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Simple Summary: Extranodal extension (ENE) represents a critical pathologic high-risk factor for
disease progression in head and neck cancer. Precise pre-treatment imaging to detect the presence
or absence of ENE could facilitate the selection of appropriate initial therapy. Previous studies
utilizing CT or MRI for detecting ENE have shown high specificity but modest sensitivity. This
study demonstrates improved image quality of cervical lymph nodes using a free-breathing MRI
sequence (StarVIBE), which is highly resistant to respiratory motion. Based on node-to-node matched
pathology, a composite diagnostic criterion derived from StarVIBE was proposed to potentially
enhance the accurate detection of ENE.

Abstract: (1) Background: This study aims to evaluate the image quality of abnormal cervical lymph
nodes in head and neck cancer and the diagnostic performance of detecting extranodal extension
(ENE) using free-breathing StarVIBE. (2) Methods: In this retrospective analysis, 80 consecutive
head and neck cancer patients underwent StarVIBE before neck dissection at an academic center.
Image quality was compared with conventional VIBE available for 28 of these patients. A total of
73 suspicious metastatic lymph nodes from 40 patients were found based on morphology and en-
hancement pattern on StarVIBE. Sensitivity (SN), specificity (SP), and odds ratios were calculated for
each MR feature from StarVIBE to predict pathologic ENE. (3) Results: StarVIBE showed significantly
superior image quality, signal-to-noise ratio (SNR), and contrast-to-noise ratio (CNR) for enlarged
lymph nodes compared to VIBE. The MR findings of “invading adjacent planes” (SN, 0.54; SP, 1.00)
and “matted nodes” (SN, 0.72; SP, 0.89) emerged as notable observations. The highest diagnostic
performance was attained by combining these two features (SN, 0.93; SP, 0.89). (4) Conclusions: This
study confirms that StarVIBE offers superior image quality for abnormal lymph nodes compared
to VIBE, and it can accurately diagnose ENE by utilizing a composite MR criterion in head and
neck cancer.
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1. Introduction

Extranodal extension (ENE) is defined as the spread of tumor cells beyond the capsule
of a metastatic lymph node into the perinodal tissues and reflects the aggressiveness of
a tumor. In patients with head and neck cancer, ENE is significantly associated with
increased rates of locoregional recurrence, distant metastasis, and poorer overall survival,
making it a crucial poor prognostic factor [1–5]. The gold standard for the diagnosis of ENE
requires histopathological assessment of removed lymph nodes and is determined only
when patients undergo neck dissection. However, the use of imaging-based pre-treatment
identification of ENE has the potential to alter this scenario by enabling the planning of
optimal treatment options before initial intervention [6–8].

CT and MRI demonstrate comparable diagnostic performance in detecting ENE, as
indicated by recent meta-analyses that found no significant differences in pooled sensitivity
and specificity between the two modalities [9,10]. The advantage of MRI over CT is the
higher soft tissue contrast; however, due to its longer acquisition time, MRI is more sus-
ceptible to breathing, swallowing, and other sources of movement artifacts, and therefore,
MRI is limited in its ability to evaluate ENE [11]. Currently, a small number of studies have
reported the use of MRI in the diagnosis of ENE, with high specificity but merely modest
sensitivity [12–16].

Gradient echo (GRE) sequence with the volumetric interpolated breath-hold examina-
tion (VIBE) provides high-resolution 3D imaging but requires breath-hold for better image
quality [17], which might be difficult for head and neck cancer patients if the tumor blocks
the upper aerodigestive tract. More recently, an innovative 3D-T1-GRE Stack-of-Stars VIBE
(StarVIBE) sequence permitted robust free-breathing examinations. It employs the radial
center overlap filling method based on radial acquisition in the k-space of gradient echoes
to effectively reduce motion artifacts and provide excellent resolution [18,19]. Previous
studies have reported that the application of StarVIBE can successfully improve the eval-
uation of thoracic and abdominal lesions and is especially suitable for pediatric patients
and fetuses [19–23]. However, there are no existing studies examining the use of StarVIBE
in assessing neck lesions. Our hypothesis posits that StarVIBE could offer superior image
quality and thus help to evaluate ENE in head and neck cancer.

Therefore, this study aimed to compare the image quality of abnormal lymph nodes
between StarVIBE and conventional VIBE in head and neck cancer. We also performed
a node-based analysis to examine the diagnostic performance of several MR features
associated with ENE using the StarVIBE sequence compared with pathology.

2. Materials and Methods
2.1. Patient Selection

This study was approved by the institutional review board. Eighty consecutive
patients with locally advanced head and neck cancer were referred to the Department of
Radiology, Peking Union Medical College Hospital, for preoperative contrast-enhanced
neck soft tissue MRI, including StarVIBE, before selective neck dissection between May 2017
and March 2022. Clinical data were collected from institutional electronic medical records.
Twenty-eight individuals who underwent the examination prior to February 2019 also had
a VIBE sequence that was routinely used in clinical practice. The patients were categorized
for ENE evaluation as cN0 if their preoperative StarVIBE scans did not reveal any abnormal
lymph nodes or as cN+ if their preoperative StarVIBE indicated abnormal lymph nodes
(Figure 1). The criteria for identifying abnormal lymph nodes on StarVIBE and VIBE
were as follows: (1) Morphology: lymph nodes without a hilum and larger than 5 mm.
(2) Enhancement: abnormally inhomogeneous enhancement.
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Figure 1. Derivation of study population and analyses schema.

