite a good safety
proﬁle, the data were considered insufﬁcient to unequivocally
demonstrate the efﬁcacy of ferumoxtran-10. As a consequence,
the manufacturer withdrew the application of ferumoxtran-10 in
2007. SPL Medical B.V. (Nijmegen, the Netherlands) acquired all
rights and records concerning the production of ferumoxtran-10
in 2015 (44). Since then the agent is available again for both
clinical and scientiﬁc purposes. In addition, an international
multi-center phase 3 pivotal trial has been initiated to register
USPIO-enhanced MRI for the detection of nodal involvement in
prostate cancer which can lead to more widespread production
and clinical use (clinicaltrials.gov, NCT04261777) (53).

SENTINEL LYMPH NODE DETECTION
An important contemporary technique for the detection of
occult nodal disease in HNSCC is the sentinel lymph node
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TABLE 1 | Studies exploring the diagnostic accuracy of USPIO-enhanced MRI for nodal detection in HNSCC.
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procedure (SLNP). The fundamental principle of the SLNP is a
minimally invasive diagnostic tool to assess the ﬁrst draining
lymph nodes of the primary tumor site. The procedure consists
of a preoperative phase in which 99m Tc radioisotope, a
radioactive tracer, is injected in close proximity of the primary
tumor followed by SPECT-CT. The imaging in combination with
per-operative hand-held gamma probe detection of the tracer is
used to identify and remove the sentinel lymph nodes.
Histopathological analysis including step serial sectioning and
immunohistochemistry will conﬁrm the presence or absence of
(microscopic) metastatic disease. If nodal involvement is
ascertained, this is generally considered as an indication for
additional neck treatment. If the SLNs are free of tumor, neck
treatment can be safely omitted (9, 54).
A meta-analysis addressing diagnostic accuracy of SLNP in
early oral cancer was published in 2013 and estimated an overall
sensitivity of 93% (55). SLNP was demonstrated to have the best
performance compared to other diagnostic tools (CT, MRI, PET,
US, and US-FNAC) when employed as a staging strategy in cN0
HNSCC (9). The Sentinel European Node Trial prospectively
accrued a large cohort of 415 T1-2N0 oral squamous cell
carcinoma patients undergoing SLNP without elective neck
dissection for validation. A safety analysis was performed and
revealed an overall survival, disease-free survival, and diseasespeciﬁc survival of 88, 92, and 94%, respectively, after a follow-up
period of three years. SLNP had a sensitivity of 86% and a NPV
of 95% (56). SLNP is associated with decreased morbidity in
terms of shoulder function in particular and has proven to be
more cost-effective when compared to elective neck dissection
(57–61). As SLNP is established to be beneﬁcial and
oncologically safe, it is offered routinely in many centers (56, 62).
However, there are also disadvantages to SLNP using
radioactive tracers. Patients and physicians are exposed to
radioactivity and the utility of 99mTc radioisotope and SPECT
is limited due to low spatial resolution (63). Poorer accuracy
rates were demonstrated in patients with tumors in the ﬂoor
of the mouth due to the “shine-through” effect of radioactivity
and scatter originating from the primary injection site shading
the SLN (64–67). Furthermore, this procedure requires
surgical removal of the SLNs under general anesthesia for
histopathologic examination.

detected with a handheld gamma-probe in the neck dissection
specimen shortly after surgical removal. Results showed a
sensitivity and NPV of 80 and 87.5%, respectively (69).
Together these studies support the feasibility of SLNP in
laryngeal and pharyngeal carcinoma. Nevertheless, in both
studies, imaging of radioactive tracer distribution was not
possible since 99mTc radioisotope injection and surgery were
scheduled in a single session. Mapping of the lymph drainage
patterns was therefore not possible.
Performing a SLNP for this purpose recently also attracted the
interest of radiation oncologists for the purpose of radiotherapy
target volume determination (70). However, larynx and pharynx
cancers are difﬁcult to access for radioactive tracer injection
and thereby demand SLNP to be performed under general
anesthesia in most centers, currently limiting its application in
this patient group.
In the past few years, there has been signiﬁcant progress with
instrumentation via ﬂexible endoscopy. Since the development
of distal chip endoscopes with a working channel, diagnostic and
therapeutic interventions in the outpatient clinic for laryngeal
and pharyngeal pathology are increasing fast. There is now good
expertise and experience with ofﬁce-based endoscopic biopsy
taking and even laser surgery of pharynx and larynx cancers (71–
73). Laryngeal biopsy, vocal cord injection, and laser surgery
have been widely investigated and demonstrate good patient
tolerability and both diagnostic and therapeutic accuracy
comparable with that achieved with operating room-based
procedures. Overall, ofﬁce-based procedures result in a shorter
procedural duration, a more rapid diagnostic process, reduced
costs, and reduced health risks largely due to avoiding sedation
or general anesthesia (72, 73). These developments provide
the opportunity for SLN detection in the less accessible
pharynx and larynx tumors. Guided by the ﬂexible endoscopy,
tracer injection can be performed under local anesthesia. Its
feasibility was demonstrated in 20 and 45 cN0 larynx and
hypopharynx cancer patients in 2008 and 2011, respectively
(74, 75). The FLEX-NODE study currently investigates the
feasibility of ﬂexible endoscopy-guided peritumoral injection
of 99mTc radioisotope in larynx and pharynx tumors for
visualization of SLNs by SPECT (Figure 2). Accrual is ongoing
(clinicaltrials.gov, NCT04068636).

