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Abstract: The presence or absence of lymph node metastases is a very important
prognostic factor in patients with solid tumors. Current invasive and noninvasive
diagnostic methods for N-staging like lymph node dissection, morphologic com-
puted tomography/magnetic resonance imaging (MRI), or positron emission
tomography–computed tomography have significant limitations because of tech-
nical, biological, or anatomical reasons. Therefore, there is a great clinical need
for more precise, reliable, and noninvasive N-staging in patients with solid tumors.
Using ultrasmall superparamagnetic particles of ironoxide (USPIO)-enhancedMRI
offers noninvasive diagnostic possibilities for N-staging of different types of cancer,
including the 4 examples given in this work (head and neck cancer, esophageal can-
cer, rectal cancer, and prostate cancer). The excellent soft tissue contrast ofMRI and
an USPIO-based differentiation of metastatic versus nonmetastatic lymph nodes
can enablemore precise therapy and, therefore, fewer side effects, essentially in can-
cer patients in oligometastatic disease stage. By discussing 3 important questions in
this article, we explain why lymph node staging is so important, why the timing for
more accurate N-staging is right, and how it can be done with MRI. We illustrate
this with the newest developments in magnetic resonance methodology enabling
the use of USPIO-enhancedMRI at ultrahighmagnetic field strength and inmov-
ing parts of the body like upper abdomen or mediastinum. For prostate cancer, a
comparison with radionuclide tracers connected to prostate specific membrane
antigen is made. Under consideration also is the use of MRI for improvement
of ex vivo cancer diagnostics. Further scientific and clinical development is
needed to assess the accuracy of USPIO-enhanced MRI of detecting small met-
astatic deposits for different cancer types in different anatomical locations and to
broaden the indications for the use of (USPIO-enhanced)MRI in lymph node im-
aging in clinical practice.
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WHY ARE LYMPH NODES IMPORTANT FOR
ONCOLOGIC STAGING?

In oncology, the TNM classification system is used as a standard for
staging of malignant tumors, in which the T describes the size of the pri-
mary tumor and its relation to the surrounding tissue, the N indicates the
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involvement of regional lymph nodes, and the M describes distant me-
tastases. Many primary solid malignancies metastasize to the lymph
nodes first, which marks a crucial step in tumor progression. From this
step on, local tumor treatment of only the primary tumor is no longer
sufficient to cure the patient. Nodal involvement often marks the differ-
ence between treatment with curative intent and palliative therapies.

Therefore, an accurate oncologic staging (N-staging) of lymph
nodes is of utmost importance for therapy planning. Based on the local-
ization of the tumor and its possibilities of lymphatic spread, there are
several possibilities for N-staging. Historically, the oldest method is
surgical removal of the lymph node: a lymph node dissection with sub-
sequent histopathological evaluation. However, current clinical experi-
ence shows significant problems and diagnostic insufficiencies of this
method, for which we will give a couple of examples.

In head and neck cancer patients, the prevalence of occult nodal
metastases in clinically negative (cN0) head and neck cancer patients
exceeds 20%.1 This is why the cervical lymphatic nodes are resected
rather extensively to eradicate subclinical tumor deposits. As a conse-
quence, many truly node negative patients undergo unnecessary surgery
or adjuvant radiotherapy of the neck and suffer from the associated
early- and long-term morbidity.2–5

In esophageal cancer, the standard of care in curative treatment is
neoadjuvant chemoradiotherapy (nCRT) and subsequent surgical resec-
tion of the primary tumor with locoregional lymph nodes.6 The accu-
racy to detect locoregional lymph node metastases after nCRT is only
low to moderate with positron emission tomography (PET)–computed
tomography (CT) or endoscopic ultrasound.7 With on average only
31% to 38% of patients who have lymph node metastases after nCRT,6

the international guidelines still recommend lymph node dissection in
all patients,8,9 resulting in overtreatment of this patient population.

In rectal cancer, diagnostic lymph node staging is still a major
challenge,10–12 and the presence of lymph node metastases is a key fac-
tor determining treatment regimens and prognosis.13 Lymph nodes at
risk of metastasis in rectal cancer are located in the mesorectum and of-
ten smaller than 5mm14,15 but are difficult to reliably assess on the basis
of size and shape, especially after neoadjuvant chemoradiation.16,17

Therefore, the standard treatment is a total mesorectal resection, in
which the rectal tumor and (large part of ) the mesorectum including
lymph nodes are completely removed.