2.2. MRI Acquisition

The examinations were performed on a clinical 3-Tesla scanner (MAGNETOM Skyra,
Siemens Healthcare, Erlangen, Germany) equipped with a 20-channel head–neck coil. After
administration of gadoteridol contrast agent at a weight-adjusted dose of 0.1 mmol/kg at a
flow rate of 2 mL/s, dynamic contrast-enhanced MRI (DCE-MRI) was initially acquired,
followed by StarVIBE and then conventional VIBE in a fixed sequential order. StarVIBE
was acquired using the following parameters: orientation: 3D; repetition time (TR): 4.5 ms;
echo time (TE): 1.6 ms; slice thickness: 1 mm; matrix size: 224 × 224; field of view (FOV):
224 × 224 mm2; bandwidth: 770.0 Hz/pixel; acquisition time (TA): 228 s. VIBE was ac-
quired using the following parameters: orientation: transverse; TR: 6.7 ms; TE: 2.5 ms; slice
thickness: 1 mm; matrix size: 256 × 256; FOV: 260 × 260 mm2; bandwidth: 650.0 Hz/pixel;
TA: 137 s. Controlled aliasing in parallel imaging results in higher acceleration (CAIPIR-
INHA) applied to VIBE, with an acceleration factor of 2. Four image sets of VIBE were
obtained via the two-point Dixon method: an in-phase image, an opposed-phase image,
a fat-only image, and a water-only image, with the water-reconstruction image being
compared to the StarVIBE sequence with fast fat saturation.

2.3. Radiological Assessment

Two head and neck radiologists (Y.C., 15 years experience; T.S., 6 years experience)
analyzed MR images independently, blinded to the pathological findings. For the statistical
analysis, consensus conclusions were used. Qualitative evaluation was assessed by the
image quality of lymph nodes graded on a 5-point scale (1 = worse: contour not identifiable;
2 = poor: nodes identifiable but heavily mixed with the background; 3 = acceptable:
contour moderately mixed with the background; 4 = good: well-defined contour and
good contrast with the background; and 5 = excellent: perfectly defined contour and high
contrast with surrounding structures) and by motion and aliasing artifacts graded on a
5-point scale (1, unreadable; 2, extreme artifacts; 3, moderate artifacts; 4, mild artifacts;
5, none). Quantitative assessment was performed using the signal-to-noise ratio (SNR) and
the contrast-to-noise ratio (CNR). Regions of interest (ROI) of target tissue were manually
drawn on StarVIBE or VIBE images in the same axial plane. The necrotic area was avoided
in the lymph node ROI. The following formulas define the SNR and the CNR:

SNR =
SInodes
SDnodes



Cancers 2023, 15, 4992 4 of 12

CNR =
|SInodes − SImuscles|√
SDnodes

2 + SDmuscles
2

Four MR features of ENE are defined as follows: (1) Irregular nodal margin: lymph
node with indistinct or irregular margins. (2) Infiltrating adjacent planes: abnormal en-
hancement in planes adjacent to the lymph node. (3) Matted nodes: a conglomerate of 2 or
more abnormal lymph nodes with an absence of internodal fat planes. (4) Nodal necrosis:
lymph node with the non-enhancing area. The long axial diameter, defined as the longest
diameter of the lymph node in any plane, and the short axial diameter, defined as the
maximum diameter of the lymph node perpendicular to its long axis, were recorded. If the
nodes were matted into a larger lesion, the diameter of the whole lesion was measured.

2.4. Matching to Pathologic Examination

The surgeon in the operating room labeled all neck dissection specimens according
to the neck levels. The pathologist manually identified and localized the lymph nodes
within each neck level in the specimen. Each lymph node was examined microscopically to
determine the presence or absence of tumor cells, and the maximum diameter of metastatic
lymph nodes was recorded. Subsequently, the presence or absence of ENE was examined
in each metastatic lymph node. Pathologic ENE is defined as tumor cell growth beyond the
capsule of a metastatic lymph node. Additionally, deposits of carcinoma in soft tissues that
replace the lymph node entirely are also included in ENE. However, it is not considered
ENE when tumor cells grow into the surrounding capsule but not through or beyond it.
The matching of metastatic lymph nodes on MRI and surgical specimen pathology was
determined based on the neck levels and the largest diameter of the lymph nodes.

2.5. Statistical Analysis

Statistical analyses were performed by using Statistical Package for the Social Sciences
(SPSS, version 26.0, IBM Corp., Armonk, NY, USA) and MedCalc Statistical Software (ver-
sion 22.009, MedCalc Software Ltd., Ostend, Belgium). Two-sided p < 0.05 was considered
significant. Data are medians with interquartile ranges in parenthesis or means ± standard
deviations. The paired-sample t-test or the Mann–Whitney U test was used to compare
normally or non-normally distributed data. The sensitivity, specificity, and accuracy of MR
features of ENE were calculated using pathological results as the gold standard. The 95%
confidence intervals for sensitivity, specificity, and accuracy were “exact” Clopper–Pearson
confidence intervals. Inter-rater agreement was assessed by estimating the intraclass cor-
relation coefficients (ICCs) and interpreted as follows: poor inter-rater agreement < 0.40;
fair = 0.40–0.59; good = 0.60–0.74; and excellent = 0.75–1.00. The Youden index method was
adopted to determine the optimal cut-off value for continuous variables. Binary logistic re-
gression was used to examine the association between variables and ENE. The combination
of two or more features refers to at least one feature.

3. Results
3.1. Patient Characteristics

The characteristics and demographics of the cohort are summarized in Table 1. Of the
80 patients who underwent StarVIBE before neck dissection, 73 radiologically abnormal
lymph nodes were found in 40 patients (cN+). The remaining 40 cN0 patients underwent
prophylactic neck dissection due to clinical high-risk factors. Of the 40 cN+ patients,
32 underwent primary surgery for neck dissection and primary tumor excision, five un-
derwent salvage surgery for nodal recurrence, and three underwent salvage surgery for
resistance to induction chemoimmunotherapy. Of the 40 patients whose StarVIBE was
negative for any metastatic lymph nodes, three were later found to have occult lymph node
metastasis on pathologic examination, and two of these three patients had occult ENE.
Imaging to surgery interval was less than four weeks.
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Table 1. Baseline characteristics and demographics of the patient cohort.