Sentinel Lymph Node Detection in Pharynx
and Larynx Cancers

Alternative Tracers for Sentinel Lymph
Node Detection

SLNP is increasingly under investigation for HNSCC at other
subsites than the oral cavity. Fifty oropharyngeal, hypopharyngeal
and laryngeal cT1-3N0 cancer patients received 99m Tc
radioisotope injection via rigid endoscopy at the beginning of
surgery. SLNs were identiﬁed during lymphadenectomy with a
handheld gamma probe and dissected separately. A total of 42
patients had tumor free SLNs of which 41 patients had a
pathologically negative neck. The remaining eight patients had
tumor positive SLNs. Sensitivity of the procedure was 89% and
NPV was 98% in this study (68). In a similar study, 13 consecutive
patients with primary cT3-4aN0 laryngeal cancer underwent
intraoperative 99mTc radioisotope administration. SLNs were

Superparamagnetic iron oxides (SPIO) particles, which are larger
(59 nm) in diameter compared to the USPIO-particles (20–50
nm), have also been proposed as a tracer for sentinel node
detection (76). Identiﬁcation of SPIO-enhanced SLNs by using a
magnetometer (SentiMag®) during surgery, analogous to the
gamma probe used in the standard SLN procedure with the
99m
Tc radioisotope, is an alternative to the current SLNP to avoid
radiation exposure (77, 78).
Various studies evaluating SPIO for SLN identiﬁcation have
been conducted in breast cancer patients. Data extracted from
ﬁve clinical trials including a total of 804 cN0 breast cancer
patients who underwent the SLN procedure with both SPIO and
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B

C

FIGURE 2 | Fused SPECT-CT images of a patient with a cT1N0 squamous cell carcinoma located on the laryngeal side of the epiglottis who underwent SN
identiﬁcation (own unpublished data). Arrowhead: primary injection site of 99mTc radioisotope, white arrows: identiﬁed SN in level II on the right side in the
axial plane (A), sagittal plane (B) and coronal plane (C).

containing metastases of >2 mm, the area of high signal
intensity on SPIO-enhanced MRI correlated with the size of
metastases identiﬁed by pathology (85). These early results
indicate that SPIO-enhanced MRI is capable of non-invasive
SLN assessment.
In another study, 26 consecutive T1-T4N0 oral cavity cancer
patients underwent peritumoral injection with gadobutrol, a
gadolinium-based contrast agent, followed by dynamic MRI.
First draining lymph nodes showing enhancement on dynamic
MRI were identiﬁed as SLN and marked with blue dye under
ultrasound-guidance. Subsequently, elective neck dissection was
performed including the nodes marked as SLN. In all patients, a
total of 44 SLNs were found on MRI. Histopathologic
examination of the dissected specimens showed 11 lymph node
positive patients of which 10 (90.9%) were correctly identiﬁed by
the SLNP (86). The strengths of this method include a high
spatial resolution and obviating the use of radioactive tracers.
Consistent results come from Honda et al. using similar study
setups in comparable cohorts of patients which were
administered with peritumoral iopamidol (Iopamidol 370;
Bayer Healthcare, Osaka, Japan) injections followed by CT and
injection of blue dye (87) or indocyanine green (88) for
SLN identiﬁcation.
The results indicate that these methods are able to visualize
the exact location of the SLNs, the lymph vessels draining the
primary tumor and the surrounding anatomy and are useful in
SLNs detection without using radioactive tracers. An important
disadvantage of gadobutrol and iopamidol is that the lymph
nodes that contain these contrast agents cannot be identiﬁed
during surgery. An additional procedure, i.e., injection with dye
is necessary which can introduce errors in the identiﬁcation
of SLNs.
Several other potential tracers and imaging modalities for
SLN identiﬁcation have been suggested. An alternative
radioactive agent, 99mTc tilmanocept, is characterized by a
rapid injection site clearance, high retention within the SLN

the standard method utilizing the radioisotope were pooled in a
meta-analysis. Results show that SPIO was non-inferior
compared to the standard method in terms of both SLN
detection and identiﬁcation of patients with cN+ disease (79).
Recent work in a cohort of 40 vulvar cancer patients show similar
results (80). The data for HNSCC remain limited but the feasibility
of this technique was conﬁrmed in 11 oral cancer patients. In
this study, patients underwent solely SPIO injection for SLN
identiﬁcation. A total of 45 SLNs detected intraoperatively with
the magnetometer were removed and an additional elective neck
dissection was performed. Histopathological analysis revealed a
metastatic SLN in two patients. The remaining non-sentinel
lymph nodes in these patients appeared negative for metastatic
deposits (81).
SPIO nanoparticles have also been proposed as a contrast
agent for MR lymphography for SLN identiﬁcation. In a
preliminary report, three patients with cancer of the oral
tongue underwent a sentinel node procedure by using both
MRI with peritumoral SPIO contrast injection and 99mTcradioisotope lymphoscintigraphy (82). The SLNs visualized
on the 99m Tc-radioisotope lymphoscintigraphy correlated
with the MRI ﬁndings. A larger body of experience has
been obtained in breast cancer. Evaluation of 102 consecutive
breast cancer patients who underwent SPIO-enhanced MRI
for SLN detection showed its capability in accurately staging
the axillary sentinel lymph nodes. Assessment of lymph
node status on a nodal basis showed a sensitivity, speciﬁcity,
NPV and PPV of 81.5, 90, 94.2, and 71%, respectively. All
patients with metastases larger than 2 mm were successfully
identiﬁed. However, 40% of the patients with micrometastases
(≤ 2 mm) were missed presumably due to MR spatial resolution
which is limited to 2 mm (83). However, the clinical relevance of
micrometastases in SLNs regarding outcome and consequences
for treatment is arguable (84). A subsequent study evaluating
the pattern of SPIO uptake in 33 positive SLNs obtained from
30 breast cancer patients showed that in lymph nodes
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and lesser drainage to higher echelon lymph nodes and can
therefore be particularly beneﬁcial in ﬂour of mouth tumors to
overcome the shine-through effect (89, 90). A multicenter study
investigating 99mTc tilmanocept for SLNP in a cohort of HNSCC
patients yielded an overall accuracy rate of 98.8% in correctly
determining the pathological lymph node status of the neck. A
similar high accuracy rate was obtained for the ﬂour of mouth
carcinoma subgroup, supporting the hypothesis of a diminished
shine though effect and thus an improved detection rate (91).
A recent study in rats showed that injection of 99mTcradiolabeled gold nanoparticles functionalized with mannose
and SPECT are capable of lymph drainage mapping. An
advantage of these nanoparticles is that mannose binds to
macrophage mannose receptors which are abundantly present
in lymphoid tissue and thus actively targets lymph nodes,
potentially improving speciﬁcity of the technique (92).