Nodal status in prostate cancer is also of high significance for
disease prognosis and choice of treatment. The current gold standard
for assessing this still is an invasive (extended-) pelvic lymph node dis-
section,18 associated with a considerable complication rate.19 With the
procedure, lymph nodes are harvested in a predefined dissection field,
but nodes outside this field are missed (eg, in pararectal and internal il-
iac area).20–22 In addition, small nodes (<3–4 mm) within the dissection
area can also be missed during the surgery, so altogether the procedure
can lead not only to an underestimation but also to a false-negative di-
agnosis of lymph node involvement.20 For lymph node–negative pa-
tients, the removal of—retrospectively healthy—nodes is of no
benefit to the patient and puts him at risk for complications of the diag-
nostic procedure. The benefit for cancer outcome of removing metasta-
tic lymph nodes in prostate cancer is under intense debate. In a recent
study23 describing the long-term outcomes of prostate cancer patients
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after a salvage lymph node dissection, the authors came to conclusion
that, in contrast with previous evidence, most patients recurred after sal-
vage lymph node dissection and eventually died of prostate cancer. These
results underline once more an urgent need for new effective diagnostic
and subsequent therapeutic methods for lymph node metastases.

Noninvasive alternatives for nodal dissections as a tool for
N-staging are magnetic resonance imaging (MRI) or CT, which usually
depend on the evaluation of nodal size and shape as criteria for metasta-
tic involvement. With (partial) metastases present also in small nodes,
and benign nodes that enlarge due to, for example, inflammation, the
performance to differentiate between benign andmalignant nodes using
morphologic criteria is poor (see, eg, Refs.16,24). Whereas diffusion
weighted imaging plays a dominant role in the multiparametric MRI as-
sessment of localized prostate cancer,25,26 in metastatic lymph node de-
tection and differentiation, its role is controversial. The use of diffusion
weighted imaging in lymph node evaluation is partially reported as
highly effective, but a recent meta-analysis shows low sensitivity down
to 41%,27 particularly in prostate cancer patients. Therefore, the need
for more specific and sensitive reliable imaging methods for N-staging
using MRI is obvious. At the moment, the most effective solution to this
problem is MRI enhanced with the aid of ultrasmall superparamagnetic
particles of ironoxide (USPIO). Over the last years, many different
USPIOs were tested for different applications.28 However, to our
knowledge, only 2 substances were evaluated on patients in phase II
and III studies with larger patient numbers and were considered for
oncologic lymph node imaging: ferumoxtran-10 and ferumoxytol.
FIGURE 1. USPIO-enhanced MRI at 3 T and 68Ga-PSMA PET-CT of a patient w
metastatic lymph node was visible on both modalities: blue circle in coronal (
node, one ofmultiple smallermetastatic nodes (2–3mm) is indicatedwith a red
not visible on PSMA PET-CT. Part of image and legend adapted from Fortuin e
weighted MRI with echo time 12 milliseconds (2 combined echoes), resolutio
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Ferumoxytol (Feraheme; AMAG Pharmaceuticals, Waltham, MA)
was tested in several studies to evaluate its lymphotropic properties
in oncologic imaging. A recent phase II study describing experience
with 39 patients with prostate, bladder and kidney cancer showed
sensitivity and specificity of 98.0%, and 64.4%, respectively, using
a dosage of 7.5 mg Fe/kg body weight. However, the authors concluded
that although ferumoxytol-enhancedmagnetic resonance (MR) lymphog-
raphy can be useful in settings without an available targeted PET agent,
issues of iron overload and repeatability of ferumoxytol-enhanced MR
lymphography remain concerns for this method.29 Moreover, in 2015
the Food and Drug Administration issued a black box warning regarding
ferumoxytol30 significantly restricting the indications and off-label use
of ferumoxytol because of potentially life-threatening allergic reactions.
This led partially to termination of already running promising studies.31