Patient Characteristics n = 80

Age, yrs (Mean ± SD) 61.1 ± 11.8
Gender

Male 67 (84%)
Female 13 (16%)

Primary tumor site
Oral cavity 24 (30%)

Oropharynx 1 (1%)
Larynx 16 (20%)

Hypopharynx 25 (31%)
Salivary gland 4 (5%)

pT
T1 5 (6%)
T2 28 (35%)
T3 21 (26%)
T4 26 (33%)

3.2. Comparison between StarVIBE and VIBE

In the study, out of 28 patients with available VIBE for comparison, twenty-four
abnormal lymph nodes were identified from 15 patients for image quality analysis. Seven
patients (47%) had been diagnosed with oral cavity cancer, one patient (7%) had laryngeal
cancer, six patients (40%) had hypopharyngeal cancer, and one patient (7%) had salivary
gland cancer. Six nodes (25%) were located in Level I, seven nodes (29%) were in Level
II, five nodes (21%) were in Level III, and six nodes (25%) were in Level IV. The average
number of abnormal lymph nodes per patient was 1.6 (range 1–3; SD 0.5). StarVIBE
delivered a significantly superior image quality compared to VIBE, considering the overall
image quality, motion artifacts, aliasing artifacts, SNR, and CNR (Table 2). No significant
difference in image quality was detected across lymph nodes at different neck levels. The
inter-rater agreement on image quality ranged from fair to excellent (ICC 0.51–0.92; Table 2).

Table 2. Comparison of image quality between StarVIBE and VIBE.

StarVIBE VIBE p-Value ICC (95%CI)

Overall image quality 5 (1) 3 (1) <0.001 * 0.90 (0.82–0.94)
Motion artifacts 5 (0) 4 (1) <0.001 * 0.90 (0.83–0.94)
Aliasing artifacts 5 (0) 4 (1) <0.001 * 0.92 (0.87–0.96)

SNR 23.7 ± 9.8 15.1 ± 5.6 0.001 * 0.51 (0.26–0.69)
CNR 5.7 ± 3.2 3.0 ± 2.3 <0.001 * 0.79 (0.65–0.88)

* Statistically significant difference.

3.3. Association of MR Features with Histologically Confirmed ENE

Among cN+ patients, there were no significant differences in age, gender, primary
tumor site, and T staging. However, ENE tended to occur in metastatic carcinoma from the
hypopharynx, supraglottic regions, and submandibular glands (Table 3). Sixteen nodes
(22%) were located in Level I, 20 nodes (27%) were found in Level II, 18 nodes (25%) were
located in Level III, 11 nodes (15%) were found in Level IV, 7 nodes in level V (9.6%), and
1 node in level VI (0.2%). Subcentimeter lymph nodes, defined as <1 cm in the short axis,
accounted for 43.8% (n = 32) of the total lymph nodes examined. The mean number of
positive nodes was 1.8 (range 1–7; SD 1.2) per patient. Histopathological examination
revealed that 95.9% (n = 70) of the 73 abnormal lymph nodes were metastatic, while the
remaining 4.1% (n = 3) showed signs of acute or chronic inflammation. Of the abnormal
nodes, 54 were positive for ENE, while 19 were negative.
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Table 3. Characteristics of cN+ patients with or without ENE.

ENE− (n = 8) ENE+ (n = 32) p-Value

Age, yrs (Mean ± SD) 57.3 ± 16.0 62.1 ± 10.5 0.44
Gender 0.53

Male 6 (75%) 27 (84%)
Female 2 (25%) 5 (16%)

Primary tumor site 0.09
Oral cavity 6 (75%) 9 (28%)

Larynx (Supraglottic) 0 (0%) 5 (16%)
Hypopharynx 2 (25%) 15 (47%)

Submandibular gland 0 (0%) 3 (9%)
pT 0.28
T1 0 4 (13%)
T2 2 (25%) 10 (31)
T3 1 (13%) 9 (28%)
T4 5 (63%) 9 (28%)

Following the matching of abnormal lymph nodes with metastases on StarVIBE to
the pathology results, the sensitivities, specificities, and accuracies of each feature were
presented in Table 4. The inter-rater agreement was excellent: invading adjacent planes
(ICC, 0.97 [0.96–0.98]), nodal necrosis (ICC, 0.88 [0.82–0.92]), matted nodes (ICC, 0.95
[0.92–0.97]), long-axis diameter (ICC, 0.99 [0.99–1.00]), except for irregular nodal margins
(ICC, 0.56 [0.38–0.70]). The long-axis diameter of ENE+ lymph nodes was significantly
greater compared to those without ENE (11.3 ± 2.6 mm vs. 21.1 ± 10.4 mm, p < 0.001), with
a cut-off value of 14.8 mm. Both nodal necrosis and long-axis diameter had the highest
sensitivity (SN 0.74), while the sensitivities of the other MR features ranged from 0.26
to 0.72. Infiltrating adjacent planes showed the highest specificity (SP 1.00), whereas the
specificities of the other features ranged from 0.73 to 0.89. Irregular nodal margins were
infrequent in StarVIBE images (SN = 0.26, SP = 0.74). In univariate analysis, nodal necrosis,
matted nodes (Figures 2 and 3), and long axial diameter were found to be significant
determinants for pathologic ENE; however, in multivariable analysis, matted nodes had
a continuing significant impact on ENE (Table 5). The highest accuracy was achieved by
combining the infiltration of adjacent planes and matted nodes as a composite criterion.
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image of the same section; (c) pathologic section through the matted node, showing ENE. (Hema-
toxylin-eosin stain; 4×). 

Figure 2. (a) StarVIBE image of a 46-year-old male patient with pT4aN3bM0 hypopharyngeal
cancer invading esophageal muscle, showing level IV matted nodes on the right side (arrows);
(b) VIBE image of the same section; (c) pathologic section through the matted node, showing ENE.
(Hematoxylin-eosin stain; 4×).
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Table 4. Sensitivity and specificity of MR feature for determination of pathologic ENE.