contralateral neck in larynx and hypopharynx tumors and
more advanced oropharyngeal tumors could be safely omitted
when no contralateral drainage was visualized (70). However,
since the procedure is chieﬂy performed under general
anesthesia, it is time-consuming and accompanied with
increased costs and morbidity. However, it was demonstrated
that the procedure can also be done by ﬂexible endoscopy under
topical sedation (74). The dual advantage of non-invasive SLN
identiﬁcation and SPECT-guided ipsilateral elective neck
irradiation is a promising development associated with a large
potential clinical beneﬁt (70).
A future step in the de-intensiﬁcation of radiation treatment
of HNSCC patients is to completely omit elective neck
irradiation, analogous to the surgical strategy with 99mTcradioisotope SLNP in oral cancer patients. Various tracers and
imaging modalities used for visualization of SLNs and lymphatic
networks with their own set of advantages and disadvantages
have been described. Strategies capable of nodal staging without
surgical removal of the SLNs, such as SPIO-enhanced MRI, are of
particular interest. Hence, SLN imaging negative for metastatic
deposits could select patients with negative SLNs and provides
clinicians with the opportunity to refrain from elective
radiotherapy to the uni- or bilateral neck. For oral cancer
patients, SLN imaging positive for metastatic deposits enables
elective neck dissection in the same session when surgery of the
primary tumor is performed and thus obviates the need for a
second session. Obviously, these opportunities need to be
explored in well-controlled clinical studies.

FUTURE CLINICAL IMPLICATIONS
De-intensiﬁcation of treatment in order to decrease morbidity
without compromising efﬁcacy is increasingly becoming a topic
of interest in oncology. Advanced, non-invasive nodal staging in
HNSCC can impose clinically relevant changes in therapeutic
strategies that reduce treatment sequelae. These considerations
unabatedly apply to the treatment of the neck, because the
radiation dose and extent of neck surgery or irradiation can
have a signiﬁcant impact on quality of life. In this review, several
diagnostic modalities capable of contributing signiﬁcantly to this
issue, were outlined.
FDG-PET/CT has shown promise in the assessment of
marginally enlarged lymph nodes and their treatment with
radiotherapy. It is conceivable that these nodes do not need a
high boost dose as for larger nodal metastases but that an
intermediate dose may sufﬁce. Furthermore, the improved
sensitivity of nodal metastases imaging justiﬁes a de-escalation
of the elective radiation dose. In addition, a consequence may
also be that neck node levels that need elective treatment can be
selected on a more individualized basis. Both alterations in dose
prescription and treated volume of the neck are expected to
result in reduced morbidity and improved quality of life (30).
Although not yet incorporated into daily clinical practice,
USPIO-enhanced MRI is a promising method for evaluation of
lymph node metastases. It does not merely demonstrate if a
lymph node carries a small metastasis, but it also can show the
exact location and size of the metastasis within the lymph node
(93). Previous research has demonstrated that metastatic
deposits as small as 2 millimeter can be visualized with highresolution USPIO-enhanced MRI (94). Guided by the USPIOenhanced MR-images, radiation treatment plans may thus be
safely customized to more selective neck regions (93).
Lymph drainage mapping by 99mTc radioisotope injection
and SPECT-CT is becoming increasingly valuable for
radiotherapy treatment planning. In the SUSPECT trial
(clinicaltrials.gov, NCT03968679), elective treatment of the
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CONCLUSION
At present there is no unequivocal strategy to address the cN0
neck in HNSCC patients, leading to signiﬁcant overtreatment in
a large proportion of patients. The diagnostic value of FDG-PET/
CT, USPIO-enhanced MRI, and sentinel lymph node mapping
with non-radioactive tracers for lymph node assessment in
HNSCC patients is promising and potentially capable of
improved non-invasive nodal staging. It may guide surgeons
and radiation oncologists to safely target their treatment on an
individual patient level, reducing acute toxicity and long-term
morbidity. The clinical validation of these developments is
ongoing. Subsequent prospective trials investigating the efﬁcacy
and safety of de-escalating treatment of the neck guided by these
techniques should conﬁrm its beneﬁt for clinical practice.

AUTHOR CONTRIBUTIONS
DD performed the literature search and wrote the article. TD, JK,
and TS contributed signiﬁcantly to discussion of the content and
revision of the manuscript. WW, RT, SP, PZ, and AvE-vG
critically reviewed the manuscript. All authors agree to be
accountable for the content of the work. All authors
contributed to the article and approved the submitted version.

7

February 2021 | Volume 10 | Article 637513

Driessen et al.