Ferumoxtran-10 (Ferrotran; SPL Medical BV, Nijmegen, the
Netherlands) showed in several patient studies high lymphotropic be-
havior at a low dosage of 2.6 mg Fe/kg body weight33,34 and has been
reintroduced in clinical research and clinical care.32 It is available for
clinical studies and on terms of Named Patient Use Programs in the
Netherlands and in Switzerland, and a large phase III international
(the Netherlands, Switzerland, and Germany) multicenter pivotal trial
has recently started. Ferumoxtran-10 nanoparticles, administered intra-
venously 24 to 36 hours beforeMRI, accumulate inmacrophages and in
healthy lymphatic tissue. The presence of paramagnetic iron oxide par-
ticles locally disturbs the magnetic field homogeneity, causing MR sig-
nal loss on T2*-weighted imaging. On the contrary, suspicious lymph
ith recurrent prostate cancer (PSA level, 3.9 ng/mL). A large (7 mm)
A) and axial image (B) and in fused PSMA PET-CT (C). Posterior to this
circle in a coronal (D) and axial (E) view of the 3DMRI data set, whichwas
t al.32 Magnetic resonance imaging parameters: 3-dimensional T2*-
n 0.85 � 0.85 � 0.85 mm, acquisition time 10 hours 10 minutes.
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nodes without accumulation of nanoparticles, retain a high MR signal
(example in Fig. 1, from Fortuin et al32). Wu et al35 analyzed earlier
studies with ferumoxtran-10 and reported sensitivities up to 90% and
specificities up to 96% for nodal involvement in several types of cancer.

Besides MRI, for staging of prostate cancer patients, radionu-
clide tracers (eg 68Gallium or 18Fluorine) attached to prostate-specific
membrane antigen (PSMA) have been introduced in clinical studies
in the last years. These are examples of targeted imaging bio-
markers for the identification of prostate cancer metastases. Their
relative ease of clinical adoption illustrates again the great need
for a noninvasive assessment of nodal (and bone) metastatic involve-
ment. Prostate-specific membrane antigen is a cell-surface glycopro-
tein, which is overexpressed on most PCa cells.36,37 The published
data regarding the sensitivity and specificity are, however, inconsis-
tent. In a large meta-analysis,38 pooled sensitivity for lymph node in-
volvement of 75% and pooled specificity of 99% were reported for
primary staging; a recent prospective trial by Hofman et al39 demon-
strated a (patient-based) sensitivity and specificity of 0.85 and 0.98,
respectively, for the detection of both metastatic lymph nodes as well
as distant metastases with 68Ga-PSMA PET-CT. These authors specif-
ically identified difficulties (sampling errors, missed nodes) in using
histopathology of resected nodes as ground truth, so they reported
their numbers on patient level rather than on nodal level and incorpo-
rated 6-month follow-up with repeated imaging for validation. Con-
trary to these high values, other recent data show low sensitivities of
PSMA PET-CT in the detection of lymph node metastases of 42%,40

41% (SALT trial),41 and 31%42 at high specificities of 91%, 94%, and
97% respectively. In these studies, the median size of missed metastases
FIGURE 2. USPIO-enhanced MRI of a 71-year-old patient (94 kg) with metast
administration. Magnetic resonance imaging was performed with an 8-chann
acquisition of mode technique homogenizing image contrast. A coronal (A) a
USPIO-enhanced images are iron-sensitive (C and D decreased FOV from blue
white spherical structure: a 1-mm short axis metastasized lymph node in the r
3D T2*-weighted MRI with echo time 8 milliseconds, resolution 0.66 � 0.66
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was 3 mm or less, significantly smaller than the median size of detected
metastases (exemplified in Fig. 1, from Fortuin et al32).

WHY ARE NODES NOW MORE IMPORTANT THAN
EVER BEFORE?

As described above, many different types of solid cancers have
a high propensity to metastasize first to locoregional and distant
lymph nodes. The possibilities to selectively treat individual metasta-
tic deposits with image-guided surgery, focal ablations and radiother-
apy are continuously improving. In this context, the newest developments
in the field of radiotherapy are of special interest: MR-guided radiother-
apy. Guidance of early (nodal) metastatic disease with USPIO–enhanced
MRI can be used for MR-guided radiotherapy with an MR linear accel-
erator. Under direct MRI guidance in a combined system, boundaries
of the therapeutic target volume defined in a pretreatment MRI examina-
tion can be made strict and more accurate using the excellent soft tissue
contrast of MRI. In addition, the hypofractionation of radiotherapy
can treat small volumes with high doses in fewer visits.43 The com-
bination of these technical possibilities will lead to a more precise
and individualized treatment with less side effects and (taking into
consideration a growing number of hardware installations worldwide)
better availability of this kind of treatment for more patients with (first
of all oligometastatic) lymphatic spread. It could postpone or even pre-
vent systemic treatment, which can improve disease management in dif-
ferent types of cancer.