Pathologic ENE

No Yes Sensitivity Specificity Accuracy

Irregular nodal margins
No 14 40 0.26 (0.15–0.40) 0.74 (0.49–0.91) 0.38 (0.27–0.50)
Yes 5 14

Invading adjacent planes
No 19 25 0.54 (0.40–0.67) 1.00 (0.82–1.00) 0.66 (0.54–0.76)
Yes 0 29

Nodal necrosis
No 11 14 0.74 (0.60–0.85) 0.58 (0.34–0.80) 0.70 (0.58–0.80)
Yes 8 40

Matted nodes
No 17 15 0.72 (0.58–0.84) 0.89 (0.67–0.99) 0.77 (0.65–0.86)
Yes 2 39

Size > 14.8 mm
No 17 14 0.74 (0.60–0.85) 0.89 (0.67–0.99) 0.78 (0.67–0.87)
Yes 2 40

Invading adjacent planes + matted nodes
No 17 4 0.93 (0.82–0.98) 0.89 (0.67–0.99) 0.92 (0.83–0.97)
Yes 2 50
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Figure 3. (a) StarVIBE image of a 60-year-old male patient with pT3N3bM0 hypopharyngeal cancer.
The level III matted nodes on the right side showed a distinct margin with the sternocleidomastoid
muscle; however, there was a suspicious invasion of the adjacent muscle (arrows). (b) VIBE image
of the same section revealed level III matted nodes on the right side with a less distinct margin
between the lymph nodes and adjacent muscle (arrows) attributed to low CNR. (c,d) Pathologic
section through one of the matted nodes. The metastatic lymph node was in close proximity to
the striated muscle, showing only a local extension into the adjacent muscle (arrows), while the
remaining margin appeared to be absent of ENE (Hematoxylin-eosin stain, (c), 4×, (d), 50×).
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Table 5. MR features on StarVIBE for determination of ENE compared to histopathology.

Variables Univariate Multivariate

OR 95% CI p-Value OR 95% CI p-Value

Irregular nodal margins 0.98 0.30–3.22 0.98 0.31 0.02–5.00 0.41
Invading adjacent planes Inf. * N/A Inf. * N/A

Nodal necrosis 3.93 1.31–11.75 0.01 5.45 0.52–56.70 0.16
Matted nodes 22.10 4.55–107.46 <0.001 57.52 3.48–951.95 0.005

Long axial diameter 1.36 1.14–1.62 0.001 1.11 0.81–1.52 0.51

* Infinite value, the specificity reached 1.00, and the OR was infinite.

Based on the composite criterion, six lymph nodes (8.2%) yielded different diagnostic
results when comparing the combined criteria (invading adjacent planes + matted nodes)
on StarVIBE and histopathology. Out of the two false-positive nodes indicating matted
nodes, one was categorized as having growth into the surrounding capsule but not through
or beyond, which does not meet the criteria for pathologic ENE. Four false-negative nodes
did not exhibit invasion into adjacent planes nor the presence of matted nodes. Out of the
24 abnormal lymph nodes examined using both conventional VIBE and StarVIBE, 15 out of
16 ENE+ lymph nodes were accurately diagnosed by StarVIBE. Three lymph nodes yielded
conflicting diagnoses between VIBE and StarVIBE, with all three being false negatives of
invading adjacent planes on VIBE.

4. Discussion

This study presents the application of the free-breathing StarVIBE sequence for diag-
nosing ENE in head and neck cancer for the first time. The results of our study indicate that
StarVIBE has the potential to surpass conventional VIBE as a more effective method for
assessing ENE, which is supported by the improved SNR, CNR, subjective image quality,
and reduction of artifacts achieved with StarVIBE. Furthermore, the in-depth node-based
analysis revealed that matted nodes on StarVIBE emerged as a significant independent de-
terminant based on multivariate analysis. By effectively combining the features of invading
adjacent planes and matted nodes, StarVIBE demonstrated strong predictive capabilities
for detecting pathologic ENE with high sensitivity and specificity.

Currently, there has been no investigation on the use of free-breathing MRIs like
StarVIBE for ENE detection. King et al. [12] and Kimura et al. [13] acquired MR images us-
ing a conventional contrast-enhanced spin-echo sequence. Frood et al. [14] found, through
MR texture analysis of the T1-weighted spin-echo sequence, that combining nodal entropy
with irregular contour yielded the most accurate prediction of ENE, and Lodder et al. [15]
employed contrast-enhanced 3D THRIVE, a technique akin to VIBE but not free-breathing.
Overall, the diagnostic performance of previous MRI studies exhibits low sensitivity but
high specificity, resulting in a pooled sensitivity and specificity of 0.60 (0.49–0.70) and 0.96
(0.85–0.99), respectively [24].

StarVIBE potentially surpasses previous MRI studies in diagnosing ENE by providing
increased sensitivity without compromising specificity, owing to various possible advan-
tages. Firstly, the free-breathing StarVIBE delineated sharper lymph node boundaries
compared to VIBE, which was often compromised by artifacts; this implies that StarVIBE
more precisely illustrates the local tumor cell infiltration surrounding the planes of lymph
nodes. Secondly, the StarVIBE sequence offered a higher image quality of the fine structure
of lymph nodes, and some enlarged lymph nodes on CT could be identified as matted
nodes on StarVIBE. Meanwhile, we did not discover the “lobulated contour” sign [15,25]
of single lymph nodes on StarVIBE, which suggested that the lobulated contour of lymph
nodes might be formed by nodal matting. Lastly, both SNR and CNR were improved on
the StarVIBE sequence with excellent contrast-agent sensitivity, enhancing the distinction
between lymph nodes and adjacent muscle structures since CNR on the VIBE sequence
was close to zero, making VIBE more prone to overly estimate the presence of ENE.
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Our study highlights the high sensitivity and specificity of matted nodes. Previously,
the presence of matted nodes was not a conventional feature for ENE and was only incor-
porated in very few CT studies with low sensitivity (ranging from 0.13 to 0.50) but high
specificity (ranging from 0.86 to 0.97) [25–30]. The prevalence of matted nodes on CT was
relatively low, and the primary sites were mainly oropharyngeal cancer. On the contrary,
our study attached great importance to matted nodes, demonstrating that nodal matting
has the highest sensitivity among all features and was an independent predictor for ENE.
Matted nodes can additionally supplement the sign of invading adjacent planes to further
increase diagnostic performance.