Management of the cN0 Neck

19. Hammerlid E, Taft C. Health-related quality of life in long-term head and
neck cancer survivors: a comparison with general population norms. Br J
Cancer (2001) 84(2):149–56. doi: 10.1054/bjoc.2000.1576
20. Hoang JK, Vanka J, Ludwig BJ, Glastonbury CM. Evaluation of cervical lymph
nodes in head and neck cancer with CT and MRI: tips, traps, and a systematic
approach. AJR Am J Roentgenol (2013) 200(1):W17–25. doi: 10.2214/
AJR.12.8960
21. Mack MG, Balzer JO, Straub R, Eichler K, Vogl TJ. Superparamagnetic iron
oxide-enhanced MR imaging of head and neck lymph nodes. Radiology (2002)
222(1):239–44. doi: 10.1148/radiol.2221010225
22. Sun R, Tang X, Yang Y, Zhang C. (18)FDG-PET/CT for the detection of
regional nodal metastasis in patients with head and neck cancer: a
meta-analysis. Oral Oncol (2015) 51(4):314–20. doi: 10.1016/j.oraloncology.
2015.01.004
23. Yongkui L, Jian L, Wanghan, Jingui L. 18FDG-PET/CT for the detection of
regional nodal metastasis in patients with primary head and neck cancer
before treatment: a meta-analysis. Surg Oncol (2013) 22(2):e11–6. doi:
10.1016/j.suronc.2013.02.002
24. Koshy M, Paulino AC, Howell R, Schuster D, Halkar R, Davis LW. F-18 FDG
PET-CT fusion in radiotherapy treatment planning for head and neck cancer.
Head Neck (2005) 27(6):494–502. doi: 10.1002/hed.20179
25. Wang TF, Tsai EL, Kao RH. The efﬁcacy of FDG-PET in head-and-neck
cancer with neck metastasis after deﬁnitive radiation treatment: in regard to
Yao et al. (Int J Radiat Oncol Biol Phys 2005;63:991-999). Int J Radiat Oncol
Biol Phys (2006) 65(2):633; author reply –4. doi: 10.1016/j.ijrobp.2006.01.029
26. Guido A, Fuccio L, Rombi B, Castellucci P, Cecconi A, Bunkheila F, et al.
Combined 18F-FDG-PET/CT imaging in radiotherapy target delineation for
head-and-neck cancer. Int J Radiat Oncol Biol Phys (2009) 73(3):759–63. doi:
10.1016/j.ijrobp.2008.04.059
27. Delouya G, Igidbashian L, Houle A, Belair M, Boucher L, Cohade C, et al. (1)
(8)F-FDG-PET imaging in radiotherapy tumor volume delineation in
treatment of head and neck cancer. Radiother Oncol (2011) 101(3):362–8.
doi: 10.1016/j.radonc.2011.07.025
28. van Egmond SL, Piscaer V, Janssen LM, Stegeman I, Hobbelink MG, Grolman
W, et al. Inﬂuence of FDG-PET on primary nodal target volume deﬁnition for
head and neck carcinomas. Acta Oncol (2016) 55(9-10):1099–106. doi:
10.1080/0284186X.2016.1182643
29. Maccomb WS, Fletcher GH. Planned combination of surgery and radiation in
treatment of advanced primary head and neck cancers. Am J Roentgenol
Radium Ther Nucl Med (1957) 77(3):397–414.
30. van den Bosch S, Dijkema T, Kunze-Busch MC, Terhaard CH, Raaijmakers
CP, Doornaert PA, et al. Uniform FDG-PET guided GRAdient Dose
prEscription to reduce late Radiation Toxicity (UPGRADE-RT): study
protocol for a randomized clinical trial with dose reduction to the elective
neck in head and neck squamous cell carcinoma. BMC Cancer (2017) 17
(1):208. doi: 10.1186/s12885-017-3195-7
31. van den Bosch S, Vogel WV, Raaijmakers CP, Dijkema T, Terhaard CHJ, AlMamgani A, et al. Implications of improved diagnostic imaging of small nodal
metastases in head and neck cancer: Radiotherapy target volume
transformation and dose de-escalation. Radiother Oncol (2018) 128(8):472–
8. doi: 10.1016/j.radonc.2018.04.020
32. Kaanders J, van den Bosch S, Dijkema T, Al-Mamgani A, Raaijmakers CPJ,
Vogel WV. Advances in cancer imaging require renewed radiotherapy dose
and target volume concepts. Radiother Oncol (2020) 148:140–2. doi: 10.1016/
j.radonc.2020.04.016
33. Webb S, Nahum AE. A model for calculating tumour control probability in
radiotherapy including the effects of inhomogeneous distributions of dose and
clonogenic cell density. Phys Med Biol (1993) 38(6):653–66. doi: 10.1088/
0031-9155/38/6/001
34. Zhou SM, Wong TZ, Marks LB. Using FDG-PET activity as a surrogate for
tumor cell density and its effect on equivalent uniform dose calculation. Med
Phys (2004) 31(9):2577–83. doi: 10.1118/1.1779372
35. Gregoire V, Thorwarth D, Lee JA. Molecular Imaging-Guided Radiotherapy
for the Treatment of Head-and-Neck Squamous Cell Carcinoma: Does it
Fulﬁll the Promises? Semin Radiat Oncol (2018) 28(1):35–45. doi: 10.1016/
j.semradonc.2017.08.003
36. Weissleder R, Elizondo G, Wittenberg J, Rabito CA, Bengele HH, Josephson L.
Ultrasmall superparamagnetic iron oxide: characterization of a new class of