Next to this, increased certainty of the absence of lymph node
metastases is of equal importance. Current clinical practice often
asized prostate cancer, measured at 7 T, 28 hours after particle
el transmit/receive coil at 1 echo time with the time interleaved
nd axial (B) overview shows the patients anatomy, whereas the
boxes in A and B). Zooming in on the iron-sensitive MRI reveals a tiny
ed circle (E and F enlargement of yellow boxes in C and D). Parameters:
� 0.66 mm, acquisition time 10 minutes.
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employs considerable overtreatment for precautionary reasons. Knowl-
edge of absence of nodal invasion in the individual patient would fit in
trends toward safely minimizing treatment, reducing overtreatment, and
decreasing treatment-related comorbidities. Either way, highly sensitive
detection of small lymph node metastases is urgently needed. If realized,
it can be possible to catch the disease at an early stage of metastatic in-
volvement, so-called oligometastatic disease (eg, in prostate cancer44–46).
If lymphatic spread has only just begun, an early and accurate, targeted,
image-guided focal treatment of the first metastases could delay the
course of the disease, or perhaps even still cure the patient.
HOW CAN WE VISUALIZE NODES IN VIVO WITH MRI?
With superb soft-tissue contrast, MRI is able to visualize lymph

nodes within lipid tissue by anatomical/morphological means. Either lipid
suppression orwater excitation can be used to increase contrast between the
lymph nodes and surrounding lipid tissue. However, as mentioned above,
the morphological criteria cannot safely differentiate between metastatic
and nonmetastatic lymph nodes. Only by using a functional MRI contrast
like ferumoxtran-10, one can discriminate between normal lymphatic tissue
that has taken upUSPIO nanoparticles andmetastatic lymph nodes or met-
astatic deposits within the lymph nodes (partial metastases) that have not
taken up the particles and retain high MRI signal on T2*-weighted MRI
pulse sequences. Whereas in the early 2000s, USPIO-enhanced MRI was
acquired in 2-dimensionalmultislice serieswith inherent pencil-like dimen-
sions of voxels (eg, 0.56 � 0.56 � 3.00 mm at 1.5 T and
0.50 � 0.50 � 2.50 mm at 3.0 T),47 imaging technology has improved
and 3-dimensional (3D) T2*-weighted acquisitions can now be acquired
routinely at 3 T at sub-millimeter isotropic resolution (eg, 0.85 mm isotro-
pic), visualizing lymph nodes of sizes down to 2 mm. When using ultra-
high field strength and different adaptations to mitigate the challenges for
large field-of-view body imaging at 7 T,48,49 even suspicious lymph nodes
with a short-axis size of 1 mm can be visualized (Fig. 2).
FIGURE 3. The effect of USPIOs at 7 T in the lymph nodes of a 54-year old pat
echo times (TEs) (A–C), lipid selective imaging (D), and the original multigradie
map of fitted R2* relaxation rates is depicted (F). Three lymph nodes accumula
(white circles) and 1 suspicious lymph nodewithout USPIOs retainedMR signa
(G). The lymph nodemarked with (#) showed a slow signal decay, with a low R
fast R2* decay, with a high R2* value of 247 ± 25 s−1. A small fatty hilus can b
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When acquiring multiple gradient echoes in the water-excited
scan, the signal decay of the lymph nodes can be quantified with its cor-
responding T2* relaxation time, and images can be computed at differ-
ent echo times using all gradient echo signals.50 If this is performed in
patients after infusion of nanoparticles, the differences in signal behav-
ior of lymph nodes with and without USPIO accumulation can be
exploited in reconstructions of multiple images at different echo times
(Fig. 3). At 7 T, separate scans with either water or lipid (with partial
water) excitation provide an anatomical overview of the body region
at hand as well as the iron-sensitive signal intensity, reconstructed at a
chosen echo time, discriminating between nodes with and without
USPIO accumulation51 (supplementary materials, http://links.lww.com/
RLI/A584: movie from a patient with rectal cancer [rectum 7T 4 nodes]).