Similarly, “matted nodes” are a prevalent radiologic feature in nasopharyngeal cancer,
serving as an independent prognostic factor to predict distant metastasis-free survival [31,32].
Lu et al. [33] categorized the extent of radiologic extranodal extension (rENE) into three
grades for nasopharyngeal cancer: Grade 1 represents infiltration into the surrounding fat,
Grade 2 refers to matted nodes, and Grade 3 involves invasion into adjacent structures. In
fact, Grade 2 ENE (matted nodes) is prevalent in 51% (487 out of 826 patients) of all rENE
patients in nasopharyngeal cancer [33]. Among our cohort, the radiological prevalence of
nodal matting is 57.5% (23 out of 40 patients). Furthermore, several studies have previously
evaluated the poor prognostic impact of matted nodes on CT or MRI in head and neck
patients, but with no available pathologic results to confirm the presence of ENE [34–39].
Additional studies are necessary to elucidate the relationship between the formation of
matted nodes and ENE. To date, no study has explored matted nodes as predictors of
pathologic ENE. We speculate that the higher image quality of StarVIBE for soft tissue
may enhance the detection of the internal structure of large lymph nodes and facilitate
the identification of additional matted nodes. Lastly, there is a general trend that a larger
metastatic node is associated with a higher likelihood of ENE [13,15,28]. In our study, the
optimal threshold for the long axial diameter was determined to be 14.8 mm (SN 0.74, SP
0.89), and the presence of matted nodes can also contribute to larger diameters as they are
considered one node for measurement purposes.

In previous CT studies, central necrosis exhibited the highest pooled sensitivity (SN
0.81) among other features while maintaining a pooled specificity of 0.65 [9]. The presence of
nodal necrosis sign on StarVIBE exhibited compromised sensitivity (SN 0.74) and specificity
(SP 0.58). This can be attributed to the fact that ENE occurs at the margin of nodes, while
nodal necrosis takes place inside the nodes, which means nodal necrosis is not a direct
indicator of ENE. Infiltration of adjacent planes exhibited low sensitivity and high specificity
in both previous CT and MRI studies. It is possible that imaging techniques may not readily
detect less extensive ENE that has been identified by microscopy. The radiologic signs of
ENE become prominent when the tumor has extensively penetrated the nodal capsule,
resulting in a high specificity but low sensitivity. Less extensive ENE at its early stage is
believed to manifest as irregular or distinct margins on radiologic images [14,15,40,41].
However, on StarVIBE sequences, this feature exhibits low sensitivity (SN 0.26) and low
inter-rater reliability (ICC 0.56).

Our study has several limitations. Firstly, this study utilized a retrospective design
and was conducted at a single academic institution, resulting in a limited number of
patients and nodes. The availability of images for a comparative analysis between VIBE
and StarVIBE was restricted to limited individuals. Consequently, no subgroup analysis
was conducted regarding the tumor origin site and HPV infection, and it is essential to
validate the results in alternative cohorts. A selection bias also exists as the patients in
the cohort were optimally selected for neck dissection. Secondly, a direct comparison
between the diagnostic performance of StarVIBE and CT is not possible due to the lack
of neck CT scans or instances where CT was conducted at different institutions. Thirdly,
the diagnosis of ENE relies solely on contrast-enhanced StarVIBE T1-weighted images,
and the inclusion of functional MRI sequences needs to be investigated to further enhance
diagnostic performance.
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5. Conclusions

Our findings demonstrate that StarVIBE outperformed VIBE regarding improved
overall image quality, motion, aliasing artifacts, SNR, and CNR of the abnormal lymph
nodes in head and neck cancer patients. Among the various radiologic features on StarVIBE,
matted nodes independently predicted ENE and served as valuable indicators for its
diagnosis. Utilizing a combination of two features, namely matted nodes and invasive
adjacent planes, StarVIBE had the potential to attain a high level of diagnostic accuracy for
ENE before surgical intervention.

Author Contributions: Conceptualization, Z.J. and Y.C.; methodology, Z.Z., Y.C., T.S., B.P., T.Z., X.C.
and X.Z.; software, J.Q.; validation, Z.Z., Y.C. and T.S.; formal analysis, J.Q. and T.S.; investigation,
Z.Z., Y.C., T.S. and B.P.; resources, B.P., T.Z., X.C. and X.Z.; data curation, J.Q.; writing—original draft
preparation, J.Q.; writing—review and editing, Y.C. and T.S.; visualization, J.Q.; supervision, Z.J. and
Y.C.; project administration, Z.J. and Y.C.; funding acquisition, Z.Z., Y.C. and J.Q. All authors have
read and agreed to the published version of the manuscript.

Funding: Z.Z. was funded by the 2021SKY Beijing Imaging Research Fund of China International
Medical Foundation, grant number Z-2014-07-2101. Y.C. was funded by the National Natural Science
Foundation of China, grant number 82001814. J.Q. was funded by the National College Students
Innovation Training Program, grant number 2022zglc06011.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of Peking Union Medical College
Hospital (I-22PJ484, 18 October 2022).

Informed Consent Statement: Patient consent was waived by the Institutional Review Board of
Peking Union Medical College Hospital due to the retrospective nature of the study.

Data Availability Statement: The datasets generated during the current study are available from the
corresponding authors upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gau, M.; Fonseca, A.; Ozsahin, M.; Fayette, J.; Poupart, M.; Roux, P.E.; Schütz, F.; Zrounba, P.; Grégoire, V. Prognostic impact

of extranodal extension in resected head and neck squamous cell carcinomas in the era of postoperative chemoradiation: A
retrospective monocentric study. Oral Oncol. 2021, 123, 105605. [CrossRef]

2. De Juan, J.; García, J.; López, M.; Orús, C.; Esteller, E.; Quer, M.; León, X. Inclusion of extracapsular spread in the pTNM
classification system: A proposal for patients with head and neck carcinoma. JAMA Otolaryngol. Head Neck Surg. 2013,
139, 483–488. [CrossRef]

3. Majercakova, K.; Valero, C.; López, M.; García, J.; Farré, N.; Quer, M.; León, X. Postoperative staging of the neck dissection
using extracapsular spread and lymph node ratio as prognostic factors in HPV-negative head and neck squamous cell carcinoma
patients. Oral Oncol. 2018, 77, 37–42. [CrossRef]

4. Gal, T.J.; O’Brien, K.J.; Chen, Q.; Huang, B. Clinical vs Microscopic Extranodal Extension and Survival in Oropharyngeal
Carcinoma in the Human Papillomavirus Era. Otolaryngol. Head Neck Surg. 2020, 162, 693–701. [CrossRef]