REFERENCES
1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. CA Cancer J Clin (2018) 68(6):394–424. doi:
10.3322/caac.21492
2. Pulte D, Brenner H. Changes in survival in head and neck cancers in the late
20th and early 21st century: a period analysis. Oncologist (2010) 15(9):994–
1001. doi: 10.1634/theoncologist.2009-0289
3. Duprez F, Berwouts D, De Neve W, Bonte K, Boterberg T, Deron P, et al.
Distant metastases in head and neck cancer. Head Neck (2017) 39(9):1733–43.
doi: 10.1002/hed.24687
4. Snow GB, Annyas AA, van Slooten EA, Bartelink H, Hart AA. Prognostic
factors of neck node metastasis. Clin Otolaryngol Allied Sci (1982) 7(3):185–
92. doi: 10.1111/j.1365-2273.1982.tb01581.x
5. Leemans CR, Tiwari R, Nauta JJ, van der Waal I, Snow GB. Regional lymph
node involvement and its signiﬁcance in the development of distant
metastases in head and neck carcinoma. Cancer (1993) 71(2):452–6. doi:
10.1002/1097-0142(19930115)71:2<452::AID-CNCR2820710228>
3.0.CO;2-B
6. de Bree R, Takes RP, Castelijns JA, Medina JE, Stoeckli SJ, Mancuso AA, et al.
Advances in diagnostic modalities to detect occult lymph node metastases in
head and neck squamous cell carcinoma. Head Neck (2015) 37(12):1829–39.
doi: 10.1002/hed.23814
7. Weiss MH, Harrison LB, Isaacs RS. Use of decision analysis in planning a
management strategy for the stage N0 neck. Arch Otolaryngol Head Neck Surg
(1994) 120(7):699–702. doi: 10.1001/archotol.1994.01880310005001
8. Leusink FK, van Es RJ, de Bree R, Baatenburg de Jong RJ, van Hooff SR,
Holstege FC, et al. Novel diagnostic modalities for assessment of the clinically
node-negative neck in oral squamous-cell carcinoma. Lancet Oncol (2012) 13
(12):e554–61. doi: 10.1016/S1470-2045(12)70395-9
9. Liao LJ, Hsu WL, Wang CT, Lo WC, Lai MS. Analysis of sentinel node biopsy
combined with other diagnostic tools in staging cN0 head and neck cancer: A
diagnostic meta-analysis. Head Neck (2016) 38(4):628–34. doi: 10.1002/
hed.23945
10. Govers TM, Rovers MM, Brands MT, Dronkers EAC, Baatenburg de Jong RJ,
Merkx MAW, et al. Integrated prediction and decision models are valuable in
informing personalized decision making. J Clin Epidemiol (2018) 104:73–83.
doi: 10.1016/j.jclinepi.2018.08.016
11. Okura M, Aikawa T, Sawai NY, Iida S, Kogo M. Decision analysis and
treatment threshold in a management for the N0 neck of the oral cavity
c ar ci n o m a . O r a l O n c o l ( 2 0 0 9 ) 4 5 ( 1 0 ) : 9 0 8 – 1 1 . d o i : 1 0 . 1 0 1 6 /
j.oraloncology.2009.03.013
12. de Bree R, Takes RP, Shah JP, Hamoir M, Kowalski LP, Robbins KT, et al.
Elective neck dissection in oral squamous cell carcinoma: Past, present and
future. Oral Oncol (2019) 90:87–93. doi: 10.1016/j.oraloncology.2019.01.016
13. Gane EM, Michaleff ZA, Cottrell MA, McPhail SM, Hatton AL, Panizza BJ,
et al. Prevalence, incidence, and risk factors for shoulder and neck dysfunction
after neck dissection: A systematic review. Eur J Surg Oncol (2017) 43
(7):1199–218. doi: 10.1016/j.ejso.2016.10.026
14. Strojan P, Hutcheson KA, Eisbruch A, Beitler JJ, Langendijk JA, Lee AWM,
et al. Treatment of late sequelae after radiotherapy for head and neck cancer.
Cancer Treat Rev (2017) 59:79–92. doi: 10.1016/j.ctrv.2017.07.003
15. Alba JR, Basterra J, Ferrer JC, Santonja F, Zapater E. Hypothyroidism in
patients treated with radiotherapy for head and neck carcinoma: standardised
long-term follow-up study. J Laryngol Otol (2016) 130(5):478–81. doi:
10.1017/S0022215116000967
16. Armanious MA, Mohammadi H, Khodor S, Oliver DE, Johnstone PA, Fradley
MG. Cardiovascular effects of radiation therapy. Curr Probl Cancer (2018) 42
(4):433–42. doi: 10.1016/j.currproblcancer.2018.05.008
17. Langendijk JA, Doornaert P, Verdonck-de Leeuw IM, Leemans CR, Aaronson
NK, Slotman BJ. Impact of late treatment-related toxicity on quality of life
among patients with head and neck cancer treated with radiotherapy. J Clin
Oncol (2008) 26(22):3770–6. doi: 10.1200/JCO.2007.14.6647
18. Ramaekers BL, Joore MA, Grutters JP, van den Ende P, Jong J, Houben R,
et al. The impact of late treatment-toxicity on generic health-related quality of
life in head and neck cancer patients after radiotherapy. Oral Oncol (2011) 47
(8):768–74. doi: 10.1016/j.oraloncology.2011.05.012

Frontiers in Oncology | www.frontiersin.org

8

February 2021 | Volume 10 | Article 637513

Driessen et al.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Management of the cN0 Neck