LYMPH NODES IN MOTION
The detection of suspicious lymph nodes from, for example,

esophageal or pancreatic cancer requires additional efforts. Artifacts
from respiratory and cardiac motion can easily obscure signal from
small structures in the upper abdomen and mediastinum.52 Tradition-
ally, MRI in the upper abdomen is performed with repeated breathhold
instructions for the patient in a limited number of slices in each
breathhold. In the ideal situation of absence of breathing in pro-
longed apnea, mediastinal and upper abdominal lymph nodes down
to 2 mm in size could be visualized with USPIO-enhanced MRI at
3 T,53 but this is prohibited to settings with an MR system in the op-
erating room. Three-dimensional MRIs of larger field of views are
limited in spatial resolution by the allowed measurement time of
breathhold scans (~18 seconds), so different pulse sequences and
k-space sampling schemes for motion mitigation in the thorax and
upper abdomen have been proposed for free-breathing motion-
compensated MRI.54–56 T2* weighting for USPIO-enhanced MRI
is achieved by gradient echo imaging. If this is combined with the
newer pulse sampling schemes, functional contrast in small lymph
ient with prostate cancer. A sagittal image is shown at different computed
nt echo water-selective imaging at TE 8.3 milliseconds (E). In addition, a
ted USPIO particles and rapidly lost MR signal intensity with increasing TE
l intensity with TE (white arrow). A sagittal overview image is also shown
2* value of 80 ± 6 s−1, whereas the lymph nodemarked with (*) showed a
e seen in the node marked with (*). Figure adapted from Philips et al.51
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FIGURE 4. Motion-compensatedUSPIO-enhancedMRI at 3Tof theupper abdomenof apatientwith esophageal cancer.During continuousbreathing radial
k-space sampling in a so-called stack-of-stars scheme allows detection of motion from a 1-dimensional projection of all signal in the head-feet direction (A).
A compressed sensing reconstruction of all data in the expiration phase (periods inwhich the red curve is between the 2 dotted lines in A) provides a 3D image
set in that phase, in which in 1 partition 3 healthy lymph nodes are visible as black dots (red arrows in B). Magnetic resonance imaging parameters:
3D T2*-weighted MRI with echo time 2.6 milliseconds (3 combined echoes), reconstructed resolution 1.15 � 1.15 � 1.25 mm, acquisition time 4 minutes.
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nodes in the upper abdomen can be attained (Fig. 4). In these radial
pulse sequence schemes, motion of the abdomen is deducted from the
continuously sampledMRI data itself, after which the breathing motion
cycle is divided into multiple phases. The radially sampled k-space data
from one phase within the cycle is combined into one 3D set of images
using compressed sensing techniques. Choosing, for example, the expi-
ration phase of breathing subsequently allows for reconstruction of a
stationary image set of this particular breathing phase with high spatial
resolution without blurring due to motion (Fig. 4).
NOTE THE NODES—THE CASE FOR
HIGH-RESOLUTION 3D IMAGING

When discussing the clinical use of MRI for N-staging, some
new concepts seem to appear, for example, MRI-guided histopathology.
FIGURE 5. Node-to-node correlation of in vivo detected lymph nodes with hist
(A–D). Axial (A) and sagittal (B) reconstructions of a 3DMR image dataset with w
An inset (blue box in A) of the mesorectum (dotted line in C) is shown with lipid
specimen (H) in a preclinical 7 TMR systemprovides high anatomical detail in 3 o
mesorectum. Vessels and nodes in relative position to the rectum serve as anato
these ex vivo images available during histopathological work-up, annotated lym
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Currently, when lymph node dissection specimens are evaluated by the
pathologist to identify suspicious lymph nodes, the validation of the
presence or absence of metastases can be challenging and laborious.
The use of tactile sense to identify lymph nodes within a specimen is
not always reliable, and fine slicing of the whole specimen can rapidly
lead to enormous amounts of to-be-evaluated material, delaying the
working process and causing rising costs. Using ex vivo MRI to scan
the specimen as an intermediate step before the histopathological
work-up can provide rapid and precise information about the amount,
location, and also (if using USPIO enhancement before surgery) poten-
tially the presence of metastases in the specimen. An ex vivo MRI of a
resected specimen in a separate preclinical MR system allows annota-
tion of individual lymph nodes in 3D scans with isotropic spatial reso-
lution in the order of 0.3 � 0.3 � 0.3 mm3.57 The annotated nodes, in
relative position to anatomical landmarks like blood vessels, allow
opathology. Before surgery, a patient with rectal cancer underwent 7 TMRI
ater excitation allowed identification of lymph nodes in themesorectum.
(C) or water (D) excitation. After surgery, an ex vivo MRI of water in the
rientations (E–G) of lymph nodes (red circles in F) and blood vessels in the
mical landmarks to register lymph nodes from in vivo to ex vivo MRI. With
ph nodes can be registered from in vivo MRI to histopathology (I).