5. Quinton, B.A.; Cabrera, C.I.; Tamaki, A.; Li, S.; Fowler, N.; Rezaee, R.; Lavertu, P.; Teknos, T.; Pan, Q.; Thuener, J. The impact of
microscopic versus macroscopic extranodal extension in oral cavity squamous cell carcinoma: National cancer database analysis
and review of the literature. Am. J. Otolaryngol. 2022, 43, 103511. [CrossRef]

6. Mahajan, A.; Chand, A.; Agarwal, U.; Patil, V.; Vaish, R.; Noronha, V.; Joshi, A.; Kapoor, A.; Sable, N.; Ahuja, A.; et al. Prognostic
Value of Radiological Extranodal Extension Detected by Computed Tomography for Predicting Outcomes in Patients with Locally
Advanced Head and Neck Squamous Cell Cancer Treated with Radical Concurrent Chemoradiotherapy. Front. Oncol. 2022,
12, 814895. [CrossRef]

7. Fan, K.H.; Yeh, C.H.; Hung, S.P.; Kang, C.J.; Huang, S.F.; Chang, K.P.; Wang, H.M.; Chia-Hsun Hsieh, J.; Lin, C.Y.; Cheng, A.J.; et al.
Prognostic value of radiologic extranodal extension in patients with hypopharyngeal cancer treated with primary chemoradiation.
Radiother. Oncol. 2021, 156, 217–222. [CrossRef]

8. Kiong, K.L.; Bell, D.; Yao, C.M.; Ferrarotto, R.; Lewis, C.M. Multifocal regression and pathologic response predicts recurrence
after neoadjuvant chemotherapy in head and neck squamous cell carcinoma. Oral Oncol. 2021, 122, 105520. [CrossRef]

9. Park, S.I.; Guenette, J.P.; Suh, C.H.; Hanna, G.J.; Chung, S.R.; Baek, J.H.; Lee, J.H.; Choi, Y.J. The diagnostic performance of CT
and MRI for detecting extranodal extension in patients with head and neck squamous cell carcinoma: A systematic review and
diagnostic meta-analysis. Eur. Radiol. 2021, 31, 2048–2061. [CrossRef]

https://doi.org/10.1016/j.oraloncology.2021.105605
https://doi.org/10.1001/jamaoto.2013.2666
https://doi.org/10.1016/j.oraloncology.2017.12.010
https://doi.org/10.1177/0194599820910431
https://doi.org/10.1016/j.amjoto.2022.103511
https://doi.org/10.3389/fonc.2022.814895
https://doi.org/10.1016/j.radonc.2020.12.028
https://doi.org/10.1016/j.oraloncology.2021.105520
https://doi.org/10.1007/s00330-020-07281-y


Cancers 2023, 15, 4992 11 of 12

10. Abdel-Halim, C.N.; Rosenberg, T.; Dyrvig, A.K.; Høilund-Carlsen, P.F.; Sørensen, J.A.; Rohde, M.; Godballe, C. Diagnostic
accuracy of imaging modalities in detection of histopathological extranodal extension: A systematic review and meta-analysis.
Oral Oncol. 2021, 114, 105169. [CrossRef]

11. Jan, W.D.; Frank, A.P. Radiological assessment of extranodal extension in patients with head and neck squamous cell carcinoma.
J. Cancer Metastasis Treat. 2021, 7, 56. [CrossRef]

12. King, A.D.; Tse, G.M.; Yuen, E.H.; To, E.W.; Vlantis, A.C.; Zee, B.; Chan, A.B.; van Hasselt, A.C.; Ahuja, A.T. Comparison of CT
and MR imaging for the detection of extranodal neoplastic spread in metastatic neck nodes. Eur. J. Radiol. 2004, 52, 264–270.
[CrossRef]

13. Kimura, Y.; Sumi, M.; Sakihama, N.; Tanaka, F.; Takahashi, H.; Nakamura, T. MR imaging criteria for the prediction of extranodal
spread of metastatic cancer in the neck. AJNR Am. J. Neuroradiol. 2008, 29, 1355–1359. [CrossRef] [PubMed]

14. Frood, R.; Palkhi, E.; Barnfield, M.; Prestwich, R.; Vaidyanathan, S.; Scarsbrook, A. Can MR textural analysis improve the
prediction of extracapsular nodal spread in patients with oral cavity cancer? Eur. Radiol. 2018, 28, 5010–5018. [CrossRef]

15. Lodder, W.L.; Lange, C.A.; van Velthuysen, M.L.; Hauptmann, M.; Balm, A.J.; van den Brekel, M.W.; Pameijer, F.A. Can extranodal
spread in head and neck cancer be detected on MR imaging. Oral Oncol. 2013, 49, 626–633. [CrossRef]

16. Shaw, R.J.; Lowe, D.; Woolgar, J.A.; Brown, J.S.; Vaughan, E.D.; Evans, C.; Lewis-Jones, H.; Hanlon, R.; Hall, G.L.; Rogers, S.N.
Extracapsular spread in oral squamous cell carcinoma. Head Neck 2010, 32, 714–722. [CrossRef]

17. Ding, Y.; Rao, S.X.; Chen, C.Z.; Li, R.C.; Zeng, M.S. Usefulness of two-point Dixon fat-water separation technique in gadoxetic
acid-enhanced liver magnetic resonance imaging. World J. Gastroenterol. 2015, 21, 5017–5022. [CrossRef] [PubMed]

18. Song, H.K.; Dougherty, L. Dynamic MRI with projection reconstruction and KWIC processing for simultaneous high spatial and
temporal resolution. Magn. Reson. Med. 2004, 52, 815–824. [CrossRef]

19. Chandarana, H.; Block, T.K.; Rosenkrantz, A.B.; Lim, R.P.; Kim, D.; Mossa, D.J.; Babb, J.S.; Kiefer, B.; Lee, V.S. Free-breathing radial
3D fat-suppressed T1-weighted gradient echo sequence: A viable alternative for contrast-enhanced liver imaging in patients
unable to suspend respiration. Investig. Radiol. 2011, 46, 648–653. [CrossRef] [PubMed]