54. de Bree R, Nieweg OE. The history of sentinel node biopsy in head and neck
cancer: From visualization of lymphatic vessels to sentinel nodes. Oral Oncol
(2015) 51(9):819–23. doi: 10.1016/j.oraloncology.2015.06.006
55. Govers TM, Hannink G, Merkx MA, Takes RP, Rovers MM. Sentinel node
biopsy for squamous cell carcinoma of the oral cavity and oropharynx: a
diagnostic meta-analysis. Oral Oncol (2013) 49(8):726–32. doi: 10.1016/
j.oraloncology.2013.04.006
56. Schilling C, Stoeckli SJ, Haerle SK, Broglie MA, Huber GF, Sorensen JA, et al.
Sentinel European Node Trial (SENT): 3-year results of sentinel node biopsy
in oral cancer. Eur J Cancer (2015) 51(18):2777–84. doi: 10.1016/
j.ejca.2015.08.023
57. Schiefke F, Akdemir M, Weber A, Akdemir D, Singer S, Frerich B. Function,
postoperative morbidity, and quality of life after cervical sentinel node biopsy
and after selective neck dissection. Head Neck (2009) 31(4):503–12. doi:
10.1002/hed.21001
58. Murer K, Huber GF, Haile SR, Stoeckli SJ. Comparison of morbidity between
sentinel node biopsy and elective neck dissection for treatment of the n0 neck
in patients with oral squamous cell carcinoma. Head Neck (2011) 33(9):1260–
4. doi: 10.1002/hed.21622
59. Hernando J, Villarreal P, Alvarez-Marcos F, Gallego L, Garcia-Consuegra L,
Junquera L. Comparison of related complications: sentinel node biopsy versus
elective neck dissection. Int J Oral Maxillofac Surg (2014) 43(11):1307–12. doi:
10.1016/j.ijom.2014.07.016
60. Hernando J, Villarreal P, Alvarez-Marcos F, Garcia-Consuegra L, Gallego L,
Junquera L. Sentinel node biopsy versus elective neck dissection. Which is
more cost-effective? A prospective observational study. J Craniomaxillofac
Surg (2016) 44(5):550–6. doi: 10.1016/j.jcms.2016.01.017
61. Govers TM, Takes RP, Baris Karakullukcu M, Hannink G, Merkx MA,
Grutters JP, et al. Management of the N0 neck in early stage oral squamous
cell cancer: a modeling study of the cost-effectiveness. Oral Oncol (2013) 49
(8):771–7. doi: 10.1016/j.oraloncology.2013.05.001
62. Schilling C, Shaw R, Schache A, McMahon J, Chegini S, Kerawala C, et al.
Sentinel lymph node biopsy for oral squamous cell carcinoma. Where are we
now? Br J Oral Maxillofac Surg (2017) 55(8):757–62. doi: 10.1016/
j.bjoms.2017.07.007
63. Cousins A, Thompson SK, Wedding AB, Thierry B. Clinical relevance of novel
imaging technologies for sentinel lymph node identiﬁcation and staging.
Biotechnol Adv (2014) 32(2):269–79. doi: 10.1016/j.biotechadv.2013.10.011
64. Alkureishi LW, Ross GL, Shoaib T, Soutar DS, Robertson AG, Thompson R,
et al. Sentinel node biopsy in head and neck squamous cell cancer: 5-year
follow-up of a European multicenter trial. Ann Surg Oncol (2010) 17(9):2459–
64. doi: 10.1245/s10434-010-1111-3
65. Civantos FJ, Zitsch RP, Schuller DE, Agrawal A, Smith RB, Nason R, et al.
Sentinel lymph node biopsy accurately stages the regional lymph nodes for
T1-T2 oral squamous cell carcinomas: results of a prospective multiinstitutional trial. J Clin Oncol (2010) 28(8):1395–400. doi: 10.1200/
JCO.2008.20.8777
66. Moya-Plana A, Auperin A, Guerlain J, Gorphe P, Casiraghi O, Mamelle G,
et al. Sentinel node biopsy in early oral squamous cell carcinomas: Long-term
follow-up and nodal failure analysis. Oral Oncol (2018) 82:187–94. doi:
10.1016/j.oraloncology.2018.05.021
67. Hornstra MT, Alkureishi LW, Ross GL, Shoaib T, Soutar DS. Predictive
factors for failure to identify sentinel nodes in head and neck squamous cell
carcinoma. Head Neck (2008) 30(7):858–62. doi: 10.1002/hed.20787
68. Werner JA, Dunne AA, Ramaswamy A, Folz BJ, Lippert BM, Moll R, et al.
Sentinel node detection in N0 cancer of the pharynx and larynx. Br J Cancer
(2002) 87(7):711–5. doi: 10.1038/sj.bjc.6600445
69. Flach GB, Bloemena E, van Schie A, Hoekstra OS, van Weert S, Leemans CR,
et al. Sentinel node identiﬁcation in laryngeal cancer: Feasible in primary
cancer with previously untreated neck. Oral Oncol (2013) 49(2):165–8. doi:
10.1016/j.oraloncology.2012.09.002
70. de Veij Mestdagh PD, Jonker MCJ, Vogel WV, Schreuder WH, Donswijk ML,
Klop WMC, et al. SPECT/CT-guided lymph drainage mapping for the
planning of unilateral elective nodal irradiation in head and neck squamous
cell carcinoma. Eur Arch Otorhinolaryngol (2018) 275(8):2135–44. doi:
10.1007/s00405-018-5050-0
71. Wellenstein DJ, van der Wal RAB, Schutte HW, Honings J, van den Hoogen
FJA, Marres HAM, et al. Topical Anesthesia for Endoscopic Ofﬁce-based