© 2020 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 6. Hematoxylin and eosin staining (A) and immunohistochemistry (B) of 2 neighboring sections of a lymph node of an elective lymph node
dissection of a patient with squamous cell carcinoma of the tongue with a clinically negative neck. Immunohistochemistry reveals a nodal
micrometastasis (red arrows) with a long axis of 1.7 mm. This was 1 from 2 positive lymph nodes from a total of 24 resected nodes from 3 nodal stations.
Cancer deposits of this size will be very challenging to pick up with current in vivo imaging methods.
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cognitive registration to in vivo MR images. If these ex vivo 3D MRI
scans are available when cutting the specimen for histopathological
work-up, the annotation of the nodes can be copied to nodes harvested
from the specimen, completing a node-to-node correlation of in vivo
MRI with histopathology (Fig. 5). Although this workflow allows the
identification of many (small) lymph nodes or lymph node–like struc-
tures on ex vivo MRI in, for example, rectal cancer specimens, it re-
mains challenging to harvest all structures below 2 mm in size when
slicing the large specimens. After multiple cuts, the exact registration
between specimen and ex vivo MRI is lost, and then MRI-guided
histopathology does not increase lymph node yield over standard
pathological work-up anymore.57 Smaller specimens, or a full 3D
approach for histopathological reconstruction of larger specimens,
could bring the numbers of ex vivo MRI-detected and histopatho-
logically confirmed nodes closer together. The spatial resolution
of ex vivo MRI is high enough to identify all nodes in the specimen.
If individual nodes are harvested without the surrounding tissue, re-
alignment of orientation of the nodes from in vivo to histopathology
is a remaining challenge.

From a histopathological view, the presence of a macrometastasis
(tumor deposit of ≥2 mm) or even micrometastases (tumor deposits be-
tween 0.2 and 2 mm) on 1 section of a node already makes the lymph
node positive (Fig. 6). The in-plane resolution of standard hematoxylin
and eosin histopathological sections can be less than a micron, whereas
in the third dimension, the section represents 2 to 3 mm of the node
(or a complete node). With 3D MRI, signal from the full node can
be acquired with an isotropic resolution of less than 1 mm. These dif-
ferences in nodal sampling need to be taken into account when com-
paring MRI with histopathology. If the aim of in vivoMRI is to detect
macrometastases and perhaps also micrometastases, the highest at-
tainable isotropic resolution with functional contrast between healthy
and suspicious tissue is warranted. In young healthy volunteers, the
number of lymph nodes detected in vivo in the pelvic area with MRI
at 7 T showed a large variation, and 69% of a total of 564 lymph nodes
were 2 mm or smaller.58 This suggests that not only macrometastases
but also micrometastases in the order of 1 mm can be visualized in vivo
if proper functional imaging contrast to differentiate between healthy
and suspicious nodal tissue is applied.
FUTURE OUTLOOK
Observing the newest developments described in this work, we

expect an increasing role of MRI in nodal staging with further clinical
implementation and scientific evaluation of USPIO-enhanced MRI.
Further development and evaluation of new MRI pulse sequences are
© 2020 The Author(s). Published by Wolters Kluwer Health, Inc.
very important to enable scanning inmoving areas such as the upper ab-
domen and mediastinum. This would enable high-quality N-staging in
tumor entities like esophageal or pancreatic cancer. Also, the possible
quantification of MRI parameters in USPIO-enhanced MRI is of high
interest—this is the first step for the development of automated reading
algorithms using Artificial Intelligence for clinical reading. If realized,
this would be a giant leap in broad implementation of these techniques
into clinical practice. Finally, as mentioned above, the use ofMRI in the
clinical setting but not directly in-vivo (like in pathology) would make
the N-staging assessment faster and more precise, resulting in generally
better N-staging diagnostics. This also could have a tremendous impact
on the management of oncologic patients.

CONCLUSION
The clinical need for more precise, reliable, and noninva-

sive N-staging in patients with solid tumors is evident. Using
USPIO-enhanced MRI offers great diagnostic possibilities for
N-staging of different types of cancer, including the 4 examples
given in this work (head and neck cancer, esophageal cancer, rectal
cancer, and prostate cancer). The MR visualization of (even small)
lymph node metastases is the fundament for MR-guided therapy ap-
proaches, first of all MR-guided radiotherapy. The excellent soft tissue
contrast of MRI and an USPIO-based differentiation of metastatic ver-
sus nonmetastatic lymph nodes could potentially enable more precise
therapy and, therefore, fewer side effects, essentially in cancer patients
in oligometastatic stage. Further scientific and clinical development is
needed to assess the accuracy of USPIO-enhanced MRI of detecting
small metastatic deposits for different cancer types in different anatom-
ical locations and to broaden the indications for the use of (USPIO-
enhanced) MRI in lymph node imaging in clinical practice.
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