20. Vermersch, M.; Emsen, B.; Monnet, A.; Chalaye, J.; Galletto Pregliasco, A.; Baranes, L.; Rahmouni, A.; Luciani, A.; Itti, E.; Mulé, S.
Chest PET/MRI in Solid Cancers: Comparing the Diagnostic Performance of a Free-Breathing 3D-T1-GRE Stack-of-Stars Volume
Interpolated Breath-Hold Examination (StarVIBE) Acquisition with That of a 3D-T1-GRE Volume Interpolated Breath-Hold
Examination (VIBE) for Chest Staging During Whole-Body PET/MRI. J. Magn. Reson. Imaging 2022, 55, 1683–1693. [CrossRef]

21. Wang, Z.; Guo, J.; Qin, J.; Zhang, H.; Zhao, Y.; Lu, Y.; Yan, X.; Zhang, F.; Zhang, Z.; Zhang, T.; et al. Accuracy of 3-T MRI for
Preoperative T Staging of Esophageal Cancer After Neoadjuvant Chemotherapy, With Histopathologic Correlation. AJR Am. J.
Roentgenol. 2019, 212, 788–795. [CrossRef]

22. Duffy, P.B.; Stemmer, A.; Callahan, M.J.; Cravero, J.P.; Johnston, P.R.; Warfield, S.K.; Bixby, S.D. Free-breathing radial stack-of-stars
three-dimensional Dixon gradient echo sequence in abdominal magnetic resonance imaging in sedated pediatric patients. Pediatr.
Radiol. 2021, 51, 1645–1653. [CrossRef] [PubMed]

23. Liao, Y.; Li, X.; Jia, F.; Ye, Z.; Ning, G.; Liu, S.; Li, P.; Fu, C.; Li, Q.; Wang, S.; et al. Optimization of the image contrast for the
developing fetal brain using 3D radial VIBE sequence in 3 T magnetic resonance imaging. BMC Med. Imaging 2022, 22, 11.
[CrossRef] [PubMed]

24. Mermod, M.; Tolstonog, G.; Simon, C.; Monnier, Y. Extracapsular spread in head and neck squamous cell carcinoma: A systematic
review and meta-analysis. Oral Oncol. 2016, 62, 60–71. [CrossRef] [PubMed]

25. Patel, M.R.; Hudgins, P.A.; Beitler, J.J.; Magliocca, K.R.; Griffith, C.C.; Liu, Y.; Bougnon, K.; El-Deiry, M.; Saba, N.F.; Aiken, A.H.
Radiographic Imaging Does Not Reliably Predict Macroscopic Extranodal Extension in Human Papilloma Virus-Associated
Oropharyngeal Cancer. ORL J. Otorhinolaryngol. Relat. Spec. 2018, 80, 85–95. [CrossRef]

26. Faraji, F.; Aygun, N.; Coquia, S.F.; Gourin, C.G.; Tan, M.; Rooper, L.M.; Eisele, D.W.; Fakhry, C. Computed tomography
performance in predicting extranodal extension in HPV-positive oropharynx cancer. Laryngoscope 2020, 130, 1479–1486. [CrossRef]

27. Carlton, J.A.; Maxwell, A.W.; Bauer, L.B.; McElroy, S.M.; Layfield, L.J.; Ahsan, H.; Agarwal, A. Computed tomography detection
of extracapsular spread of squamous cell carcinoma of the head and neck in metastatic cervical lymph nodes. Neuroradiol. J. 2017,
30, 222–229. [CrossRef]

28. Geltzeiler, M.; Clayburgh, D.; Gleysteen, J.; Gross, N.D.; Hamilton, B.; Andersen, P.; Brickman, D. Predictors of extracapsular
extension in HPV-associated oropharyngeal cancer treated surgically. Oral Oncol. 2017, 65, 89–93. [CrossRef]

29. Tran, N.A.; Palotai, M.; Hanna, G.J.; Schoenfeld, J.D.; Bay, C.P.; Rettig, E.M.; Bunch, P.M.; Juliano, A.F.; Kelly, H.R.; Suh, C.H.; et al.
Diagnostic performance of computed tomography features in detecting oropharyngeal squamous cell carcinoma extranodal
extension. Eur. Radiol. 2023, 33, 3693–3703. [CrossRef]

30. Kim, S.; Park, H.; Yeou, S.H.; Roh, J.; Shin, Y.S.; Kim, C.H.; Ha, E.J.; Jang, J.Y. Assessment of Radiologic Extranodal Extension
Using Combinatorial Analysis of Nodal Margin Breakdown and Metastatic Burden in Oropharyngeal Cancer. Cancers 2023,
15, 3276. [CrossRef]

31. Ma, H.; Qiu, Y.; Li, H.; Xie, F.; Ruan, G.; Liu, L.; Cui, C.; Dong, A. Prognostic Value of Nodal Matting on MRI in Nasopharyngeal
Carcinoma Patients. J. Magn. Reson. Imaging 2021, 53, 152–164. [CrossRef] [PubMed]

32. Hu, Y.; Lu, T.; Huang, S.H.; Lin, S.; Chen, Y.; Fang, Y.; Zhou, H.; Chen, Y.; Zong, J.; Zhang, Y.; et al. High-grade radiologic
extra-nodal extension predicts distant metastasis in stage II nasopharyngeal carcinoma. Head Neck 2019, 41, 3317–3327. [CrossRef]
[PubMed]