contrast agents for MR imaging. Radiology (1990) 175(2):489–93. doi:
10.1148/radiology.175.2.2326474
Anzai Y, Prince MR. Iron oxide-enhanced MR lymphography: the evaluation
of cervical lymph node metastases in head and neck cancer. J Magn Reson
Imag (1997) 7(1):75–81. doi: 10.1002/jmri.1880070111
Sigal R, Vogl T, Casselman J, Moulin G, Veillon F, Hermans R, et al. Lymph
node metastases from head and neck squamous cell carcinoma: MR imaging
with ultrasmall superparamagnetic iron oxide particles (Sinerem MR) –
results of a phase-III multicenter clinical trial. Eur Radiol (2002) 12
(5):1104–13. doi: 10.1007/s003300101130
Bourrinet P, Bengele HH, Bonnemain B, Dencausse A, Idee JM, Jacobs PM,
et al. Preclinical safety and pharmacokinetic proﬁle of ferumoxtran-10, an
ultrasmall superparamagnetic iron oxide magnetic resonance contrast agent.
Invest Radiol (2006) 41(3):313–24. doi: 10.1097/01.rli.0000197669.80475.dd
Weissleder R, Elizondo G, Wittenberg J, Lee AS, Josephson L, Brady TJ.
Ultrasmall superparamagnetic iron oxide: an intravenous contrast agent for
assessing lymph nodes with MR imaging. Radiology (1990) 175(2):494–8. doi:
10.1148/radiology.175.2.2326475
Anzai Y. Superparamagnetic iron oxide nanoparticles: nodal metastases and
beyond. Top Magn Reson Imaging (2004) 15(2):103–11. doi: 10.1097/
01.rmr.0000130602.65243.87
Shah GV, Fischbein NJ, Patel R, Mukherji SK. Newer MR imaging techniques
for head and neck. Magn Reson Imaging Clin N Am (2003) 11(3):449–69. doi:
10.1016/S1064-9689(03)00069-2
Hudgins PA, Anzai Y, Morris MR, Lucas MA. Ferumoxtran-10, a
superparamagnetic iron oxide as a magnetic resonance enhancement agent
for imaging lymph nodes: a phase 2 dose study. AJNR Am J Neuroradiol
(2002) 23(4):649–56.
Fortuin AS, Bruggemann R, van der Linden J, Panﬁlov I, Israel B, Scheenen
TWJ, et al. Ultra-small superparamagnetic iron oxides for metastatic lymph
node detection: back on the block. Wiley Interdiscip Rev Nanomed
Nanobiotechnol (2018) 10(1):1–10. doi: 10.1002/wnan.1471
Anzai Y, Blackwell KE, Hirschowitz SL, Rogers JW, Sato Y, Yuh WT, et al.
Initial clinical experience with dextran-coated superparamagnetic iron
oxide for detection of lymph node metastases in patients with head and
neck cancer. Radiology (1994) 192(3):709–15. doi: 10.1148/radiology.
192.3.7520182
Hoffman HT, Quets J, Toshiaki T, Funk GF, McCulloch TM, Graham SM,
et al. Functional magnetic resonance imaging using iron oxide particles in
characterizing head and neck adenopathy. Laryngoscope (2000) 110(9):1425–
30. doi: 10.1097/00005537-200009000-00002
Anzai Y, Piccoli CW, Outwater EK, Stanford W, Bluemke DA, Nurenberg P,
et al. Evaluation of neck and body metastases to nodes with ferumoxtran 10enhanced MR imaging: phase III safety and efﬁcacy study. Radiology (2003)
228(3):777–88. doi: 10.1148/radiol.2283020872
Baghi M, Mack MG, Hambek M, Rieger J, Vogl T, Gstoettner W, et al. The
efﬁcacy of MRI with ultrasmall superparamagnetic iron oxide particles
(USPIO) in head and neck cancers. Anticancer Res (2005) 25(5):3665–70.
Curvo-Semedo L, Diniz M, Migueis J, Juliao MJ, Martins P, Pinto A, et al.
USPIO-enhanced magnetic resonance imaging for nodal staging in patients
with head and neck cancer. J Magn Reson Imaging (2006) 24(1):123–31. doi:
10.1002/jmri.20602
Baghi M, Mack MG, Wagenblast J, Hambek M, Rieger J, Bisdas S, et al. Iron
oxide particle-enhanced magnetic resonance imaging for detection of benign
lymph nodes in the head and neck: how reliable are the results? Anticancer Res
(2007) 27(5b):3571–5.
Wensing BM, Deserno WM, de Bondt RB, Marres HA, Merkx MA, Barentsz
JO, et al. Diagnostic value of magnetic resonance lymphography in
preoperative staging of clinically negative necks in squamous cell carcinoma
of the oral cavity: a pilot study. Oral Oncol (2011) 47(11):1079–84. doi:
10.1016/j.oraloncology.2011.07.020
Lahaye MJ, Engelen SM, Kessels AG, de Bruine AP, von Meyenfeldt MF, van
Engelshoven JM, et al. USPIO-enhanced MR imaging for nodal staging in
patients with primary rectal cancer: predictive criteria. Radiology (2008) 246
(3):804–11. doi: 10.1148/radiol.2463070221
Scheenen TWJ, Zamecnik P. The Role of Magnetic Resonance Imaging in
(Future) Cancer Staging: Note the Nodes. Invest Radiol (2021) 56(1):42–9. doi:
10.1097/RLI.0000000000000741

Frontiers in Oncology | www.frontiersin.org

9

February 2021 | Volume 10 | Article 637513

Driessen et al.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Management of the cN0 Neck

Procedures of the Upper Aerodigestive Tract. J Voice (2019) 33(5):732–46.
doi: 10.1016/j.jvoice.2018.02.006
Wellenstein DJ, Schutte HW, Takes RP, Honings J, Marres HAM, Burns
JA, et al. Ofﬁce-Based Procedures for the Diagnosis and Treatment of
Laryngeal Pathology. J Voice (2018) 32(4):502–13. doi: 10.1016/
j.jvoice.2017.07.018
Wellenstein DJ, de Witt JK, Schutte HW, Honings J, van den Hoogen FJA,
Marres HAM, et al. Safety of ﬂexible endoscopic biopsy of the pharynx and
larynx under topical anesthesia. Eur Arch Otorhinolaryngol (2017) 274
(9):3471–6. doi: 10.1007/s00405-017-4647-z
Tomifuji M, Shiotani A, Fujii H, Araki K, Saito K, Inagaki K, et al. Sentinel
node concept in clinically n0 laryngeal and hypopharyngeal cancer. Ann Surg
Oncol (2008) 15(9):2568–75. doi: 10.1245/s10434-008-0008-x
Hu G, Zhong S, Xiao Q, Li Z, Hong S. Radiolocalization of sentinel lymph
nodes in clinically N0 laryngeal and hypopharyngeal cancers. Ann Otol Rhinol
Laryngol (2011) 120(5):345–50. doi: 10.1177/000348941112000511
Pouw JJ, Ahmed M, Anninga B, Schuurman K, Pinder SE, Van Hemelrijck M,
et al. Comparison of three magnetic nanoparticle tracers for sentinel lymph
node biopsy in an in vivo porcine model. Int J Nanomed (2015) 10:1235–43.
doi: 10.2147/IJN.S76962
Shiozawa M, Lefor AT, Hozumi Y, Kurihara K, Sata N, Yasuda Y, et al.
Sentinel lymph node biopsy in patients with breast cancer using
superparamagnetic iron oxide and a magnetometer. Breast Cancer (2013)
20(3):223–9. doi: 10.1007/s12282-011-0327-9
Winter A, Kowald T, Paulo TS, Goos P, Engels S, Gerullis H, et al. Magnetic
resonance sentinel lymph node imaging and magnetometer-guided
intraoperative detection in prostate cancer using superparamagnetic iron
oxide nanoparticles. Int J Nanomed (2018) 13:6689–98. doi: 10.2147/
IJN.S173182
Teshome M, Wei C, Hunt KK, Thompson A, Rodriguez K, Mittendorf EA.
Use of a Magnetic Tracer for Sentinel Lymph Node Detection in Early-Stage
Breast Cancer Patients: A Meta-analysis. Ann Surg Oncol (2016) 23(5):1508–
14. doi: 10.1245/s10434-016-5135-1
Jedryka MA, Klimczak P, Kryszpin M, Matkowski R. Superparamagnetic iron
oxide: a novel tracer for sentinel lymph node detection in vulvar cancer. Int J
Gynecol Cancer (2020) 30(9):1280–4. doi: 10.1136/ijgc-2020-001458
Hernando J, Aguirre P, Aguilar-Salvatierra A, Leizaola-Cardesa IO, Bidaguren A,
Gomez-Moreno G. Magnetic detection of sentinel nodes in oral squamous cell
carcinoma by means of superparamagnetic iron oxide contrast. J Surg Oncol
(2019) 21:244–8. doi: 10.1002/jso.25810
Mizokami D, Kosuda S, Tomifuji M, Araki K, Yamashita T, Shinmoto H, et al.
Superparamagnetic iron oxide-enhanced interstitial magnetic resonance
lymphography to detect a sentinel lymph node in tongue cancer patients.
Acta Otolaryngol (2013) 133(4):418–23. doi: 10.3109/00016489.2012.744143
Motomura K, Ishitobi M, Komoike Y, Koyama H, Noguchi A, Sumino H, et al.
SPIO-enhanced magnetic resonance imaging for the detection of metastases
in sentinel nodes localized by computed tomography lymphography in
patients with breast cancer. Ann Surg Oncol (2011) 18(12):3422–9. doi:
10.1245/s10434-011-1710-7
Ferlito A, Rinaldo A, Devaney KO, Nakashiro K, Hamakawa H. Detection of
lymph node micrometastases in patients with squamous carcinoma of the
head and neck. Eur Arch Otorhinolaryngol (2008) 265(10):1147–53. doi:
10.1007/s00405-008-0715-8
Motomura K, Izumi T, Tateishi S, Sumino H, Noguchi A, Horinouchi T, et al.
Correlation between the area of high-signal intensity on SPIO-enhanced MR
imaging and the pathologic size of sentinel node metastases in breast cancer