https://doi.org/10.1016/j.oraloncology.2020.105169
https://doi.org/10.20517/2394-4722.2021.112
https://doi.org/10.1016/j.ejrad.2004.03.004
https://doi.org/10.3174/ajnr.A1088
https://www.ncbi.nlm.nih.gov/pubmed/18403554
https://doi.org/10.1007/s00330-018-5524-x
https://doi.org/10.1016/j.oraloncology.2013.02.010
https://doi.org/10.1002/hed.21244
https://doi.org/10.3748/wjg.v21.i16.5017
https://www.ncbi.nlm.nih.gov/pubmed/25945017
https://doi.org/10.1002/mrm.20237
https://doi.org/10.1097/RLI.0b013e31821eea45
https://www.ncbi.nlm.nih.gov/pubmed/21577119
https://doi.org/10.1002/jmri.27981
https://doi.org/10.2214/AJR.18.20204
https://doi.org/10.1007/s00247-021-05054-3
https://www.ncbi.nlm.nih.gov/pubmed/33830291
https://doi.org/10.1186/s12880-022-00737-1
https://www.ncbi.nlm.nih.gov/pubmed/35057733
https://doi.org/10.1016/j.oraloncology.2016.10.003
https://www.ncbi.nlm.nih.gov/pubmed/27865373
https://doi.org/10.1159/000487239
https://doi.org/10.1002/lary.28237
https://doi.org/10.1177/1971400917694048
https://doi.org/10.1016/j.oraloncology.2016.12.025
https://doi.org/10.1007/s00330-023-09407-4
https://doi.org/10.3390/cancers15133276
https://doi.org/10.1002/jmri.27339
https://www.ncbi.nlm.nih.gov/pubmed/32860315
https://doi.org/10.1002/hed.25842
https://www.ncbi.nlm.nih.gov/pubmed/31206864


Cancers 2023, 15, 4992 12 of 12

33. Lu, T.; Hu, Y.; Xiao, Y.; Guo, Q.; Huang, S.H.; O’Sullivan, B.; Fang, Y.; Zong, J.; Chen, Y.; Lin, S.; et al. Prognostic value of radiologic
extranodal extension and its potential role in future N classification for nasopharyngeal carcinoma. Oral Oncol. 2019, 99, 104438.
[CrossRef]

34. Vainshtein, J.M.; Spector, M.E.; Ibrahim, M.; Bradford, C.R.; Wolf, G.T.; Stenmark, M.H.; Worden, F.P.; McHugh, J.B.; Prince, M.E.;
Carey, T.; et al. Matted nodes: High distant-metastasis risk and a potential indication for intensification of systemic therapy in
human papillomavirus-related oropharyngeal cancer. Head Neck 2016, 38 (Suppl. S1), E805–E814. [CrossRef] [PubMed]

35. Spector, M.E.; Chinn, S.B.; Bellile, E.; Gallagher, K.K.; Ibrahim, M.; Vainshtein, J.; Chanowski, E.J.; Walline, H.M.; Moyer, J.S.;
Prince, M.E.; et al. Matted nodes as a predictor of distant metastasis in advanced-stage III/IV oropharyngeal squamous cell
carcinoma. Head Neck 2016, 38, 184–190. [CrossRef]

36. De Bree, R.; Ljumanovic, R.; Hazewinkel, M.J.; Witte, B.I.; Castelijns, J.A. Radiologic extranodal spread and matted nodes:
Important predictive factors for development of distant metastases in patients with high-risk head and neck cancer. Head Neck
2016, 38 (Suppl. S1), E1452–E1458. [CrossRef]

37. Spector, M.E.; Gallagher, K.K.; Light, E.; Ibrahim, M.; Chanowski, E.J.; Moyer, J.S.; Prince, M.E.; Wolf, G.T.; Bradford, C.R.;
Cordell, K.; et al. Matted nodes: Poor prognostic marker in oropharyngeal squamous cell carcinoma independent of HPV and
EGFR status. Head Neck 2012, 34, 1727–1733. [CrossRef]

38. Sabiq, F.; Huang, K.; Patel, A.; Banerjee, R.; Debenham, B.; Lau, H.; Skarsgard, D.; Chen, G.; Lysack, J.T.; Quon, H.C. Novel
imaging classification system of nodal disease in human papillomavirus-mediated oropharyngeal squamous cell carcinoma
prognostic of patient outcomes. Head Neck 2021, 43, 1854–1863. [CrossRef]

39. Burningham, K.; Moore, W.; Moon, D.; Avkshtol, V.; Day, A.T.; Sumer, B.; Vo, D.; Bishop, J.A.; Hughes, R.; Sher, D.J. Prog-
nostic impact of matted lymphadenopathy in patients with oropharyngeal squamous cell carcinoma treated with definitive
chemoradiotherapy. Oral Oncol. 2021, 123, 105623. [CrossRef]

40. Prabhu, R.S.; Magliocca, K.R.; Hanasoge, S.; Aiken, A.H.; Hudgins, P.A.; Hall, W.A.; Chen, S.A.; Eaton, B.R.; Higgins, K.A.;
Saba, N.F.; et al. Accuracy of computed tomography for predicting pathologic nodal extracapsular extension in patients with
head-and-neck cancer undergoing initial surgical resection. Int. J. Radiat. Oncol. Biol. Phys. 2014, 88, 122–129. [CrossRef]

41. Almulla, A.; Noel, C.W.; Lu, L.; Xu, W.; O’Sullivan, B.; Goldstein, D.P.; Hope, A.; Perez-Ordonez, B.; Weinreb, I.; Irish, J.; et al.
Radiologic-Pathologic Correlation of Extranodal Extension in Patients with Squamous Cell Carcinoma of the Oral Cavity:
Implications for Future Editions of the TNM Classification. Int. J. Radiat. Oncol. Biol. Phys. 2018, 102, 698–708. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.oraloncology.2019.09.030
https://doi.org/10.1002/hed.24105
https://www.ncbi.nlm.nih.gov/pubmed/25914344
https://doi.org/10.1002/hed.23882
https://doi.org/10.1002/hed.24257
https://doi.org/10.1002/hed.21997
https://doi.org/10.1002/hed.26657
https://doi.org/10.1016/j.oraloncology.2021.105623
https://doi.org/10.1016/j.ijrobp.2013.10.002
https://doi.org/10.1016/j.ijrobp.2018.05.020
https://www.ncbi.nlm.nih.gov/pubmed/29970315

	Introduction 
	Materials and Methods 
	Patient Selection 
	MRI Acquisition 
	Radiological Assessment 
	Matching to Pathologic Examination 
	Statistical Analysis 

	Results 
	Patient Characteristics 
	Comparison between StarVIBE and VIBE 
	Association of MR Features with Histologically Confirmed ENE 

	Discussion 
	Conclusions 
	References