Frontiers in Oncology | www.frontiersin.org

86.

87.

88.

89.

90.

91.

92.

93.

94.

patients with positive sentinel nodes. BMC Med Imaging (2013) 13:32. doi:
10.1186/1471-2342-13-32
Bae S, Lee HJ, Nam W, Koh YW, Choi EC, Kim J. MR lymphography for
sentinel lymph node detection in patients with oral cavity cancer: Preliminary
clinical study. Head Neck (2018) 40(7):1483–8. doi: 10.1002/hed.25167
Honda K, Ishiyama K, Suzuki S, Oumi E, Sato T, Kawasaki Y, et al. Sentinel
lymph node biopsy using computed tomographic lymphography in patients
with early tongue cancer. Acta Otolaryngol (2015) 135(5):507–12. doi:
10.3109/00016489.2015.1010126
Honda K, Ishiyama K, Suzuki S, Kawasaki Y, Saito H, Horii A. Sentinel Lymph
Node Biopsy Using Preoperative Computed Tomographic Lymphography
and Intraoperative Indocyanine Green Fluorescence Imaging in Patients With
Localized Tongue Cancer. JAMA Otolaryngol Head Neck Surg (2019) 145
(8):735–40. doi: 10.1001/jamaoto.2019.1243
Wallace AM, Hoh CK, Vera DR, Darrah DD, Schulteis G. Lymphoseek: a
molecular radiopharmaceutical for sentinel node detection. Ann Surg Oncol
(2003) 10(5):531–8. doi: 10.1245/ASO.2003.07.012
den Toom IJ, Mahieu R, van Rooij R, van Es RJJ, Hobbelink MGG, Krijger GC,
et al. Sentinel lymph node detection in oral cancer: a within-patient
comparison between [(99m)Tc]Tc-tilmanocept and [(99m)Tc]Tcnanocolloid. Eur J Nucl Med Mol Imaging (2020). doi: 10.1007/s00259-02004984-8
Agrawal A, Civantos FJ, Brumund KT, Chepeha DB, Hall NC, Carroll WR, et al.
[(99m)Tc]Tilmanocept Accurately Detects Sentinel Lymph Nodes and Predicts
Node Pathology Status in Patients with Oral Squamous Cell Carcinoma of the
Head and Neck: Results of a Phase III Multi-institutional Trial. Ann Surg Oncol
(2015) 22(11):3708–15. doi: 10.1245/s10434-015-4382-x
Estudiante-Mariquez OJ, Rodriguez-Galvan A, Ramirez-Hernandez D,
Contreras-Torres FF, Medina LA. Technetium-Radiolabeled MannoseFunctionalized Gold Nanoparticles as Nanoprobes for Sentinel Lymph
Node Detection. Molecules (2020) 25(8):1982. doi: 10.3390/molecules
25081982
Fortuin AS, Smeenk RJ, Meijer HJ, Witjes AJ, Barentsz JO. Lymphotropic
nanoparticle-enhanced MRI in prostate cancer: value and therapeutic
potential. Curr Urol Rep (2014) 15(3):389. doi: 10.1007/s11934-013-0389-7
Fortuin AS, Meijer H, Thompson LC, Witjes JA, Barentsz JO. Ferumoxtran-10
ultrasmall superparamagnetic iron oxide-enhanced diffusion-weighted
imaging magnetic resonance imaging for detection of metastases in normalsized lymph nodes in patients with bladder and prostate cancer: do we enter
the era after extended pelvic lymph node dissection? Eur Urol (2013) 64
(6):961–3. doi: 10.1016/j.eururo.2013.08.017

Conﬂict of Interest: PZ declares to be a Scientiﬁc Advisor and owner of options of
SPL Medical B.V., the manufacturer of USPIO.
The remaining authors declare that the research was conducted in the absence of
any commercial or ﬁnancial relationships that could be construed as a potential
conﬂict of interest.
Copyright © 2021 Driessen, Dijkema, Weijs, Takes, Pegge, Zámecnik, van Engen-van
Grunsven, Scheenen and Kaanders. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

10

February 2021 | Volume 10 | Article 637513

